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from other fungi were classified into four groups with sub-
groups, but the C. lunata cutinases clustered in only three 
of the four groups. Motif analyses showed that each group 
of cutinases from C. lunata had a common motif. Real-time 
PCR indicated that transcript levels of the cutinase genes 
in a compatible interaction between pathogen and host had 
varied expression patterns. Interestingly, the transcript lev-
els of ClCUT7 gradually increased during early pathogene-
sis with the most significant up-regulation at 3 h post-inoc-
ulation. When ClCUT7 was deleted, pathogenicity of the 
mutant decreased on unwounded maize (Zea mays) leaves. 
On wounded maize leaves, however, the mutant caused 
symptoms similar to the wild-type strain. Moreover, the 
ClCUT7 mutant had an approximately 10 % reduction in 
growth rate when cutin was the sole carbon source. In con-
clusion, we identified and characterized the cutinase fam-
ily genes of C. lunata, analyzed their expression patterns in 
a compatible host–pathogen interaction, and explored the 
role of ClCUT7 in pathogenicity. This work will increase 
our understanding of cutinase genes in other fungal–plant 
pathogens.

Keywords Cutinase · Compatible interaction · 
Expression patterns · Pathogenicity

Introduction

The cuticle is the outermost layer of the aerial part of all 
plants and forms the first obstacle to invasion by plant path-
ogens. However, most plant pathogens produce cutinases 
that catalyze the degradation of the cuticle and promote 
penetration by the pathogen. Degradation of the host plant 
cuticle at the inoculation site leads to successful penetra-
tion and infection by various pathogens (Maddock 1979; 

Abstract Cutinase is described as playing various roles 
in fungal–plant pathogen interactions, such as eliciting 
host-derived signals, fungal spore attachment and carbon 
acquisition during saprophytic growth. However, the char-
acteristics of the cutinase genes, their expression in com-
patible interactions and their roles in pathogenesis have 
not been reported in Curvularia lunata, an important leaf 
spot pathogen of maize in China. Therefore, a cutinase 
gene family analysis could have profound significance. 
In this study, we identified 13 cutinase genes (ClCUT1 to 
ClCUT13) in the C. lunata genome. Multiple sequence 
alignment showed that most fungal cutinase proteins 
had one highly conserved GYSQG motif and a similar 
DxVCxG[ST]-[LIVMF](3)-x(3)H motif. Gene structure 
analyses of the cutinases revealed a complex intron–exon 
pattern with differences in the position and number of 
introns and exons. Based on phylogenetic relationship anal-
ysis, C. lunata cutinases and 78 known cutinase proteins 
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Shaykh et al. 1977). Moreover, if the cutinase activity of a 
fungal–plant pathogen is deleted, its pathogenicity is often 
weakened (Davies et al. 2000; Zhang et al. 2005) or elimi-
nated (Dickman and Patil 1986; Stahl and Schafer 1992; 
Stahl et al. 1994).

Curvularia leaf spot of maize (Zea mays) caused by 
Curvularia lunata (Wakker) Boed was one of the most 
severe diseases in China’s maize (corn) production zone 
during the 1990s and is still prevalent nationwide (Dai 
et al. 1995, 1998; Gao et al. 2014a, b; Ito et al.1979; Li 
et al. 2006; Macri and Lenna 1974). The fungus causes 
water-soaked or necrotic spots with yellow halos on 
leaves (Hou et al. 2013). It is presumed that this pathogen 
produces a series of degradation enzymes that soften the 
cell wall and breach the host’s defenses. Although some 
degradation enzymes such as polygalacturonase, poly-
methylgalacturonase, cellulases and laccases also have 
important roles in colonization by the pathogen (Feng 
et al. 2002; Zhou et al. 2010), little is known about the 
characteristics of the cutinase genes, their expression, or 
their roles in the pathogenesis of C. lunata. Therefore, an 
investigation of the cutinase genes in C. lunata is impor-
tant and timely.

The recent completion of a draft genome of C. lunata 
provided information to help identify the cutinase genes of 
this fungus (Gao et al. 2014a, b). In this study, we iden-
tified 13 cutinase genes in C. lunata, and analyzed the 
structures of their encoded proteins, gene intron–exon dis-
tributions, phylogenetic relationships, motif distributions, 
and their expression patterns in a compatible host–patho-
gen interaction. We also characterized the function of an 
up-regulated cutinase gene, ClCUT7, in the penetration 
process. The results of these analyses suggested that the 
cutinases of C. lunata are involved in its pathogenesis on 
maize. These results will lead to future systematic analy-
ses of the functions of the cutinase genes in this plant 
pathogen.

Materials and methods

Fungal strains and plant material

The highly virulent strain CX-3 of C. lunata, provided 
by Prof. Jie Chen (Shanghai Jiaotong University, Shang-
hai, China) was used as the wild-type strain. The maize 
inbred line ‘Huangzao 4′ was used as the susceptible host 
plant. Maize seeds were surface sterilized in 10 % sodium 
hypochlorite for 5 min, rinsed with sterile water, and ger-
minated on wet filter paper for 2 days at 25 °C. Germinated 
seeds were transferred to 14 × 18-cm pots and kept in a 
growth chamber for 4 weeks at 25 °C with a 14 h photo-
period and 60 % relative humidity.

Cutinase sequence search

Data for the C. lunata genome were downloaded from 
http://www.ncbi.nlm.nih.gov/nuccore/JFHG00000000. 
Pedicted protein databases were constructed using 
BioEdit® software. The keyword “cutinase” was used to 
search the National Center for Biotechnology Informa-
tion (NCBI) protein database. The known cutinase proteins 
from plant pathogens were downloaded (Additional file 1) 
as queries against the predicted protein databases from C. 
lunata. Proteins with a significant E-value (<1.0−10) were 
extracted from the predicted protein database of C. lunata 
and redundant protein sequences were discarded. The can-
didate proteins were analyzed using the conserved domain 
database (CDD) server at NCBI. The proteins containing 
cutinase domains were used for further analyses.

Sequence analysis

The molecular weights (kDa) and isoelectric points (PI) 
of each predicted cutinase protein were calculated using 
online ExPASy programs (http://www.expasy.org/tools/). 
Multiple alignments were made with the Clustal W2 pro-
gram (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and 
GENEDOC v. 2.7000© software. Amino acid sequences 
used for conserved residues analysis were as indicated 
(Additional file 2). All predicted cutinase protein sequences 
from C. lunata, plus 78 other known cutinase amino acid 
sequences (Additional file 3) downloaded from the NCBI 
database, were aligned for phylogenetic analyses with 
MEGA6.0© (http://megasoftware.net) using the neighbor-
joining method (minimum evolution criterion; bootstrap 
values performed on 1000 replicates) (Staitou and Nei 
1987). To reveal the exon–intron organization of the cuti-
nase genes in C. lunata, we aligned the genomic and cDNA 
sequences using Clustal W2 (http://www.ebi.ac.uk/Tools/
msa/clustalw2/). Structural analyses of the cutinase genes 
were performed using the online server GSDS (http://gsds.
cbi.pku.edu.cn/). Conserved motifs were identified using 
the online MEME analysis tool (http://meme.nbcr.net/
meme/cgi-bin/meme.cgi) with the following parameters: 
optimum motif width ≥6 and ≤200; maximum number of 
motifs = 25.

Sample preparation, RNA isolation and cDNA synthesis

To analyze the transcript levels of cutinase genes during 
host–pathogen interactions, maize plants at the seven-leaf 
stage were inoculated using an air sprayer with 1 × 106 
conidia/ml suspensions of C. lunata CX-3 in 2 % sucrose 
and 0.02 % Tween 20 as described (Huang et al. 2008). 
Control plants were sprayed with sucrose and Tween 20 
only. Maize leaves were collected at 0, 0.5, 1.5, 3 and 24 h 
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post-inoculation (hpi). All samples were immediately fro-
zen in liquid nitrogen and stored at −80 °C until RNA 
isolation. Total RNAs were extracted using a QIAGEN 
RNeasy Plant® Kit (Beijing, China) following the manu-
facturer’s recommendations. RNA concentrations were 
measured on a NanoDrop® spectrophotometer (ND-1000) 
and quality was checked by agarose gel electrophoresis 
(28SrRNA/18Sr RNA ratios). We synthesized cDNA from 
the total RNAs (0.5–1 mg) using an MMLV reverse tran-
scriptase cDNA Synthesis Kit® following the manufactur-
er’s instructions (Cat#D6130, TaKaRa, Tokyo, Japan).

Quantitative PCR

Quantitative RT-PCR (qRT-PCR) was performed in 20-ml 
reaction volumes using Super-Real PreMixPlus® (SYBR-
Green; Cat. # FP205, Tiangen Biotech, Beijing, China) on 
an ABI PRISM7500 sequence-detection system accord-
ing to manufacturer’s instructions. GAPDH was used as 
the internal control. We used the comparative Ct method 
(ΔΔCt) to calculate relative expression levels. Statistical 
analysis of gene expression was conducted using ANOVA 
(SAS 8.2). The primer pairs used for qRT-PCR are listed 
in Additional file 4. The experiments were repeated at least 
twice.

Deletion of the ClCUT7 gene

Nucleotide sequences from 3000 bp upstream and 2500 bp 
downstream of the ClCUT7 gene were identified from the 
C. lunata genome. We constructed a gene deletion cassette 
using a double-joint PCR technique (DJ-PCR) (Yu et al. 
2004). A deletion cassette containing flanking sequences 
of the ClCUT7 gene and a selectable marker hygromy-
cin phosphotransferase (hph) gene was amplified by three 
sequential cycles of PCR. In the first cycle, the two flank-
ing fragments of ClCUT7 and hph with the TrpC promoter 
of Aspergillus nidulans (HPH), were amplified with prim-
ers cu1 s/cu1a, cu2 s/cu2a and hphs/hpha (Additional 
file 5), respectively. In the second cycle, two fusion frag-
ments were amplified using the first-round PCR products 
as templates. In the third PCR cycle, the deletion cassette 
was developed with primers cu1s and cu2a using 100-fold 
dilutions of the two fusion fragments as templates from 
the second round of PCR. The deletion cassette products 
were introduced into protoplasts of wild-type strain CX-3 
as described (Liu et al. 2010). Hygromycin-resistant trans-
formants were isolated and screened for durable resistance 
by growing them for six consecutive transfers on potato 
dextrose agar (PDA) containing 250 μg ml−1 hygromycin. 
DNA from the hygromycin-resistant transformants was 
extracted as described previously (Liu et al. 2011) and used 
to detect the gene deletion mutants. The resulting mutants 

were confirmed by Southern blot analysis and RT-PCR. 
The probe used for Southern blotting was amplified with 
primers cus and cua, and labeled with biotin. Southern blot-
ting was performed as described (Liu et al. 2011). Prim-
ers used for construction of the deletion cassette, the ini-
tial detection of the gene deletion mutant and RT-PCR are 
listed in Additional file 5, Table S5.

Colony characteristics and pathogenicity assay

Mycelium from C. lunata (wild-type strain CX-3) and the 
ClCUT7 deletion mutant were inoculated onto plates con-
taining PDA and incubated for 7 days at 25 °C. Colony 
morphology was documented with a Nikon D3200 DSLR 
camera. To measure vegetative growth, a 4-mm mycelial 
plug from each strain was transferred to fresh PDA plates 
and incubated in the dark for 7 days at 25 °C. Colony diam-
eters were measured and recorded daily. Vegetative growth 
was based on the change in colony diameter after 7 days. 
Each experiment was performed three times. Conidia pro-
duction was determined by inoculating both wild-type and 
mutant strains onto PDA plates and incubating them for 
12 days at 25 °C in darkness. Then 10 ml of sterile dis-
tilled H2O was added to each plate, the conidia dislodged 
with a sterile swab, and then counted using a hemocytom-
eter. Conidial morphology was observed and photographed 
using an Olympus BX51 microscope (Olympus, Center 
Valley, PA, USA). To observe appressorium formation, 
conidia were inoculated onto cellophane disks placed on 
PDA, examined microscopically after 6, 9, and 12 h, and 
photographed using Olympus cellSens® standard software. 
For pathogenicity assays, we removed the fourth leaf of 
maize cultivar Huang Zao 4 at the seventh leaf stage, cut 
it into 5-cm fragments, and placed the fragments on moist 
filter paper in humid petri dishes at 25 °C. Wounded and 
unwounded leaves were inoculated with a suspension 
of 1 × 106 conidia/ml in 0.02 % Tween 20 as previously 
described (Liu et al. 2010). Lesion development was exam-
ined and recorded as described by Gao et al. (2014a, b), 
and then photographed using a Nikon D3200 DSLR cam-
era. Each experiment was conducted at least three times.

Results

Identification of cutinase proteins

To identify putative cutinase proteins in the C. lunata 
genome, 34 cutinase proteins from the necrotrophic patho-
gens Rhizoctonia solani, Phytophthora capsici, Fusarium 
solani, and Phaeosphaeria nodorum SN 15 were used as que-
ries in BLASTP searches for possible homologous cutinase 
proteins from C. lunata using BioEdit® software. As a result, 
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31 candidate proteins from C. lunata were obtained that had 
probability E-value thresholds of 1.0−10. Subsequently, all 
candidate protein sequences were surveyed using a CDD 
search in NCBI to further verify whether they contained cuti-
nase domains. Eighteen candidate protein sequences lacked 
cutinase domains and were discarded. Consequently, 13 non-
redundant cutinase proteins were identified and designated 
as ClCUT1 to ClCUT13. Using ExPASy® tools, we found 
that the shortest cutinase protein consisted of 133 amino acid 
residues and the longest had 411 amino acid residues. The 
respective ORF lengths ranged from 402 to 1326 nucleotides. 
The predicted molecular weights/isoelectric points of all 
cutinase proteins ranged from 14.7/9.16 to 40.8/5.10, respec-
tively. All cutinase sequences were distributed on 10 different 
scaffolds in the C. lunata genome (Table 1).

Multiple sequence alignment and intron–exon 
organization

We conducted a protein sequence alignment among all cuti-
nases from C. lunata, 10 cutinase proteins from other plant 
pathogens, and analyzed some conserved amino acid sites. 
These data showed that 12 cutinase proteins had highly 
conserved GYSQG motifs and a DxVCxG[ST]-[LIVMF]
(3)-x(3)H motif similar to cutinase proteins from other 
phytopathogens. We also noted that ClCUT13 lacked the 
conserved GYSQG motif, but contained the DxVCxG[ST]-
[LIVMF](3)-x(3)H motif (Fig. 1).

All predicted cutinase genes had different intron–
exon patterns in relation to both the position and number 
of introns, which ranged from 0 to 4 per gene. Based on 
the number of introns, the cutinases were segregated into 
four patterns. Pattern1 (ClCUT3 and ClCUT8), pattern 
2 (ClCUT1, ClCUT2, ClCUT4, ClCUT9, ClCUT10 and 
ClCUT11), pattern 3 (ClCUT5, ClCUT6 and ClCUT12), 

and pattern 4 (ClCUT7 and ClCUT13) contained 1, 2, 3, 
and 4 introns, respectively. Furthermore, significant dif-
ferences in size (41–1326 bp) between the exons were 
observed. These results showed the different cutinases had 
variable, complex intron–exon structures (Fig. 2).

Phylogenetic and motif analyses

To examine the relationship between the cutinase genes of C. 
lunata and those from other fungal organisms, we constructed 
a phylogenetic tree based on the multiple sequence alignment 
of the 13 ClCUT protein sequences and 78 known cutinases 
from other fungi. The phylogenetic tree divided these cuti-
nase genes into four groups (Groups 1, 2, 3, 4). Group 1 and 
Group 3 were further divided into two subgroups (1a and 1b, 
3a and 3b), respectively. In our analysis, ClCUT1, ClCUT2 
and ClCUT3 were clustered in Group 1a, but ClCUT7 was 
in Group 1b. ClCUT4, ClCUT5 and ClCUT6 were clustered 
in Group 2. ClCUT8, ClCUT9, ClCUT11, ClCUT12 and 
ClCUT13 constituted Group 3a. ClCUT10 was placed in 
Group 3b as a separate clade. None of the ClCUT genes from 
C. lunata were clustered in Group 4. The motif distribution 
generated by MEME analysis was consistent with the phylo-
genetic analysis (Fig. 3). Members of the same class shared 
several of the conserved motifs, which indicated that genes 
containing these motifs were probably produced from gene 
expansion within the same class or subclass. For instance, 
members of Group 1a contained motifs 1, 2, 3 and 10, 
whereas Group 1b had different motifs. All members of Group 
2 contained motifs 1, 2, 3, and 8, whereas Group 3 members 
contained motifs 2, 4 and 7. It was noted that all ClCUT genes 
had motifs 1, 2 and 3, whereas ClCUT13 lacked motifs 1 and 
3 (Fig. 4). It is likely that ClCUT13 lost motifs 1 and 3 during 
evolution. All motifs with characteristic sequences identified 
by MEME tools are listed in Additional file 6.

Table 1  Characteristics of 13 cutinase genes (ClCUT) in Curvularia lunata

Designated gene name ORF length (bp) Amino acid (aa) Molecular weight (kD) Isoelectric point (pI) Location

ClCUT1 651 216 21.6 9.16 Scaffold20

ClCUT2 747 248 25.9 5.54 Scaffold1

ClCUT3 1326 441 40.8 7.61 Scaffold19

ClCUT4 750 249 25.8 8.96 Scaffold4

ClCUT5 714 237 25.1 5.73 Scaffold30

ClCUT6 708 235 23.9 8.31 Scaffold10

ClCUT7 675 224 23.8 7.55 Scaffold30

ClCUT8 1272 423 43.6 5.10 Scaffold15

ClCUT9 996 331 34.1 5.42 Scaffold8

ClCUT10 1071 356 37.1 5.75 Scaffold20

ClCUT11 999 332 33.9 5.48 Scaffold3

ClCUT12 957 318 34.4 6.06 Scaffold1

ClCUT13 402 133 14.7 8.59 Scaffold14
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Fig. 1  Multiple sequence alignment of ClCUT proteins in C. lunata 
and 10 known cutinase proteins from different plant pathogens. 
Marked with degree of colors representing for different levels of con-

servation of each column in the alignment. Two sites with conserved 
residues are outlined in red

Fig. 2  Intron-exon structures of ClCUT genes from Curvularia 
lunata. Exons and introns are indicated by open boxes and lines, 
respectively. Different intron types are represented by 0, 1, and 2. 

The 5′–3′ scale indicates the DNA sequence size. The names of the 
ClCUT genes and intron–exon structures are indicated at the left and 
right sides, respectively
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Expression analysis of cutinase genes

To reveal expression patterns of the cutinase genes during 
the infection process in maize, we collected leaves at five 
different times post-inoculation. We then used quantita-
tive-PCR to analyze the cutinase gene expression patterns. 
Distinct patterns of expression were noted during the com-
patible interaction between C. lunata and maize (Fig. 5). 
Transcripts of ClCUT7, ClCUT8, and ClCUT13 were sig-
nificantly up-regulated during conidial germination (1.5 
hpi) and penetration (3 hpi). The transcript level of ClCUT7 
increased gradually during early infection (0–3 hpi) and 
reached an eightfold higher expression at 3 hpi compared 
to conidia at 0 hpi. It then decreased to its lowest level dur-
ing establishment and colonization at 24 hpi. It is possible 

that these changes reflect appressorium adhesion and pen-
etration by the pathogen. The transcript levels of ClCUT8 
and ClCUT13 had a threefold increase in expression dur-
ing conidial germination (1.5 hpi) and colonization (24 hpi) 
compared to their levels at 0 hpi. We suggest that ClCUT8 
and ClCUT13 are not only associated with pathogen pen-
etration, but also colonization. In this study, we also found 
that the transcript level of ClCUT6 showed significant up-
regulation at 24 hpi compared with other time points. This 
suggests that ClCUT6 might have a role in establishment 
and colonization. In addition, the transcript levels of six 
cutinase genes (ClCUT2, ClCUT4, ClCUT9, ClCUT10, 
ClCUT11 and ClCUT12) showed little differential expres-
sion (<threefold change) at every time point. We therefore 
considered these genes to be constitutively expressed.

Fig. 3  Unrooted phylogenetic tree representing relationships among 
ClCUT proteins and cutinase proteins from other plant pathogens. 
Amino acid sequences of all ClCUT and 78 cutinase proteins were 
aligned by the Clustal W2 program. The phylogenetic tree was con-

structed using the neighbor-joining method in MEGA 6.0. The num-
ber for each interior branch was the percentage of bootstrap values 
(1000 replicates). Black dots denoted the 13 ClCUT proteins. The red 
arcs indicate different groups or subgroups of cutinase proteins
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Deletion and functional analysis of ClCUT7

To verify the function of ClCUT7, we generated a ClCUT7 
deletion mutant. A 3057-bp deletion cassette contain-
ing an 847-bp upstream sequence of ClCUT7, 1343 bp of 
the hygromycin phosphotransferase (hph) gene with the 
TrpC promoter, and 867 bp of the sequence downstream 
of ClCUT7 were obtained by double-joint PCR (Fig. 6a). 
The ClCUT7 gene was deleted from wild-type C. lunata by 
transformation of C. lunata protoplasts with the deletion 
cassette. Four hygromycin-resistant transformants were 
selected, and the hph gene and ClCUT7 gene were detected 
by PCR. The results showed that one transformant had the 
hph gene, but lacked the ClCUT7 gene, suggesting that this 
transformant might be a ClCUT7 gene-disruption mutant. 
The gene-deletion mutant was confirmed by Southern blot-
ting and RT-PCR and designated ΔClCUT7 (Fig. 6b). The 
absence of ClCUT7 mRNA in the ΔClCUT7 transformant 
was confirmed by RT-PCR (Fig. 6c).

ΔClCUT7 had no obvious changes in phenotype, 
including colony morphology (Fig. 6d), vegetative 

growth, conidia production (Table 2), or morphology of 
the conidia and appressoria (Additional file 7). Three days 
after inoculation of wounded maize leaves with a conidial 
suspension, small black lesions were formed at the inocu-
lation sites by both the wild-type strain and ΔClCUT7. 
The deletion of ClCUT7 apparently had no effect on the 
mutant’s pathogenicity on wounded leaves compared to 
the wild-type strain (Fig. 6e; Table 2). However, when 
unwounded leaves were inoculated with these strains, 
ΔClCUT7 produced smaller lesions than the wild-type 
strain, suggesting that the ClCUT7 deletion had some 
effect on fungal penetration and resulted in decreased 
pathogenicity (Fig. 6f; Table 2). To further determine 
if ClCUT7 could degrade the cuticle, we cultured the 
ΔClCUT7 and wild-type strains on media contain-
ing either glucose or cutin as a carbon source. Mycelial 
growth rates for both strains on the medium contain-
ing glucose as a carbon source were similar. In contrast, 
growth of the ClCUT7 mutant was approximately 10 % 
slower than the wild-type strain on the medium contain-
ing cutin as a carbon source.

Fig. 4  Schematic diagram of amino acid motifs for all ClCUT pro-
teins from different groups or subgroups. The ClCUT name is listed 
on the left. The black solid line represents the corresponding ClCUT 
protein and its length. The different-colored boxes indicate different 

motifs and their positions in each ClCUT amino acid sequence. A 
detailed motif sequence characteristic of all ClCUT proteins is shown 
in the supporting information Fig S1



 Mol Genet Genomics

1 3

Fig. 5  Expression patterns 
produced by qRT-PCR of 10 
ClCUT genes from C. lunata 
during a compatible interac-
tion with maize (Zea mays). 
The relative expression level of 
mRNA (y-axis) was calculated 
by the comparative Ct method. 
The C. lunata GADPH gene 
was used as an internal control 
to normalize the data. Sample 
time is in hours post-inoculation 
(x-axis). Error bars were calcu-
lated based on three replicates
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Discussion

Previous publications have reported 3 cutinase genes in 
Neurospora crassa, 4 in Aspergillus nidulans, 11 in Bot-
rytis cinerea, 12 in Fusarium graminearum, and 17 in 
Magnaporthe grisea (Skamnioti et al. 2008). In this study, 
13 non-redundant cutinase proteins were identified in C. 
lunata. The large number of cutinase genes in C. lunata 

indicated that this fungus produces cutinases that may be 
able to degrade different types of plant cuticles from vari-
ous host plants. This may explain the broad host range of 
C. lunata, which includes: sorghum (Akram et al. 2014), 
lotus (Cui and Sun 2012), rice (Liu et al. 2014), strawberry 
(Verma and Gupta 2010), spinach (Pandey et al. 2011), 
zoysia (Roberts and Tredway 2008), and some varieties of 
turfgrass (Goldring et al. 2007). This pathogen is similar 

Fig. 6  Construction and confirmation of the ClCUT7 deletion mutant 
and functional analysis of the ClCUT7 gene. a Construction of the 
deletion cassette for ClCUT7. Arrows indicate orientations of the 
ClCUT7 gene (red) and hygromycin phosphotransferase (hph) gene 
(blue). The deletion cassettes of ClCUT7 contained homologous 
sequences flanking the hph gene to replace the ClCUT7 gene ORF. 
Primer hphs and hpha (Table S5) using amplification of hph gene 
and primer cus and cua (Table S5) using amplification of ClCUT7 
genes were employed to screen the ClCUT7 deletion mutant. Total 
of genomic DNA samples isolated from wild-type strain CX-3 
and ΔClCUT7 were digested with Page I (b) and HindIII (c), then 
subjected to Southern blot analysis. A hybrid probe, a 610-bp 
PCR fragment amplified from plasmid pBHt1 with primer hphts 
(5′-AACTCACCGCGACGTCTGTC-3′) and hphta (5′-TTGTC-

CGTCAGGAATTGTT-3′) (b); A hybrid probe, a 510-bp PCR frag-
ment amplified from the DNA of wild type strain CX-3 with primer 
JZts (5′-ACCAGCGAGCCCAGTTTC-3′) and JZta (5′-CCTCAC-
CGTTCAAGCATTT-3′) (c); d total RNA samples from wild-type 
strain CX-3 and ΔClCUT7 were subjected to RT-PCR using ClCUT7 
gene-specific primers cus and cua (Table S5). The RT-PCR product 
is a 510-bp fragment in the wild-type CX-3 strain as predicted, but is 
missing in the ΔClCUT7 mutant; e colony morphology of the wild-
type strain CX-3 and ΔClCUT7 on PDA; f disease symptoms on 
wounded leaves of maize inoculated with conidial suspensions from 
the wild-type CX-3 strain and the ΔClCUT7 mutant. g Unwounded 
leaves inoculated with the same conidial suspensions. The leaves 
were photographed 3 days after inoculation

Table 2  Phenotypic analysis of a Curvularia lunata ClCUT7 gene disruption mutant compared with wild-type strain CX-3

Data in all columns are the means of three independent experiments with standard deviation. The statistical analysis was performed using the 
SAS statistical package. Statistically significant analysis of variance was further analyzed using least significant difference tests. Different letters 
in each column indicate significant differences at P = 0.05

Strain Growth rate (mm/24 h) Conidiation (log10 CFU/ml) Necrotic area on wound leaf (mm2) Necrotic area on unwound leaf (mm2)

CX-3 7.55 ± 0.04a 6.47 ± 0.10a 76.13 ± 2.23a 70.72 ± 0.86a

ΔClCUT7 7.45 ± 0.03a 6.26 ± 0.19a 74.99 ± 0.99a 49.05 ± 1.76b
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to M. grisea, which produces numerous cutinases able to 
breach the cuticles of various grasses. Additionally, it has 
been suggested that a large number of cutinases reflects 
the need for this enzyme during colonization of the host 
(Skamnioti et al. 2008).

In this study, 12 of 13 cutinase proteins of C. lunata pos-
sessed the same amino acid sites (GYSQG). It has been 
reported that cutinase protein sequences contain a highly 
conserved motif (GYSQG) surrounding a cutinase-active 
serine, and a less precise motif (DxVCxG[ST]-[LIVMF]
(3)-x(3)H) that carries aspartate and histidine residues 
at the active site (Skamnioti et al. 2008). The amino acid 
motif GYSQG of the cutinase protein is thought to be cru-
cial for its function. However, when we analyzed intron–
exon structures of all 13 cutinase proteins, different and 
complex intron–exon structures were obtained, suggesting 
the cutinase genes have undergone ancient and extensive 
diversification.

C. lunata has an infection process similar to most necro-
trophic fungal–plant pathogens. This process includes: host 
recognition and conidial adhesion; germ tube emergence, 
elongation, and appressorium formation; host penetration; 
and establishment in and colonization of plant tissues (Xue 
et al. 2010). To understand the role of cutinase in the C. 
lunata–maize interaction, we investigated the expression 
of the pathogen’s 13 cutinase genes. Transcript levels of 
the cutinases quantified by q-PCR indicated that CICUT7 
was up-regulated early in infection. This suggested that it 
is associated with cuticle degradation because the cuticle 
is the first structural obstacle to plant pathogens. There-
fore, we examined the role of ClCUT7 in pathogenicity 
by knocking out this gene. Additionally, we found that 
six of the cutinase genes (ClCUT2, ClCUT4, ClCUT9, 
ClCUT10, ClCUT11 and ClCUT12) appeared to be con-
stitutively expressed. Previous research indicated that 
most of the cutinase genes in M. oryzae belonged to con-
stitutively expressed gene groups (Skamnioti et al. 2008). 
Hence, these cutinase genes may operate synergistically in 
the interaction between the pathogen and its host plant. The 
transcript levels of three other cutinase genes (ClCUT1, 
ClCUT3, and ClCUT5) were not detected in leaf tissue 
samples, but were detected by quantitative PCR when we 
used cDNA from pathogen hyphae as templates. It is pos-
sible that the expression of ClCUT1, ClCUT3, and ClCUT5 
was inhibited by the host plant during pathogenesis. 
Recently, several studies demonstrated that host-induced 
gene silencing could inhibit the expression of genes in 
some plant pathogens (Govindarajulu et al. 2014; Ghag 
et al. 2014). The expression of ClCUT8 and ClCUT13 also 
increased significantly during conidial germination (1.5 
hpi) and colonization (24 hpi), respectively. We suggest 
that both genes may be involved in pathogen penetration 

and colonization. The specific role of these two genes is 
being investigated.

Fungal cutinase genes reportedly have different roles 
in pathogenicity (Dantzing et al. 1986; Kolattukudy 1985; 
Köller 1991; Sweigard et al. 1992). For example, in Fusar-
ium solani f. sp. pisi, the presence of cutinases at the site 
of infection was detected serologically, and the application 
of chemical cutinase inhibitors prevented fungal penetra-
tion (Kolattukudy 1985; Köller 1991). The pathogenicity 
of cutinase-deficient mutants was reduced but could be 
restored by adding exogenous cutinases or complementa-
tion with the native cutinase gene (Dantzing et al. 1986; 
Köller et al. 1982). Other studies, however, have provided 
contradicting evidence about the role of cutinase in patho-
genicity (Stahl and Schafer 1992; Stahl et al. 1994). The 
deletion of the cutinase gene CUT1 of M. grisea did not 
alter the pathogenicity of this fungus on rice (Sweigard 
et al. 1992). Therefore, the role of cutinase in the plant 
infection process remains controversial.

C. lunata directly penetrates the cuticle of maize leaves 
(Mandokhot et al. 1979), suggesting that cutinase played a 
role in penetration by degrading the cuticle. In our study, 
deletion of ClCUT7 had some effect on cuticle degradation, 
resulting in decreased pathogenicity. This result suggested 
the cutinases are involved in the pathogenicity of C. lunata. 
Overall, our study characterized the cutinase genes in C. 
lunata, improved our understanding of their expression 
patterns during compatible interactions with maize, and 
explored the role of ClCUT7 in pathogenicity. These find-
ings are a preliminary step in future systematic analyses of 
cutinase gene functions in C. lunata.
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