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SUMMARY

INTRODUCTION

A promoter was cloned from Ustilaginoidea virens, a rice
false smut fungus. A U. virens mutant library was constructed using a promoter-trapping vector harboring the
enhanced green fluorescent protein (egfp) as reporter. Six
transformants emitting green fluorescence were screened
from 6,500 transformants. One transformant, A880-1,
which grew slower and generated more conidia, was chosen for further studies. The insertion of T-DNA in A880-1
was validated by PCR, and the copy number was defined
by Southern blot analysis. High-efficiency thermal asymmetric interlaced PCR (hi-TAIL PCR) yielded a 2,038 bp
long sequence cloned from genome DNA of A880-1, this
sequence being upstream of egfp in T-DNA. The 1,045 bp
long upstream region of egfp was used for analysis. This
sequence consisted of a CAAT-box, a TATA-box, three
TATA-box-like structures, and four other potential eukaryotic regulator elements. This promoter, designated as
puv880 (GenBank accession No. KC355189), was the first
promoter isolated from U. virens. Four different constructs
carrying different 5’ deletions of this promoter, along with
the downstream egfp sequence, were obtained and transformed into Magnaporthe oryzae strain Guy11 through
PEG-mediated transformation to identify the smallest
functional promoter region of puv880. All constructs exhibited promoter activity, and the smallest deletion was no
more than 444 bp in size. Compared with the wild-type
strain 70-22, the growth of A880-1 was slower and produced more conidia at the terminal of hyphae on minimal
medium. Studying puv880 can facilitate the understanding
of the conidiation and mycelium growth of U. virens.

Ustilaginoidea virens is the causative agent of rice false
smut (Ashizawa et al., 2010; Tanaka et al., 2008), which
was first discovered in India in 1897 by M.C. Cook (Zhang
et al., 2009). At present, rice false smut (RFS) occurs in
almost all world areas where rice is grown (Bischoff et al.,
2004). Symptoms of RFS appear on the spikelets of panicles at maturity (Ashizawa et al., 2011). Diseased spikelets,
which are commonly referred to as green balls, are covered
with powdery, dark-green chlamydospores (Ikegami, 1963).
This disease primarily reduces the quality of rice without
killing the plant. However, the outbreak of RFS reduces
grain quality and yield (Osada, 1995; Ono and Uehara,
1949). The released chlamydospores remaining in the rice
contain mycotoxins (ustiloxins) that render rice seeds toxic
to animals and humans (Sonoda, 1996; Nakamura et al.,
1992). RFS continues to be one of the most serious diseases in a number of areas with changing climatic conditions and cropping patterns. Thus, the occurrence of this
disease has become a new problem that reflects also on
food safety. Many studies on the distribution, biological
characteristics, cycle of infection, and chemical control of
RFS have been conducted (Lu et al., 1996; Zhang et al.,
2003). However, little is known about the infection-related
development and pathogenesis of U. virens, particularly at
the molecular level. This minimal understanding of the
disease process hinders the development of new strategies
for dealing with it.
Promoters play a central role in the regulation of gene
expression; they determine when, where, and to what extent a gene is expressed (Connors et al., 2002). Promoters
are also important for the investigation of fungal activities
at many levels, such as in the expression of specific genes
(Sharma et al., 2012), improvement of lignin-degrading
properties (Sugiura et al., 2012), and establishment of
transformation systems (Zhou et al., 2008). Investigations
on structure, function, and mode of action of U. virens
promoters can enable an understanding of the growth,
spread, and molecular pathogenesis of U. virens, particularly before the availability of the complete genome
sequence. Furthermore, promoters isolated from U. virens
can also be used as tools in functional genomic studies of
this fungus.
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Promoter trapping has been an effective biotechnology for studying functional genes in recent years, which
relies on promoter-trapping vectors containing promoterless reporter genes and/or selected genes. If the insertion
is located within a transcriptional unit and in the correct
orientation (i.e., downstream of the promoter), the reporter or selected gene is expressed under this promoter
(Springer, 2000; Liu et al., 2006). In all reporter genes
and selected genes, jellyfish green fluorescent protein
(gfp) is widely used because it can be directly detected
by illumination without substrates (Andrie et al., 2005;
Chalfie et al., 1994). The detection of gfp activity is also
nondestructive and can be monitored over time (Springer, 2000).
In this study, the promoter puv880 was cloned from
A880-1, a transformant of U. virens. TATA-box, CAATbox, and a number of other special structures were
found in puv880. The smallest functional promoter region of puv880, which was no longer than 444 bp, was
identified through PEG-mediated transformation in
Magnaporthe oryzae. The growth of A880-1 was slower
in minimal medium (MM), and numerous conidia were
generated in the terminal of the hyphae. This observation could provide a clue to understand the conidiation
and growth of U. virens.

MATERIALS AND METHODS

Screening of fluorescent transformants. A mutant
library of U. virens containing 6,500 transformants was
constructed by Dr. Y.F. Liu by Agrobacterium tumefaciens-mediated transformation in wild-type 70-22 using
a promoter-trapping vector (unpublished information).
This vector contained the promoterless enhanced gfp
(egfp) as reporter gene and hygromycin B phosphotransferase (hph) as selected gene. All transformants were
grown in liquid potato sucrose (PS) medium (potato,
200 g/l; sucrose, 20 g/l) at 28°C for 6 days. The spores
and mycelium of transformants were used for green fluorescent observation under a Nikon Eclipse 80i fluorescence microscope (Nikon, Japan). The screened transformants were purified by single conidium isolation.
The purified transformants were re-observed under
fluorescence microscopy, and images were captured and
processed using NIS-Elements BR 3.0 imaging software
(Nikon, Japan).
Analysis of biological characteristics. To analyze biological characteristics, circular plugs of PSA medium (potato, 200 g/l; sucrose, 20 g/l; agar powder, 12 g/l) covered
by mycelium were punched with a puncher (Φ = 3.5 mm)

Table 1. Primers used in this study.

Name

Sequence (5’→3’)

GFP-jb-1

CCATCCTGGTCGAGCTGGA

GFP-jb-2

CGAACTCCAGCAGGACCATG

HYG1.4F

ACAGAAGATGATATTGAAGGAGC

HYG1.4R

TACTCTATTCCTTTGCCCTCG

GFP-LB-1

AAGATGGTGCGCTCCTGGACGTAG

GFP-LB-2

ACGATGGACTCCAGAGGCACTGCACGCCGTAGGTCAGGGTGG a

GFP-LB-3

TGGGCACCACCCCGGTGAACAGCTC

LAD-5N

ACGATGGACTCCAGAGCGGCCGCVVNVNNNAACGG a

AC-L2

GAGTTTAGGTCCAGCGTCCGTCGACGATGGACTCCAGAG b, a

AC-S3

GAGTTTAGGTCCAGCGTCCGT b

P880-JB-9

CATGGTCCTGCTGGAGTTCG

P880-YZ-1

TGGCTAGTTACTAGTGTGGTGG

P880-YZ-2

GCCTCTTGGACTTATGGTAG

P880-YZ-3

CTTAGGGCCTGCTAACTTATAC

P880-YZ-4

TAACGACCCTAATCAGCACG

P880-NC-1

CTTGCATGCCTGCAGGTCGA

P880-NC-2

CAACACATGAGCGAAACCCT

a, b

Bold-faced and underlined letters represent the two tails used in this study.
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and grown on PSA, TB3, and MM for 15 days. The diameters of the colonies were then measured, and all colonies
were observed under a microscope. The procedure was
repeated three times for each type of medium, and five
generations for each transformant were continuously reduplicated. U. virens wild-type strain 70-22 was used as
a control.
Identification of transformants. PCR analysis was
used to test the presence of hph using primers HYG1.4F/
HYG1.4R (Table 1) and of egfp using primers GFP-jb-1/
GFP-jb-2 (Table 1) to eliminate false-positive transformants and auto-fluorescent strains. Genomic DNA was
extracted from mycelium using the hexadecyltrimethylammonium bromide (CTAB) method (Murray and
Thompson, 1980). LA Taq polymerase (TaKaRa, Japan)
was used amplification which was conducted as follows:
initial denaturation at 94°C for 5 min; 34 cycles at 94°C
denaturation for 40 sec, 60°C annealing for 40 sec, 72°C
elongation for 40 sec (for gfp) and 1.5 min (for hph), and
a final extension at 72°C for 5 min. The PCR products
were analyzed on an ethidium bromide-stained agarose
gel. Target bands (636 and 1400 bp) appeared when TDNA was inserted into these transformants.
Southern blot analysis. Southern blot analysis was
used to verify the copy number of T-DNA in the transformants. Approximately 5 μg of DNA was digested with
EcoR I (TaKaRa, Japan), separated on 0.8% agarose gel,
and transferred onto a Hybond N+ membrane (Millipore,
USA) (Sambrook and Russell, 2001). The 1.4 kb hph fragment amplified using primers HYG1.4F/HYG1.4R and

labelled with digoxigenin was used as a specific probe
(Carroll et al., 1994). Probe labeling, hybridization, and
immunological detection were all conducted according
to manufacturer’s protocols (Roche, Germany). The promoter-trapping vector was used as positive control, and
70-22 was used as negative control.
Isolation of flanking sequence. The upstream-flanking sequence of egfp was isolated using high-efficiency
thermal asymmetric interlaced PCR (hi-TAIL PCR)
with slight modifications (Tables 2 and 3) (Liu and
Chen, 2007). The forward special primers (GFP-LB-1,
GFP-LB-2, and GFP-LB-3; Table 1) used in three reactions were based on the egfp sequence. For reverse
primers, semi-arbitrary degenerated primers with a tail
(LAD-5N, Table 1) was used in the primary PCR, and
a special primer (AC-L2, Table 1) composed of the tail
of LAD-5N and a new tail before it was used for the
second reaction. The new tail of AC-L2 (AC-S3, Table
1) was used for the third amplification. All PCR products were purified and cloned into a pEASY-T3 vector
(Transgen, China) for sequencing (Invitrogen, China).
The sequencing result was further analyzed using Neural Network Promoter Prediction web software (BDGP;
www.fruitfly.org/Seqtools/promoter.html), a transcription factor binding site search tool (TFSEARCH; http://
molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html),
Prediction of PLANT Promoters web software (TSSF;
SoftBerry, http://linux1.softberry.com/berry.phtml?topic=
tssp&group=programs&subgroup=promoter), and a database of plant promoter (PlantCARE, http://bioinformatics.
psb.ugent.be/webtools/plantcare/ html/) (Ding et al., 2011).

Table 2. Amplification parameters for hi-TAIL PCR analysis.

Step

Primary reaction

Secondary reaction

Tertiary reaction

1

93°C, 2 min

93°C, 2 min

93°C, 2 min

2

95°C, 1 min

95°C, 1 min

95°C, 1 min

3

94°C, 30 sec

94°C, 30 sec

94°C, 30 sec

4

60°C, 1 min

68°C, 1 min

68°C, 1 min

5

72°C, 3 min

72°C, 3 min

72°C, 3 min

6

Steps 3-5 for 11 cycles

94°C, 30 sec

94°C, 30 sec

7

94°C, 30 sec

68°C, 1 min

68°C, 1 min

8

25°C, 2 min

72°C, 3 min

72°C, 3 min

9

Ramp to 72°C, 0.3°C/s

94°C, 30 sec

94°C, 30 sec

10

72°C, 3 min

50°C, 1 min

50°C, 1 min

11

94°C, 30 sec

72°C, 3 min

72°C, 3 min

12

60°C, 1 min

Steps 3-11 for 13 cycles

Steps 3-11 for 7 cycles

13

72°C, 3 min

72°C, 5 min

72°C, 5 min

14

Steps 11-13 for 25 cycles

15

72°C, 5 min
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Table 3. Amplification reactions mixture for hi-TAIL PCR analysis.

Components

Primary reaction

Secondary reaction

Tertiary reaction

TransTaq HiFi DNA polymerase (μl)

0.25

0.25

0.5

dNTPs (2.5 μM) ( μl)

4

4

8

10×TransTaq HiFi buffer (μl)

2.5

2.5

5

Forward primer (10 μM) (μl)

0.75

0.75

1.5

Reverse primer (10 μM) (μl)

2.5

0.75

1.5

Template DNA

50 ng

1 μla

2 μlb

ddH2O to final volume (μl)

25

25

50

a 50-fold
b10-fold

dilution of the primary production.
dilution of the secondary production.

Functional analysis of flanking sequence. To verify
the function of this sequence, 5’ deletion analysis and
polyethyleneglycol (PEG)-mediated transformation in
Magnaporthe oryzae were performed. M. oryzae wild-type
strain Guy11 was used, and transformations were performed as described (Sweigard et al., 1992, 1995; Betts et
al., 2007) with the following modifications. Mycelia were
split into 35 ml of 1 M sorbitol containing 10 mg/ml lysing
enzyme (Sigma, USA). Protoplasts were suspended within
STC (sucrose 20% m/v; Tris-Cl 50 mM; CaCl 2 50 mM;
pH 8.0) at a concentration of 0.5-1×108 protoplasts/ml,
and 2 μg of purified DNA fragments were mixed with
200 μl of protoplast suspension. Hygromycin B (HygB;
Sigma, USA) was added to the bottom agar and top agarplating medium at 150 and 250 μg/ml concentrations,
respectively, instead of Hygromycin B at 300 and 100 μg/
ml. Both bottom and top agar-plating medium contained
1.2% agarose instead of 2% low-melting-point agarose.
Colonies were picked from the transformation plates
and transferred to PSA containing 150 μg/ml HygB. The
genomic DNA of transformants was extracted and falsepositive strains were eliminated by PCR analysis. The
correct transformants were observed under a fluorescent
microscope after growing on oatmeal agar medium at
25°C under constant fluorescent light (Chi et al., 2009).
RESULTS

The morphological and molecular analysis of U. virens mutant A880-1. Six transformants emitting green

fluorescence were screened from the U. virens mutant
library. One purified transformant, A880-1, which grew
slower than 70-22 and produced numerous conidia at
the terminal of hyphae, was used for further studies. Under a fluorescent microscope, the hyphae and spores of
A880-1 were fluorescent, and the spores were brighter
than the hyphae (Fig. 1). A880-1 grew slower than 70-22
in all three types of medium (Fig. 2A). Compared with
70-22, the growth rate of A880-1 decreased remarkably to
approximately 77.1% (33.67 cm/43.67 cm) on PSA, 74%
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Fig. 1. Green fluorescent micrographs of transformant A8801. A and B. Fluorescent micrographs of the transformant
A880-1 under white and blue light using the same microscope
equipment of a excitation filters at 450 nm to 490 nm, a dichroic filter at 505 nm, and an emission filter at 520 nm. Images were taken at 400×, Bar = 50 μm. The hyphae and spores
were both fluorescent, and the spores were brighter than the
hyphae. C and D. Micrographs of wild-type 70-22 under the
same fluorescent microscope.

(31.33 cm/42.33 cm) on TB3, and 55% (11.83 cm/21.50 cm)
on MM (Fig. 3). Microscopic observation revealed variant hyphae in A880-1 on MM. These hyphae were shorter
than those of 70-22 but wider and more tortuous. At the
terminal of these hyphae, numerous of conidia were produced (Fig. 2B). A880-1 yielded approximately 640 and
1400 bp target bands in PCR analysis (Fig. 4A), and only
one band on the nylon membranes (Fig. 4B) in Southern
blot analysis. This finding indicated that T-DNA was inserted as a single copy into the genome of A880-1.
Cloning and sequence analysis of the T-DNA inserted
region. After three cycles of amplification, a 2,038 bp long
flanking sequence of inserted T-DNA was isolated from
A880-1 (Fig. 5; 1045 bp upstream of egfp is shown). Primers P880-JB-9/GFP-JB-2 (Table 1) based on the 5’ terminal
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Fig. 2. Growth photographs of A880-1 and 70-22. A. Photographs of 70-22 and A880-1 grown in three types of medium. A880-1
grew slower than 70-22 in all types of medium. B. Photographs of variant hyphae in A880-1 and conidia generated in the terminal
of these hyphae (a and b), and the normal hyphae of 70-22 (c and d) in minimal medium.

of this sequence and the 3’ terminal of egfp were used for
PCR. The sequencing result showed that this sequence
was correct in A880-1. The region of this sequence, which
was 1,045 bp long, and the upstream of inserted egfp was
used for analysis using the aforementioned tools and web
software which revealed the following: a possible CAATbox at -746 bp to -735 bp upstream of the initiation codon
of egfp (TFSEARCH), a putative TATA-box at -279 bp
to -272 bp (TSSF, SoftBerry), as well as two promoters
from -368 to -319 bp, and another promoter from -289 to
-240 bp (BDGP). Notably, three other structures similar to
the TATA-box were located at -361 bp to -353 bp, -162 bp
to -156 bp, and -88 bp to -82 bp, respectively. A TATAbox was observed in the reverse complementary strand
located at -19 bp to -13 bp. In addition to TATA-box and

17. JPP1575RP (Liu).indd 543

CAAT-box, several other potential regulatory elements
involved in the regulation of gene expression were also
present in this sequence. These elements included nitrogen response elements (NIT2) at positions -1190 bp
to -1185 bp, a DNase I footprint (CTGGGCCCACC)
at -301 bp to -291 bp, a GC-box-like sequence (GCCACACCC) at -297 bp to -289 bp (TFSEARCH), and a TCrich structure at -327 bp to -318 bp (PlantCARE) (Fig. 5).
This promoter was named puv880, and the sequence of its
1045 bp long fragment was deposited in GenBank under
accession No. KC355189.
Functional analysis of the promoter region. For the
5’deletion analysis of puv880, four regions were amplified
using primers P880-YZ-1/HYG1.4R (P1), P880-YZ-2/
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HYG1.4R (P2), P880-YZ-3/HYG1.4R (P3), and P880YZ-4/HYG1.4R (P4) (Table 1 and Fig. 6A), as well as the
genome DNA of A880-1 as template DNA. The length of
5’ deletions of puv880 were 444, 650, 864, and 1045 bp,
respectively (the sequence of the right border was not
comprised). The region of T-DNA used as a negative
control was amplified using primers P880-NC-1/P880NC-2 (P0; Table 1 and Fig. 6A). After transformation
in M. oryzae and PCR analysis (Fig. 4C), more than 20
transformants for each region of P1-P4 were selected, and
all transformants were fluorescent (Fig. 6B). A total of

Journal of Plant Pathology (2013), 95 (3), 539-547

27 transformants were selected for region P0, but none
was fluorescent (Fig. 6B). These results indicated that the
smallest functional promoter region of puv880 was no
more than 444 bp in size and that puv880 was also functional in M. oryzae.
DISCUSSION

Promoters play an important role in the regulation of
gene expression. If the complete genome sequence is available, the promoter can be forecasted through bioinformatics and computer technology (Gershenzon et al., 2005;
Knudsen, 1999). The sequence upstream of important or
crucial genes can also be considered as promoter for functional and structural studies (Takaya et al., 1995; Wang
and Nuss, 1998). If the complete genome sequence is unknown, promoters can be found through a promoter-trapping approach (Topping and Lindsey, 1995). In this study,
a promoter-trapping vector containing the promoterless
egfp was used to construct the U. virens mutant library. Six

Fig. 3. Growth rate comparison of A880-1 and 70-22. A880-1
grew slower than 70-22 in the three types of medium, especially in minimal medium.

Fig. 4. Molecular analysis of transformants. A. PCR analysis
of total DNA isolated from A880-1 and 70-22. Lanes 2-4, egfp
amplification pattern of A880-1 (lane 3) and 70-22 (lane 2);
lanes 5-7, hph amplification pattern of A880-1 (lane 6) and 7022 (lane 5); lanes 4 and 7, negative control. (sterile double-distilled water). B. Southern blot analysis of A880-1 and 70-22.
Genomic DNA (5 mg) was digested with EcoRI, separated on
0.8% agarose gel, transferred onto a Hybond N+ membrane,
and hybridized with a digoxigenin-labelled fragment of 1.4 kb
of hph. Lane 1, promoter- trapping vector used in this transformation (positive control); lane 2, transformant A880-1; lane
3, U. virens wild-type 70-22. C. PCR analysis of transformants
in the M. oryzae expression system using corresponding primers. Lanes 4, 7, 10, 13, and 16 are represented as P0, P1, P2, P3
and P4 fragments, respectively; lanes 3, 6, 9, 12, and 15 are the
amplification results using genome A880-1 as template DNA
and used as positive control; lanes 2, 5, 8, 11, and 14 are the
amplification results using genome of Guy11 and used as negative control.
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Fig. 5. Analysis of puv880. The ATG start codon of egfp is
bold faced. The enhancer core sequence, possible CAAT-box,
TATA-box, three TATA-box-like structures (L), and the reverse complementary structure of TATA-box (R) are framed.
Two promoters predicted by BDGP are underlined, and the
primers used for PEG-mediated transformation are shaded.
The egfp sequence is italicized
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Fig. 6. Deletion analysis of puv880-egfp constructs. A. Blue, yellow, and pink arrows represent egfp gene, trpC terminator (Ttrpc),
and hygromycin-resistance gene (hph), respectively. The open arrows represent the flanking sequence of T-DNA. P0 –P4 represent
the five fragments used in the PEG-mediated transformation of M. oryzae. B. (A/a)–(E/e) are photographs of the transformants.
The microscope equipment used was the same as above. Images were taken at 400×, Bar = 50 μm

transformants emitting green fluorescence were screened,
and promoter puv880 was successfully cloned from the
purified transformant A880-1. Thus, before the availability
of the complete genome sequence, the promoter-trapping
approach proved to be applicable to investigation of U.
virens promoters.
Transcription factors binding sites (TFBSs) play a very
important role in the regulation of gene expression (Shi
and Zhou, 2006). A number of TFBSs such as TATA-box
and CAAT-box act as signals in determining the start site
and frequency of transcription initiation in most eukaryotic systems (Johnson and McKnight, 1989). The TATAbox (also named the Goldberg-Hogness box after its discoverers) was the first core promoter element identified
in eukaryotic protein-coding genes and is one of the most
important TFBSs (Smale and Kadonaga, 2003). In puv880,
one “TATATATA” structure was found and predicted as
a TATA-box. This symmetrical TATA sequence can be
recognized by the TATA-box binding protein in humans,
and the second half of the TATA-box is more variable than
the first half (Juo et al., 1996). A number of studies have
shown that these core elements are not required in all promoters as, for example, in the lymphocyte-specific terminal
deoxynucleotidyltransferase gene, which contains no core
promoter element (Chen and Roxby, 1997). However, three
other structures similar to TATA-box were found in the 3’
terminal of puv880 in this study. The precise initiation of
the transcription relay on RNA polymerases (Pol) and all
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three Pol systems require basal promoter elements, which
are recognized by the transactional binding protein (TBP),
even though many of their target promoters do not comprise any TBP-containing site (Hernandez, 1993). However, further studies need to be conducted to determine if
all four structures are functional TATA-boxes that can be
recognized by TBP, as well as whether their existence in
such a short sequence affects the precise initiation of the
transcription.
As in most fungi, asexual spores (conidia) play key roles
in the disease cycle. Conidia act as propagules for atmospheric dissemination and disease initiation (Choi et al.,
2011). In this study, transformant A880-1 produced numerous conidia at the terminal of hyphae on MM, which was
in contrasts to wild-type 70-22. In puv880, a transcriptional enhancer core sequence (Johnson et al., 1987) at -548 bp
to -538 bp and a TC-rich structure were found at the same
time. Enhancers influence tissue-specific gene expression
by interacting with promoters (Marsman and Horsfield,
2012). TC-rich repeats are cis-acting elements involved in
defense and stress responsiveness (Chen and Roxby, 1997).
Therefore, puv880 may be relevant to the growth and conidiation of U. virens under unfavorable conditions.
In conclusion, puv880 is the first promoter isolated and
identified from U. virens. Putative CAAT-box, TATA-box,
and some other TPBSs were found in puv880, together
with three other TATA-box-like structures. Transformant
A880-1 grew slower than wild-type 70-22 in all three types
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of medium and produced numerous conidia in the terminal of hyphae on MM. This finding suggests that puv880
can provide a clue to understand the conidiation and
growth of U. virens.
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