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ABSTRACT

Ustilaginoidea virens is a flower-infecting fungus that forms false smut balls in rice panicle. Rice false smut has long
been considered a minor disease, but recently it occurred frequently and emerged as a major disease in rice production.
In vitro co-cultivation of U. virens strain with young rice panicles showed that U. virens enters inside of spikelets from
the apex and then grows downward to infect floral organs. In response to U. virens infection, rice host exhibits elevated
ROS accumulation and enhanced callose deposition. The secreted compounds of U. virens can suppress rice pollen ger-
mination. Examination of sectioning slides of freshly collected smut balls demonstrated that both pistil and stamens of
rice flower are infected by U. virens, hyphae degraded the contents of the pollen cells, and also invaded the filaments.
In addition, U. virens entered rice ovary through the thin-walled papillary cells of the stigma, then decomposed the in-
teguments and infected the ovary. The invaded pathogen could not penetrate the epidermis and other layers of the ovary.
Transverse section of the pedicel just below the smut balls showed that there were no fungal hyphae observed in the
vascular bundles of the pedicel, implicating that U. virens is not a systemic flower-infecting fungus.
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1. Introduction high-yielding varieties and heavy application of nitrogen
fertilizer in rice cultivation, rice false smut has emerged
as the most devastating grain disease in rice production
[1,7].

A successful infection is indicated by the appearance
of smut balls in rice panicle, which usually takes about
20 days after the infection to occur. Rice false smut dis-
ease causes yield loss and reduces grain quality. The
yield losses have been attributed to not only the smut ball
incidence but also the chaffiness and reduction in 1000-
grain weight [8], and the rice grain quality is reduced
much by fungal contamination. Thus, the smut balls must
be removed before rice sale in many countries as the rice
grains that are contaminated with spores of U. virens
cannot be parboiled, and the resulting product is discol-
ored and toxic to humans and live stock.

Rice false smut is a severe and widespread disease in
major rice-growing areas of Asia, Africa and America
[1-4]. It has been in the Unite States since at least 1906
[5]. Since that time, the disease has been sporadic and
light in the US for many years. In 1997, however, high
incidence of rice false smut was reported in Arkansas and
Louisiana. The false smut was present on many germ-
plasms at the Rice Research Station and was observed on
commercial cultivars in growers’ fields. The disease in-
cidence ranged from 1% to 15% of tillers infected, with
at least two to three spore balls per infected panicle [6].
In China, rice false smut has long been considered a mi-
nor disease in rice production, and farmers even called
smut balls the harvest fruits, meaning the harbinger of a

big harvest for rice yield. Recently, with the wide use of
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The natural infection process of U. virens remains un-
clear, which hampers studies on the disease. However,
several research groups have reported that the artificial
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inoculation method can be used to evaluate disease index
of fungal infection in greenhouse [9-11]. The artificial
inoculation experiments demonstrated that the late boot-
ing stage is the critical period for U. virens infection. The
artificial inoculation method uses the mixture of conidia
and hyphae produced in liquid culture to inject the leaf
sheath of flag leaf at the late booting stage, leading to a
much higher disease index and even more reproducibility
than the field trial.

In contact with plants, pathogens can trigger an array
of reactions deployed in plants to prevent pathogens’ in-
vasion, many of which appear to involve the production
of reactive oxygen species (ROS) [12,13]. High levels of
ROS are often accumulated rapidly after recognition of
the pathogen [14,15]. ROS have been implicated in
playing a vital role in plant defenses against pathogen
invasion not only in direct antimicrobial roles but also in
cellular signaling associated with the induction of de-
fense gene expression [16], phytoalexin production
[17,18] and callose deposition [19,20]. The deposition of
the callose at cell wall at the site of pathogen contact, and
the pathogen-triggered callose response is required for
resistance to microbial pathogens [21,22].

The frequent occurrence of rice false smut makes it a
serious problem in rice production recently, but the pro-
gress in understanding the routes of fungal infection was
much slower than we expected. Knowing fungal infec-
tion process is critical for exploring the relationship be-
tween U. virens and rice host, also it is important to con-
trol the occurrence of the disease in rice production. Here,
we monitored the early processes of fungal infection and
detected the ROS levels and callose deposition in rice
floral organs upon the recognition of U. virens infection.
We also examined the invasion sites at the late stage of U.
virens infection and provided evidence to show degrada-
tion of the integuments of ovary may be the critical strategy
for U. virens to proliferate in the infected rice spikelets.

2. Materials and Methods

2.1. Plant Materials, Fungal Growth and
Inoculation Methods

Rice variety Huangxiuzan was grown in the experimental
station of Plant Protection Institute, Guangdong Academy
of Agricultural Science, Guangdong Province, China.
The experiment field was protected by a metal net, and
there was an automatic water-spraying system under-
neath the net and above the field, this system sprayed mist-
like water for 30 seconds per hour from 10 o’clock in the
morning to 4 o’clock in the afternoon to increase humidity
in the atmosphere during the infection period from artifi-
cial inoculation of rice plants with U. virens to emer-
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gence of the smut balls on rice panicles. PSB (potato and
sucrose broth) medium was used to culture U. virens
strain for inoculation. U. virens was cultured at 28°C for
10 days, the whole culture was stirred three times in a
stirrer, each for 15 sec, to break down hyphae to small
pieces, the resultant mixture of hyphae and spores were
used to inoculate rice panicles. We used a syringe with
needle to inoculate rice plants at booting stage, each
plant was injected with 2 - 4 ml of inoculum until the
liquid flooded out from the top of leaf sheath. Smut balls
appeared in rice panicles about 20 days after inoculation.

2.2. In Vitro Infection of Rice Panicle

U. virens was cultured in PSB medium at 28°C for 8 days,
the culture was filtered with three-layer of lens papers to
exclude hyphae, U. virens conidia were collected and
adjusted to the concentration of 1 x 10 conidia per milli-
liter. Panicles at booting stage were peeled out and rinsed
in the filter-treated conidia solution for 10 minutes. After
the treatment, the panicles were cultured in 1/2 MS me-
dium for 5 days, spikelets were used to observe conidium
germination and examine the early infection process of U.
virens.

2.3. Light Microscopy and Scanning Electron
Microscopy

U. virens-infected spikelets were opened carefully under
a dissection microscope, the processes of hyphae infec-
tion of the anthers and stigma were observed under ste-
reomicroscope (Zeiss Stemi SV11, Carl Zeiss, Germany)
and corresponding images were taken. Anthers and stig-
ma from in vitro U. virens-infected spikelets were pre-
treated and mounted to a metal stub (10 mm in diameter).
The specimens were sputter-coated with gold particles
(approximately 30 nm in thickness) and examined with a
scanning electron microscope (JSM-6360 LV, JEOL Ltd,
Japan).

2.4. Semi-Thin Sectioning and Aniline Blue
Staining

Smut balls collected from the field were first fixed in
FAA (Formaldehyde acetic acid ethanol) solution for 24
hours. After several times of dehydration and rehydration,
the specimens were embedded in epoxy resin and cut
with a glass knife into semi-thin sections. The semi-thin
sections were carried out aniline blue staining according
to the procedure described by Hood and Shew [23] with
minor modification. The stained sections were placed on
glass slide and examined by means of epifluorescence
microscopy (Zeiss Axioplan 2, Carl Zeiss, Germany),
and images were record by Zeiss AxioCam.
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2.5. ROS Detection and Callose Deposition

To detect ROS production on the rice flower organs dur-
ing U. virens infection, spikelets from infected panicles
and uninfected control panicles were stained with 3, 3°-
Diaminobenzidine tetrahydrochloride solution (1 mg of
DAB-HCI per ImL of water) for 3 h at room temperature.
The samples were destained in ethanol:chloroform (4:1)
and then kept in the dark in 60% glycerol until examina-
tion by light microscopy.

Callose deposition was monitored by potassium hy-
droxide-aniline blue staining. Briefly, the materials were
vacuum infiltrated in 1 M potassium hydroxide for 2 h at
room temperature, followed by staining with 0.05% (w/v)
aniline blue in water. The stained materials were placed
in glass slides and examined by means of epifluorescence
microscopy (Leica DMRBE, Switzerland).

3. Results

3.1. Invasion Routes of U. virens at the Early
Infection Stage

We used freshly cultured U. virens to inoculate rice
panicles at the late booting stage, the concentration of
inoculum was 107 conidia per milliliter (Figure 1(a)). At
day 5 after infection, hyphae emerged and enclosed rice
spikelets (Figure 1(b)). Usually, flower-infecting fungi
develop hyphae on the exterior surface of florets and
grow toward the openings. Rice spikelets covered by U.
virens hyphae were opened up to examine the infection
process inside the spikelet (Figure 1(c)). Hyphae entered
florets through the aperture of the apex of glumes, firstly
occupied the upper space of the flower organs and
formed a three-dimensional network (Figure 1(d)), then
grew downward and intertwined the stamens and the
bifurcate feathery stigma (Figure 1(e)). We observed
large amounts of hyphae on the surface of anthers and
plumose stigma (Figures 1(f), (g)). Growing downward,
hyphae filled the whole inside space of the floret and
enclosed the ovary (Figure 1(h)). This observation is in
agreement with the findings of Ashizawa et al. [24] in
that they found U. virens invaded rice spikelets through
the small gap of the spikelet apex.

3.2. U. virens Infection Induces Elevated Levels
of ROS and Enhanced Callose Deposition

Rice panicles were collected from U. virens infected
plants at day 3 after infection, the panicles were immers-
ed in a solution of 3, 3’-diaminobenzidine tetrahydro-
chloride (DAB-HCI) for 3 hours at room temperature,
after destained in ethanol:chloroform solution, rice
flower organs were observed under microscope to exam-

Open Access

VA AN

Figure 1. Invasion routes of U. virens in the early interac-
tion with rice host. (a) Conidia used for in vitro inoculation
of rice panicles; (b) Hyphae grow on the surface of rice
panicles after co-cultivation on 1/2 MS medium; (c) A spike-
let enclosed by white hyphae; (d) The spikelet in (c) was
opened, showing hyphae inside the glumes and on the top of
stamen, high magnification of the top of the glumes is
showed on the right, white arrow indicates hyphae; (€) High
magnification of the lower part of (d) showing hyphae on
anthers and stigma,hyphae are not observed on the base of
floral organs; (f) Scanning electron microsocopy showing
hyphae on the surface of the anther; (g) Scanning electron
microsocopy showing hyphae around the stigma; (h) Hy-
phae infected the base of floral organs, surrounding the
anther filaments and enclosing the ovary.

ine ROS accumulation. DAB forms a brown polymeriza-
tion product in the presence of ROS. Flower organs from
U. virens-infected panicles showed enhanced brown oxi-
dized DAB precipitates (Figures 2(a)-(c)), in contrast,
the flower organs from the control plants did not exhibit
brown color (Figures 2(d)-(f)). We cut the ovaries from
both the U. virens-infected and the control plants and
examined the DAB oxidation under microscope, the ova-
ries from U. virens-infected plants displayed more DAB
oxidation products than those from uninfected plants
(Figures 2(a), (d)), especially, the base of the infected
ovary showed the highest level of oxidation, indicating
more ROS produced at this site. Probably, the base of the
ovary is the place where the fungus obtains water and
nutrients from host plant.

The stigma from U. virens-infected plants showed en-
hanced accumulation of ROS as evidenced by the brown
DAB oxidation, whereas the stigma of the control plants
did not show brown color (Figures 2(b), (e)). In addi-
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Figure 2. Infection of U. virens induces reactive oxygen species (ROS) accumulation, enhances callose deposition, and inhibits
the development of pollen mother cells. Scale bars: (a)-(f), 100 um; (g)-(0), 200 um; (p)-(s), 50 um. (a)-(c) Infection of U. virens
induced ROS accumulation on the surfaces of the ovary, stigma and anther, respectively; (d)-(f) The ovary, stigma and
anther from uninfected plants did not show ROS accumulation; (g) Rice flower from the U. virens-infected plant was ob-
served under bright light of microscope; (h) The flower in (g) was observed under ultraviolet showing bright color, indica-
ting the callose deposition on the surface of the flower; (i) The flower organ from uninfected plants was observed under
ultraviolet, not showing bright color; (j) The feathery stigma from infected plant was observed under bright light of microscope;
(K) The stigma in (j) was observed under ultraviolet, showing bright spots scattered on the stigma, indicating the sites of callose
deposition; (I) The stigma of uninfected plant was observed under ultraviolet, not showing bright color; (m) The ovary from
infected plant was cut and observed under bright light of microscope; (n) The ovary in (m) was observed under ultraviolet,
showing a bright circle surrounding the nucellus of the ovary, suggesting a strong callose deposition at that position; (0) The
ovary from uninfected plant was cut and observed under ultraviolet, not showing bright color; (p) Transverse section of the
anthers from fungus-infected spikelets, indicating developmental inhibition of the pollen mother cells; (q) Transverse section
of the anthers from control plants, showing normal development of the pollen mother cells; (r) High magnification of (p),
showing plasmocytosis of the pollen mother cells; (s) High magnification of (q), showing normal shape of pollen mother cells.

tion, the anthers from U. virens-infected plants had
higher levels of DAB oxidation than those of the unin-
fected plants (Figures 2(c), (f)), indicating that U. virens
infection induced high levels of ROS accumulation at the
places it invaded.

Callose plays important roles in response to multiple
biotic and abiotic stresses, and can be induced upon the
recognition of pathogen infection. We collected rice
panicles at day 5 after U. virens inoculation to clarify
callose deposition. Flower organs from U. virens infected
plants were first recorded under bright light of micro-
scope (Figures 2(g), (j) and (m)), and then stained with
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aniline blue to observe callose deposition. The infected
rice flower including anthers, stigma and ovary, showed
bright aniline blue staining (Figure 2(h)), while the con-
trol flower did not exhibit staining, thus, was barely seen
under microscope (Figure 2(i)). Many bright aniline blue
staining spots were scattered on the bifurcate plumose
stigma of the infected rice panicles (Figure 2(K)), in con-
trast, no bright spots were observed in the stigma from
the uninfected plants (Figure 2(l)). To investigate whe-
ther callose deposited in the ovary, we cut ovaries longi-
tudinally and stained with aniline blue, the section of the
ovary from infected plants showed a bright circle at the
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position of integuments surrounding the ovule (Figure
2(n)), on the contrary, the ovary from the control plants
did not show bright circle (Figure 2(0)), indicating that
U. virens infection can induce callose deposition in the
ovary at the place around the ovule.

Booting stage is the critical time for U. virens infec-
tion. In transverse sections of anthers from U. virens in-
fected plants, the pollen mother cells (PMC), both the
cell wall and the contents, were slightly stained by ani-
line blue (Figure 2(p)), in contrast, the PMC from the
control plants were heavily stained by aniline blue, indi-
cating large amounts of callose accumulated (Figures
2(q), (s)). Importantly, the PMC of the infected anthers
were in a state of plasmolysis (Figure 2(r)), which was
probably caused by the metabolites secreted from U.
virens.

3.3. U. virens Culture Inhibits Rice Pollen
Germination and Pollen Tube Elongation

U. virens secretes compounds including ustiloxins into
media, and ustiloxins are toxic to humans and livestock.
To verify the effects of secreted compounds on rice pol-
len development, we used the supernatant of old-cultured
U. virens to treat rice pollen grains to investigate the ger-
mination rate. Rice pollen grains were first treated with
germination solution (15% sucrose, 20 mg/L borate and
40 mg/L CacCl,), after treatment for 10 min, about 75%
of pollen grains germinated (Figure 3(a)), whereas pol-
len grain germination was completely inhibited by the
treatment of the supernatant (Figure 3(b)). To explore
whether or not the supernatant is able to inhibit rice pol-
len tube elongation, pollen grains were first treated for 6
min in the germination solution, the germinated pollen

&

Figure 3. The supernatant of U. virens liquid culture inhi-
bits rice pollen grain germination and pollen tube elonga-
tion. Scale bars: 20 um. (a) Rice pollen grains germinates
well in germination solution; (b) None of rice pollen grains
germinate in the supernatant of U. virens culture; (c) Ger-
minated rice pollen grain showing pollen tube; (d) Rice
pollen tube elongates, (e) Rice pollen tube stops elongating
after treated with the supernatant of U. virens culture.
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grains were selected and the pollen tube length was re-
corded (Figure 3(c)). At the same time, some of the se-
lected pollen grains were kept in the germination solution,
and others were treated with the supernatant mixture (5
volumes of the supernatant and 1 volume of germination
solution), the length of pollen tube was recorded after
incubation in the solutions for 9 min. The pollen tube
continued to elongate when pollen grains were kept in
the germination solution (Figure 3(d)), whereas pollen
tube elongation was completely inhibited if the germi-
nated pollens were kept in the supernatant mixture (Fig-
ure 3(e)). These data demonstrated that the supernatant
of U. virens culture can inhibit rice pollen germination
and pollen tube elongation, this inhibition is probably
due to the ustiloxins secreted by U. virens, although we
could not rule out the possibility that other compounds
existed in the supernatant also have inhibition ability.

3.4. U. virens Invades Both Pistil and Stamens

To investigate the routes of U. virens infection and ana-
lyze the infection effects on rice flower development, we
performed semi-thin sectioning of smut balls. The cross-
section showed the stigma with two branches were en-
closed by hyphae (Figure 4(a)). High magnification
showed hyphae could not breach the epidermal cells of
the stigma (Figure 4(b)), even the stigma were densely
covered by hyphse. In transverse section of smut balls,
mycelia compactly packed the stigma and deformed the
papillae. Hyphae entered the intercellular spaces of stig-
ma via the thin-walled cells of papillae, they only breach-
ed at the sites of the plumose part of the stigma, but
could not reach the vascular bundles (Figure 4(c)).

In transverse section of the anthers embedded in the
mycelia of smut balls, four locules of an anther were still
in shape and visible, but the contents were decomposed
and replaced with hyphae (Figure 4(d)). High magnifi-
cation showed the trace of PMC, but the contents were
decomposed and replaced with hyphae (Figure 4(e)). In
transverse section of anther filaments embedded in smut
balls, the filaments were filled by hyphae but the boun-
daries between the filaments and the enclosed mycelia
were still clear since the hyphae inside the filaments had
different staining extent from those surrounding the fila-
ments (Figure 4(f)). Anther filaments consist of epider-
mis, transmitting and vascular-like tissues. The vascu-
lar-like tissue is not a real vascular bundle in comparison
to that of the pedicel, thus, it was vulnerable to U. virens
infection (Figure 4(g)). In high magnification, we were
able to verify that the invaded hyphae were well-organi-
zed inside the filaments, they decomposed the contents of
the cells but did not disturb the original cell organization
(Figure 4(h)). These findings are consistent with the
results of Tang et al. [11].
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Figure 4. Semi-thin sections of the smut balls reveal hyphae infection of the stamens and stigma. Scale bars: 50 um. (a) Trans-
verse section showing bifurcate stigma embedded in mycelia. The white rectangle indicates the converged site of the bifurcate
stigma branches; (b) High magnification of the squared region marked in (a), showing hyphae accessed to the bifurcating site,
red arrow indicates hyphae; (c) Transverse section of a branch of plumose stigma embedded in mycelia, revealing hyphae in
the intercellular spaces of style, arrows indicate hyphae; (d) Transverse section of an anther embedded in mycelia, showing
hyphae inside the anther lobules; () High magnification of the upper two lobules in (d), arrows representing the traces of
residual shape of pollen mother cells, which were dead and full of hyphae; (f) Transverse section of the smut balls, showing
anther filaments not only enclosed but also invaded by hyphae, arrows indicate anther filament contour, white arrowhead
represents part of the ovary; (g) Transverse section of a rice flower from the control plant showing the structures of ovary
and anther filaments, arrows indicate anther filaments; (h) High magnification of an anther filament full of hyphae, arrow

indicating anther filament contour. F, filaments; H, hyphae; O, ovary; P, stigma papillae; S, stigma.

3.5. U. virens Specifically Digests the
Integuments and Is Not a Systemic Pathogen

Rice ovary contains an ovule consisting of the nucellus
and an embryo sac containing an egg cell and a central
cell. The nucellus is covered by inner and outer integu-
ments, each typically with two layers of cells (Figure
5(a)), and these two layers of the integuments will be
absorbed after fertilization.

We did serial cross-sectioning of the smut balls at dif-
ferent positions, in transverse section of mid-region of
the ovary persisted in the smut ball and wrapped by my-
celia, hyphae were observed in the ovary. The intruded
hyphae digested the integuments and grew around the
nucellus at the position of integuments without infecting
the ovular vascular cells (Figure 5(b)). Although resid-
ing the inside of ovary, hyphae did not spread out, they
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invaded neither the nucellar epidermis nor the inner epi-
dermis of the ovary (Figure 5(b)). On the other hand, the
hyphae that wrapped the outside of ovary could not in-
vade the epidermis because we did not observe hyphae
existed in the epidermal cells of the ovary, and in high
magnification the boundaries between hyphae and rice
flower tissues were obviously clear (Figure 5(c)). This
result is contradictory to the findings of Tang et al. [11],
it is probably caused by different cross-sectioning posi-
tions of the ovary in the smut ball.

Rice spikelet is supported by the pedicel that connects
to the main stem of the panicle. Transverse section of the
pedicel from the control rice plant showed normal vas-
cular bundle (phloem and xylem) and parenchyma (Fig-
ure 5(d)). We reasoned that if U. virens caused a sys-
temic disease in rice, at least we would observe traces of
fungal infection in the pedicel of the spikelet which was
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Figure 5. Decomposition of the integument cells of the ovary
by invaded hyphae. Scale bars: 50 um. (a) Transverse sec-
tion of an ovary from the control plant, showing compo-
nents of the ovary; (b) Transverse section of an ovary from
the smut ball, showing integument cells (inner and outer
layers of cells) decomposed and replaced by the invaded hy-
phae; (c) Transverse section of the smut balls, showing clear
boundaries between the invaded hyphae and the organ
tissues; (d) Transverse section of the pedicel from a control
spikelet, showing normal structure of the pedicel. (¢) Trans-
verse section of the pedicel from a smut ball, revealing vas-
cular system and parenchyma that were as good as those
from the control plant. ES, embryo sac; FG, fertile glume;
G, glume; H, hyphae; I, integuments (inner and outer in-
teguments); NE, nucellar epidermis; NU, nucellus; OV,
ovular vascular trace; P, pericarp; PA, parenchyma; SV,
stylar vascular trace; VS, vasculature.

infected by U. virens and formed smut ball, in this case,
some changes to the cells of the pedicel should occur, in
other words, hyphae would cause the xylem or phloem
tissues of the infected rachilla to become at least partially
dysfunctional, and the traces of hyphae should be ob-
served. We carried out cross-sectioning of the pedicel of
the spikelet with smut ball at the position just right below
the rudimentary glumes. In transverse section, the
phloem, xylem and the parenchyma cells were clearly
observed and well organized, we did not observe any
trace of hyphae in either the vascular tissues or the
thin-walled parenchyma cells (Figure 5(e)). Furthermore,
there were no differences in cell organization and the
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state of vascular bundle in the pedicels from the infected
and uninfected spikelets. These results indicated that U.
virens was not able to go through the pedicel from the
infected spikelets to the adjacent spikelets, thus, rice
false smut is not a systemic disease.

4. Discussion

Global agricultural change has brought about many
improvements to rice production, including irrigation
changes, high-yield variety utilization and heavy applica-
tion of fertilizers [3,25]. Although these changes have led
to a significant increase in rice yield, they also provide
opportunities to pathogens that may cause new diseases
or enhance the severity of the existed diseases. Recently,
rice false smut has emerged as one of the major diseases
worldwide; its impact on rice production has increased in
importance over time and attracted much concern of re-
searchers. However, details of the infection process and
the relationship between U. virens and rice host are
scarce.

The routes of U. virens infection have been debated
for many years and the infection process of this fungus is
still poorly understood. Recently, Ashizawa et al. [24]
introduced the green fluorescence protein (GFP) into a U.
virens strain to monitor the infection process of the
pathogen and reported that the infection initiated from
the germination of spores on the outer surfaces of spike-
lets. Hyphae grew on the surfaces and extended to the
apex of spikelets, and then colonized onto the inner sur-
faces of the lemma and palea via the small gap between
the lemma and palea. In our experiments, we co-cultured
U. virens strain and young rice panicles in vitro on me-
dium. Thus, we can monitor the growth of U. virens at
any time, which provides much convenience to investi-
gate the early process of U. virens infection. Our serial
observations at different infection time confirmed that
hyphae colonize the inner upper spaces of spikelets from
the apex and grow downward to infect the pistil and sta-
mens. We did not observe the case in which hyphae in-
fect pistil and stamens first but not appear in the inner
upper part of the spikelets.

Colonized inside of the spikelets, U. virens hyphae in-
fect pistil and stamens including filaments. Tang et al.
[11] reported that hyphae infect filaments and do not pe-
netrate the vascular tissues, which is in consistent with
our observations. In addition, we also found that hyphae
can not penetrate the epidermis of ovary although large
amounts of pathogen hyphae wrapped the whole ovary,
which agrees with the findings of Tang et al. [11]. Except
for these common observations, there is an important
difference between our results and their findings in which
we discovered that U. virens hyphae enter into the inter-
cellular spaces of style through the junction of the papil-
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lac of stigma, from which hyphae reach the ovary and
destroy the integuments of ovule. An open question is
how U. virens proliferates inside the infected spikelets.
We speculate that U. virens reaches the inside of the
ovary and digests the integuments for the nutrient supply
at first, this process would take about 7 - 8 days after
infection initiation to occur. Ashizawa et al. [24] have
reported that 6 days after infection, pathogen can reach
the floral organs. Wang [26] reported that the period
from the late boot stage to the rupturing stage (i.e. 1 - 4
days before the rupturing stage) is the crucial time for
pathogen infection. At the time of 7 - 8 days after patho-
gen infection, normally, rice plants have completed an-
thesis, and the ovaries of the uninfected spikelets have
been fertilized. After fertilization, the ovary needs large
amounts of water, minerals and photosynthesis products
to develop. The channel for the ovary to obtain nutria-
ents is the base of the pedicel connected to the rachis
branches. For the infected spikelets, at this time fungal
hyphae probably have used up the nutrients from de-
graded integuments and then, may mimic the way used
by the normally fertilized ovary, to obtain nutrients from
rice plants. Since large amounts of nutrients are taken by
the infected pathogen, the adjacent spikelets may not be
able to obtain enough nutrients for their developmental
requirement, thus, leading to grain weight reduction and
chaffiness. This is not surprising because the integuments
are absorbed after ovary fertilization during the devel-
opmental process of rice grain. On the other hand,
Kessler et al. [27] reported that pollen tube reception and
powdery mildew infection share molecular components
NTA and FER. These two proteins function either as
goddesses of fertility that enable fertilization or as Trojan
horses that enable pathogenic fungi to invade plant tis-
sues, although powdery mildew fungi rarely colonize
flowers or gain contact with the ovule [28]. It is very
likely that U. virens mimics the process of ovary fertili-
zation to survive in the infected spikelets although the
molecular mechanisms remain unknown.

It is well known that U. virens secretes mycotoxins
such as ustilaginoidins and ustiloxins [29-31], which are
toxic to humans and live stocks. Pathogen infection caus-
ed the developmental arrestment and content decomposi-
tion of the pollen mother cells. In consequence, no ma-
ture pollen grains were produced. Furthermore, the su-
pernatant of pathogen liquid culture inhibited pollen
grain germination and suppressed pollen tube elongation.
These inhibitory effects are probably due to the functions
of the secreted compounds. Previous research reported
that ustiloxins are able to not only inhibit tubulin polym-
erization in a concentration-dependent manner but also
induce the depolymerization of preformed microtubules
[32]. During the process of infection U. virens secretes

Open Access

secondary compounds, which may permeate into cells
and destroy cellular cytoskeleton, resulting in destruction
of the infected cells and nutrient leakage for pathogen
development since there are no special organs such as
haustoria found for U. virens. Perhaps, only special types
of cells at the specific developmental stage are sensitive
to the secreted compounds, which may explain the limi-
tation on the infection time of U. virens.

Flower-infecting fungi can initiate systemic invasion
through the apical meristems. This group of fungi in-
cludes many smut fungi that are either seedborne such as
Ustilago nuda f.sp. bordei or capable of entering through
vegetative tissues such as the anther smut pathogen Mi-
crobotryum violaceum [33]. U. virens is able to infect
both the stamen and the pistil, and the infection is only
restrained to the infected individual spikelets. It did not
move from the infected one to the adjacently uninfected
ones. The vascular bundle of the pedicel of the smut balls
was not infected by hyphae, indicating that U. virens is
different from those flower-infecting fungi in the way of
infection. Our findings support the field investigation
because we frequently observed individual smut balls
scattered among the spikelets on rice panicle and suggest
that rice false smut is not a systemic disease.
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