
RESEARCH ARTICLE Open Access

Investigation on the differentiation of two
Ustilago esculenta strains - implications of a
relationship with the host phenotypes
appearing in the fields
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Abstract

Background: Ustilago esculenta, a pathogenic basidiomycete fungus, infects Zizania latifolia to form edible galls
named Jiaobai in China. The distinct growth conditions of U. esculenta induced Z. latifolia to form three different
phenotypes, named male Jiaobai, grey Jiaobai and white Jiaobai. The aim of this study is to characterize the genetic
and morphological differences that distinguish the two U. esculenta strains.

Results: In this study, sexually compatible haploid sporidia UeT14/UeT55 from grey Jiaobai (T strains) and UeMT10/UeMT46
from white Jiaobai (MT strains) were isolated. Meanwhile, we successfully established mating and inoculation assays. Great
differences were observed between the T and MT strains. First, the MT strains had a defect in development, including lower
teliospore formation frequency and germination rate, a slower growth rate and a lower growth mass. Second, they differed
in the assimilation of nitrogen sources in that the T strains preferred urea and the MT strains preferred arginine. In addition,
the MT strains were more sensitive to external signals, including pH and oxidative stress. Third, the MT strains showed an
infection defect, resulting in an endophytic life in the host. This was in accordance with multiple mutated pathogenic
genes discovered in the MT strains by the non-synonymous mutation analysis of the genome re-sequencing data between
the MT and T strains (GenBank accession numbers of the genome re-sequencing data: JTLW00000000 for MT strains and
SRR5889164 for T strains).

Conclusion: The MT strains appeared to have defects in growth and infection and were more sensitive to external signals
compared to the T strains. They displayed an absolutely stable endophytic life in the host without an infection cycle.
Accordingly, they had multiple gene mutations occurring, especially in pathogenicity. In contrast, the T strains,
as phytopathogens, had a complete survival life cycle, in which the formation of teliospores is important for
adaption and infection, leading to the appearance of the grey phenotype. Further studies elucidating the molecular
differences between the U. esculenta strains causing differential host phenotypes will help to improve the production
and formation of edible white galls.
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Background
Zizania latifolia, also named wild rice, belonging to the
Oryzeae of the Gramineae, was one of the six important
grain crops in ancient China [1]. Now, it has been docu-
mented to be an asexual aquatic vegetable with unique
flavour and texture that has been cultivated in East and
Southeast Asia for more than 1500 years due to the
colonization of Ustilago esculenta [2, 3]. U. esculenta, which
is found in the Ustilaginaceae of the basidiomycetes, is a
typical smut fungus related to Ustilago maydis [4]. It is
widely believed that U. esculenta only triggers swollen host
stems while completely suppressing host inflorescence
development and seed production [5, 6]. Studies demon-
strated that U. esculenta only grows within the stem of the
aquatic grass Z. latifolia during plant development and
overwinters in the rhizomes that are left in the field after
harvest by the farmers to allow for reproduction [7, 8]. The
swollen stems (Additional file 1a), which are the real edible
part called edible galls, were named “Jiaobai” in China [6],
“kambong” in India [8] and “makomotake” in Japan [9]. It
was reported that the galls were always observed to carry
mature fungal spores in India, and the galls full of spores
caused hypersensitivity pneumonitis in Japan [8, 10]. In
China, some plants appeared in the fields with galls full of
dark-coloured teliospores (Additional file 1b), named “grey
Jiaobai”. Those grey Jiaobai should be discarded immedi-
ately in fields to ensure yields because only “white Jiaobai”
have economic value in China and are counted in the yield.
White Jiaobai was named for its white appearance (Add-
itional file 1c) and is a traditional Chinese medicine, though
the inner tissues of the edible galls are full of fungal hyphae
[11]. Through artificial selection, the plant rhizomes with
the desired edible galls have been maintained for rounds of
farming. However, grey Jiaobai regularly appears in the
fields at rates of nearly 10%. Grey Jiaobai could not be
reversibly developed to white Jiaobai. Rather, it eventually
becomes “male Jiaobai”, which does not have galls, shows
normal flowering, and does not contain U. esculenta [12]. It
is hypothesized that through continuous artificial selection,
white Jiaobai may have developed a special plant-fungus
interaction, resulting in edible galls with better nutritional
and medicinal value. In contrast, grey Jiaobai, which is
induced by the interaction between the plant and its para-
sitic fungus, seems to be a harmful plant disease. In the
fields, if farmers do not remove grey Jiaobai immediately,
the incidence rate of grey Jiaobai and male Jiaobai increases
in the next rounds of harvest.
It is speculated that the appearance of different pheno-

types of Jiaobai in the fields (grey Jiaobai and white
Jiaobai) was due to the existence of differentiated strains
of U. esculenta, which caused diverse host defence
responses [5, 7, 13–16]. Yang and Leu [2] were first aware
of the strain differentiation and therefore coined the
names T (sporidial) type (in the grey galls full of grey

teliospores) and M-T (mycelia-sporidial) type (in the white
galls with abundant mycelium and little sori) to specify
the strains. This nomenclature was used by other
researchers [13]. To confirm the differentiation of the
strains and their relationship to the formation of white
and grey Jiaobai, pairs of haploid heterogametic strains
from white Jiaobai (UeMT10 and UeMT46) and grey
Jiaobai (UeT14 and UeT55) of the cultivar Longjiao 2#

were isolated. Mating assays in vitro and inoculation
assays were carried out successfully, along with micro-
scopic tracing of fungal growth in planta using modified
isolated strains that over-express the nuclear localized
EGFP gene. Using these methods, the morphology,
physiological-biochemical characteristics and pathogen-
icity of the MT and T strains were observed and com-
pared. Non-synonymous mutations between the MT and
T strains were analysed to support the differentiation,
which may lead to the two phenotypes of Z. latifolia that
formed in fields.

Methods
Plants, strains isolation and culture
The Jiaobai of the cultivar Longjiao 2# (Variety number:
2,008,024 in vegetable of Zhejiang Province) used in this
study was cultivated at the base of Jiaobai in Tongxiang
(30°68′87.82N, 120°54′05.49E). Haploid heterogametic
strains UeMT10 (CCTCC AF 2015020)/UeMT46 (CCTCC
AF 2015021) isolated from white Jiaobai and UeT14
(CCTCC AF 2015016)/UeT55 (CCTCC AF 2015015)
isolated from grey Jiaobai of the cultivar Longjiao 2# were
used in this study. For selecting these haploid strains, telio-
spores from swollen stems of grey and white Jiaobai were
picked (the tissues of white Jiaobai were kept at 4 °C for
more than two weeks to allow the scattered formation of
teliospores) and cultured dispersedly on PDA medium
(which was bad for mating of U. esculenta) to germinate
the teliospores. After 24 h, the formed basidiospores were
re-suspended in ddH2O by washing, and diluted to a con-
centration of ~103/mL, then picked out by means of single
spore culture [17, 18]. 60 single colonies were selected and
cultured in pairs of mating-compatible sporidial strains
(Additional file 2) on YEPS medium (2% sucrose, 2% tryp-
tone and 1% yeast extract, pH 7.3) with 1% activated
charcoal. For detection of mating type genes, primers were
used as listed in Additional file 3. Strains were cultured on
YEPS medium at 28 °C, 180 rpm.

Mating experiment
UeMT10, UeMT46, UeT14 and UeT55 were cultured on
YEPS solid medium for 2 days separately. Then colonies
were picked and re-suspended in YEPS broth, with an
OD600 of around 1.5. After mixing the strains of UeMT10
and UeMT46 (or UeT14 and UeT55) with equal volumes,
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1–2 μL mixture was spotted to YEPS solid medium and
inoculated at 28 °C for observations with 12 h intervals.

Inoculation assay
UeMT10, UeMT46, UeT14 and UeT55 were grown in
YEPS medium for 24 h with continuous shaking at 28 °
C. Cells were centrifuged and resuspended in infiltration
buffer (1% sucrose, 1% tryptone and 0.5% yeast extract,
pH 7.3) to an OD600 of 2.0. Each combination of two
heterogametic strains was done in a ratio of 1:1 for two
strains. The mixed sporidia suspension was infiltrated
into the internode of the rhizomes that were water cul-
tured for 2 weeks using a 1 mL needleless syringe. Then
rhizomes were soaked in the mixed sporidia suspension
overnight. Then the rhizomes were transferred to a small
container full of soil mixed with the inoculated suspen-
sion for 7 days to keep the efficient infection. At last, the
inoculated rhizomes were cultivated in a bigger planting
box in the glasshouse (Additional file 4).

Life cycle tracing observation
The pUe-OE plasmid encoding the enhanced green fluores-
cent protein (EGFP) reporter with a nuclear localization sig-
nal was linearized and used to transform the haploid strains
as described previously [19]. Four recombinant strains
(UeMT10::EGFP-NLS, UeMT46::EGFP-NLS, UeT14::EGFP-
NLS, and UeT55::EGFP-NLS) were constructed. Mating
experiments and inoculation assays were done with strains
capable of transgenic mating in vitro. Samples were
collected at 12-h intervals and observed under a fluores-
cence microscope (Nikon SMZ1500). Following the inocula-
tion assays, teliospores were collected from the plants after
tumour formation.

Teliospore germination assays
Teliospores were collected from grey Jiaobai and advanced
age white Jiaobai (kept at 4 °C) of the cultivar Longjiao 2#,
washed in sterile water, and diluted in YEPS liquid
medium. Each of them was coated onto YEPS solid
medium and cultured at 28 °C. After 12 h, 24 h and 36 h,
they were observed under a light microscope. All samples
were analysed in triplicate.

Growth rate study
Haploid strains were used. The yeast-like fungus was
obtained from YEPS solid medium, and a single colony
was picked for culture in YEPS liquid medium for 48 h.
Cells were centrifuged and re-suspended in YEPS to an
OD600 of 1.0. A cell suspension of 1 mL in 100 mL of pre-
pared medium with the indicated compounds (different
treatments are described below) was incubated and placed
on a shaker at 180 r/min at 28 °C. After 12 h, 24 h, 36 h,
48 h, 60 h and 72 h, the absorbance of the cultured solu-
tion was read at 600 nm and recorded. In addition, plate

colony-counting method was used to measure the cells
population. Cultures in each condition collected for A600

measurement was diluted to OD600 of ~0.1 (the dilution
times was recorded D), and 100 uL of the dilutions were
introduced to three separate YEPS plates. Colonies were
counted 3 days after culture. The number of colonies was
recorded as N. Cells population (cfu/mL) was gotten by
the formula: 10 × D ×N.

Treatments
Growth rate and mating experiments were carried out on
the prepared medium with different treatments. At 12-h
intervals, mating colonies were mounted for observation
on a microscope.
Media containing different carbon and nitrogen sources

were prepared as described as follows: Basic medium
(BM) including K2HPO4 1 g, MgSO4·7H2O 0.5 g, FeS-
O4·7H2O 0.01 g and KCl 0.5 g was dissolved in 1000 mL
of distilled water and autoclaved for sterilization. The
nitrogen sources in the medium also changed. Different
nitrogen sources (peptone, urea, NH4NO3, (NH4)2SO4,
arginine, methionine or sodium glutamate) were added to
BM to make the concentration of nitrogen 20 mmol/L.
The medium was then filtered by Millipore filters (0.22 μm),
with sucrose as a carbon source (50 mmol/L). Carbon
sources were changed in the medium, and the different car-
bon sources (maltose, lactose, fructose, glucose, galactose,
sorbitol or mannitol) were added to BM to reach a concen-
tration of carbon of 50/3 mmol/L. The medium was then
filtered by Millipore filters (0.22 μm), with KNO3 as the
nitrogen source (20 mmol/L). BM with 20 mmol/L
KNO3and 50 mmol/L sucrose was prepared as the
blank control (CK).
All the media had different potential of hydrogen (pH)

were prepared as follows: HCl or NaOH was added to the
YEPS broth to reach different final pH values (5.3, 6.3, 7.3,
8.3, and 9.3), measured by a pH meter (Starter2100,
Ohaus), and then, 1.5% agar was added to obtain solid
media, which were autoclaved for sterilization.
Different concentration of H2O2 were added (the

original concentration was 30%) to autoclaved YEPS
solid media to obtain different final concentrations of
H2O2 (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%).

Tissue section staining and microscope observation
Plant samples were collected during the growth periods,
cut to pieces, and fixed in 70% (w/v) ethanol. The
morphology of the fungus after inoculation was observed
by a fluorescence microscope (Nikon). The tissues of the
field samples were stained in a 0.025% (w/v) solution of
Aniline blue in lactophenol for 3–5 h, as described in
Jose and Louis [20], and then examined by a light micro-
scope (Carl Zeiss Vision Imaging Systems).
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Analysis of non-synonymous mutations between MT and
T type strains
Strains were isolated from the Jiaobai cultivar called Long-
jiao 2#. A grinding method was used to isolate the strains.
Nine slices from the different samples of Jiaobai (Longjiao
2#) were mixed for grinding and then cultured on YEPS
media. All the colonies formed after 4 days culture were
mixed to isolate the DNA. DNA sequencing and re-
sequencing data were both generated using the Illumina
HiSeq2000 platform (BGI, Shenzhen, China). The whole
genome sequencing results of the MT types isolated from
white Jiaobai of the Longjiao 2# variety were deposited on-
line (JTLW00000000), and the whole genome re-sequencing
of the T types isolated from grey Jiaobai of the Longjiao 2#

variety were deposited in GenBank under accession number
SRR5889164. Genome Analysis TK (Version 1.6) and SAM
tools 1.9 were used to identify the SNPs and indels. InGAP-
sv was used to identify the structure variations [21].

DNA extraction, amplification and sequencing
Genomic DNA of the fungi was extracted by the CTAB
method [22]. Fragments were amplified by a standard PCR
procedure with primers in Additional file 3. Amplified
products were purified by PCR Clean-Up Kit (MOBIO
Laboratories) and identified by sequencing.

Statistical analysis
All experiments were performed in triplicates and data
were shown as mean ± SD from three independent experi-
ments. All data were subjected to statistical ANOVA
analysis according to the Duncan method, and the prob-
ability values of P < 0.05 were considered as significant.

Results
MT strains showed a growth defect compared to T strains
in vitro
Sexual reproduction is important for fungal inheritance
and variation to enable long-term survival. The haploid
sporidium, the meiotic product of basidiomycetes, is
ultimately used in sexual reproduction of the fungus
[23]. In this study, the haploid sporidia of U. esculenta
were isolated from the teliospores of the swollen tissues
of white Jiaobai (called MT types, Fig. 1a) and grey
Jiaobai (called T types, Fig. 1b) of the Longjiao 2# culti-
var, and sexually compatible sporidia were isolated. Mating
types were identified using in vitro mating experiments
(Additional file 2) and by gene sequencing (Additional file
2). Interestingly, none of the isolated T type sporidia tested
positive for a3 or b3 genes, whereas none of the MT type
sporidia carried a1 or b1 genes. Two-paired heterogametic
haploid strains, UeT14 and UeT55 from grey Jiaobai (called
T strains) and UeMT10 and UeMT46 isolated from white
Jiaobai (called MT strains), were selected. The four strains
were deposited in the China Centre for Type Culture

Collection (UeT14: CCTCC AF 2015016, UeT55: CCTCC
AF 2015015, UeMT10: CCTCC AF 2015020, UeMT46:
CCTCC AF 2015021). Their single strain colonial morph-
ologies or their morphologies after mating are shown in
Fig. 1c. Meanwhile, their mating types were identified by
PCR, showing that UeT14 was a1b1, UeT55 and UeMT46
were a2b2, and UeMT10 was a3b3 (Additional file 2).
During the sporidia isolation process, we found that

many MT type teliospores had not germinated and that
the colonial morphology of the MT type was different
from that of the T type (Fig. 1a, b) at 3 days after plating
on PDA medium, indicating a basic growth difference
between them. The growth difference was first shown by
a germination rate experiment, which showed that the
MT type teliospores had a significantly reduced germin-
ation rate that was less than half that of the T type
(Fig. 2a; Additional file 5a). Additionally, almost half of
the MT type teliospores did not germinate after prolonged
cultivation, while the T type teliospores nearly had 100%
germination after 36 h (Fig. 2a; Additional file 5a), indicat-
ing a defect in the germination ability of the MT type
teliospores. We also observed that the T type teliospores
did not germinate earlier (Additional file 5a). The growth
rates of the sporidia were also compared. The results
showed that the logarithmic phase of the MT strains was
from 24 h to 48 h, almost 12 h later and shorter than the
T strains. Finally, the MT strains reached a lower final
optical density and a lower cell population (Fig. 2b, c).
However, UeMT10 and UeMT46 showed similar growth
rate and phenotype, as did UeT14 and UeT55 (Fig. 2).
Using microscopic visualization, we found that both the
MT and T strains reproduced by budding; however, the
MT strains showed a multi-budding phenotype, and the
cell length was longer than those of the T and FB1 strains
of U. maydis (Fig. 2d, e). The mating capacity was also
tested. After mating, hyphae were observed in T strains at
24 h, but the MT type strain hyphae appeared at 48 h
(Additional file 6). The T types form normal hyphae with
a dense and white appearance in YEPS solid medium,
while the MT types showed fewer and shorter hyphae,
without obvious white hyphae formation (Fig. 1c, Add-
itional file 6).

MT and T type strains used different nitrogen and carbon
sources
Nitrogen and carbon are the basic growth sources for all
living cells and have been reported to be important in a
co-existing system [24–26]. We first detected the nitrogen
and carbon utilized by the MT and T strains for their
growth. Although the cell length and branching were
different between the T and MT strains, optical density
was chosen as an adequate measurement of their growth
rates, based on the fine linear consistency of the optical dens-
ity value with the sporidia cell number (Additional file 5b).
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Fig. 1 The strains isolated from grey Jiaobai and white Jiaobai. a and b The teliospores and colonial morphology of MT strain isolated from white
Jiaobai (a) and T strain isolated from grey Jiaobai (b) observed under light microscope. Bars indicated 100 μm (left) and 20 μm (right) respectively.
c The colonial morphology of UeT14/UeT55, UeMT10/UeMT46 and their mating phenotypes after 3 days’ culture
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However, the cell number of the T strains was nearly twice
that of the MT strains at the same OD600 value (Add-
itional file 5b). In the basic medium without nitrogen or
carbon sources, the growth status was deficient, but there
was a similar final concentration between the MT and T
strains with different starting logarithmic growth time points.
Additionally, the MT strains obviously grew after 24 h of
culture, at least 12 h slower than the T strains (Fig. 3). After
adding the individual nitrogen or carbon source, the starting

logarithmic growth time point was approximately 12 h for
the T strains but was 24 h for the MT strains. In assessing
the ability to utilize the exogenous nutrient sources, the
results showed a better utilization of the exogenous nutrient
sources by the T strains, except with sodium glutamate,
lactose and sorbitol in general (Fig. 3). Looking at the nitro-
gen sources, urea and arginine promoted the growth of the
T strains and reached a higher concentration similar to the
nutritious YEPS medium. We also noted that, except for

Fig. 2 The characteristics of MT and T strains on growth and morphology. a The teliospore germination rate of MT and T strains on YEPS solid
medium. b The growth rate of MT and T haploid strains. c Cell population growth curve of MT and T haploid strains. Cells were counted via
colony counts. d and e The micro-morphology and length of haploid strains (UeT14, UeT55, UeMT10, UeMT46 and UmFB1). Microscopic images were
taken on a light microscope. Bars indicated 50 μm. The insets images in e represent the typical phenotypes of muti-budding
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(NH4)2SO4, the nitrogen sources could also somewhat accel-
erate the growth of the MT strains, showing a similar final
cell density to the T strains when sodium glutamate or pep-
tone were chosen (Fig. 3a). Looking into the carbon sources,
we found that glucose, fructose and maltose were better
utilized, while lactose and sorbitol had no effect on the spori-
dia growth both in the MT and T strains. Sucrose played a
better role in the growth of the MT strains, while mannitol
and galactose could be utilized by the T strains but not the
MT strains (Fig. 3b).
The influence of the distinct nitrogen and carbon

sources in stimulating mating response and hyphal growth
was also verified. Using stereo microscope observation,
the morphogenesis time was calculated, and the hyphal

length was measured. Statistical analysis of the results
showed that carbon sources had little effect on the promo-
tion or inhibition of mating or hyphal growth, while the
nitrogen sources were important (Table 1, Additional file 7).
First, inorganic nitrogen sources were bad for U. esculenta
mating. In particular, NH4NO3 and (NH4)2SO4 inhibited
the mating progress in the MT strains, slowed down the
mating speed and decreased the hyphal growth of the T
strains. Second, U. esculenta preferred organic nitrogen
sources for mating. The T strains preferred peptone and
urea, while the MT strains preferred arginine, methionine
and sodium glutamate. Interestingly, arginine and sodium
glutamate showed an obviously inhibitory influence on T
strain mating, including a delayed mating time along with

Fig. 3 The growth rate of haploid strains under different nitrogen (a) and carbon (b) sources treatments. Growth rates of the T and MT strains were
measured by OD600 at an interval of 12 h culture in prepared medium. The BM medium with 20 mm/L KNO3 and 50 mm/L as nitrogen and carbon
sucroses was prepared as control (CK). The YEPS medium was chosen as nutritious substrate. a Different nitrogen source (peptone, urea, NH4NO3,
(NH4)2SO4, arginine, methionine or sodium glutamate) was added to BM medium, with the c (N) = 20 mmol/L. Growth rate of the UeT55 (left) and
UeMT46 (right) were measured by OD600 at an interval of 12 h culture in the prepared media. b Different carbon source (maltose, lactose, fructose,
glucose, galatose, sorbitol or mannitol) was added to BM medium, with the c (C6) = 100 mmol/L. Growth rate of the UeT55 (left) and UeMT46 (right)
were measured by OD600 at an interval of 12 h culture in the prepared media
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fewer hyphae and a shorter hyphal length (Table 1).
Through the above research, YEPS medium showed a
better effect on the growth rate and mating and, therefore,
was chosen for all the experiments in this study (Fig. 3,
Table 1).

H2O2 showed different effects on mating in the MT and T
strains
The environmental cues H2O2 and pH were considered
to be important in the interaction between pathogens
and their host [27, 28]. Therefore, the effects of H2O2

and pH on the growth and mating of the MT and T
strains were studied. There was no obvious difference in
the budding growth steps of the MT and T strains in
response to these environmental cues, except that the
MT type strain had better adaption to a higher concen-
tration of H2O2 and the T type strain had a wider range
adaption to pH (Fig. 4). When the concentration of
H2O2 reached 3.0%, there was a significant reduction in
the growth of the T type strain, while the MT type strain
did not change compared with the control (Fig. 4a). The
growth of the MT type strain was limited when the pH
was higher than 8 and lower than 5 (Fig. 4b).
Different concentrations of H2O2 treatment were carried

out in the mating experiments; 3 days later, the mating col-
onies were observed under the stereo microscope, and the
hyphal length was measured. The results are presented in
Fig. 4, showing a different induction effect on the MT and
T type strains. On the T type strains, hyphal growth was
limited from 0 to 2.0%, showing a plummeting hyphal
length. However, the hyphal growth was recovered from
2.0% - 2.5% H2O2, showing a comparable hyphal length to
the controls, and then decreased when the concentration
was up to 3.0%. Regarding the MT type strains, a low con-
centration range of 0–1.0% induced hyphal growth, and the
hyphal length was longest at 1.0%. Then, the growth was
inhibited when the concentration of H2O2 increased (Fig.
4c, e). Taken together, the effects of different concentrations
of H2O2, which displayed similar reducing tendencies in
budding growth of the MT and T strains, could be summa-
rized as being different for the MT and T strains during
mating and hyphal growth.
Mixtures of the compatible strains on YEPS solid

medium with different pH values were cultured and
observed. The results showed that the suitable pH range
for both the MT and T strains is pH 6–7. When the pH
reached 9, the mating progress stopped both in the MT
and T strains. The T strains still can mate and grow at
pH 5, indicating a wider range of pH adaption of the T
strains during mating progress (Fig. 4d, f ).

The T strains showed a stronger pathogenicity compared
to the MT strains in vivo
It was reported that in the natural growth progress, the
fungus in grey Jiaobai had a faster infection [7]. In this
study, tissue section staining results also indicated the
limited infection ability of U. esculenta in white Jiaobai.
Specifically, at the end of April when the plants grew to
five leaves, the fungus could be detected and observed.
The grey Jiaobai fungus spread in the parenchymal cells
(Fig. 5a), while the white Jiaobai fungus had limited
intercellular growth and had a defect in infecting other
internal hyphal cells (Fig. 5b).
An inoculated U. esculenta system was established,

and recombinant strains containing the EGFP reporter

Table 1 Comparision of the mating response and the length of
filaments in presence of distinct nitrogen or carbon sources in vitro

MT T

Mating
happened
time (h)

Hyphal length
(μm)

Mating
happened
time (h)

Hyphal length
(μm)

BM – –

peptone 60 0 + 48 1890.4 ± 224.4cd ++
+

urea 60 577.5 ± 61.1g + 48 2123.0 ± 188.9c ++
+

NH4NO3 – 0 – 84 348.0 ± 42.6h +

(NH4)2SO4 – 0 – 72 579.0 ± 23.4g +

arginine 60 2066 .8 ± 147.3c ++
+

84 377.4 ± 24.8h +

methionine 60 2034.0 ± 188.6c ++ 48 1574.1 ± 262.2de ++
+

sodium
glutamate

60 2691.0 ± 196.6b ++
+

84 963.0 ± 114.5f ++

CK 60 1164.4 ± 234.0ef + 60 1501.9 ± 207.0de ++
+

maltose – 0 – 84 1717.4 ± 125.8d ++
+

lactose – 0 – 72 1330.8 ± 125.8e ++
+

fructose – 0 – 48 1839.7 ± 144.5cd ++
+

glucose 84 0 – 72 1596.7 ± 200.0d ++
+

galactose 84 0 – 72 1104.9 ± 92.4ef ++
+

sorbitol 84 0 – 72 1090.1 ± 135.6f ++
+

mannitol 60 1026.7 ± 120.1f + 48 1934.1 ± 173.2cd ++
+

YEPS 60 1281.6 ± 362.2ef ++ 36 5727.0 ± 233.8a ++
+

All the hyphal length data were detected three days after mating assays on the basic
solid medium with different kind of nitrogen or carbon sources. The basic medium
with 20 mmol/L KNO3 and 50 mmol/L sucrose was prepared as the blank control
(CK). The superscript letters showed significant differences of the hyphal length at P
< 0.05 level, according to One-Way ANOVA analysis with the Duncan method.
Integrated mating ability was analyzed by the hyphal length and amount (see
Additional file 7), comparing with the mating status of MT strains on CK medium, e.g.,
a significant decrease in hyphal length from the contrast (1164.4 ± 234.0) means
shorter and a similar or longer hyphal length from the contrast means
normal. Therein, “-”means no hyphae formation; “+”means less hyphae or shorter
hyphal length, without white aerial hyphae; “++”means normal hyphal amount and
length, without white aerial hyphae; “+++”means normal hyphal amount and length,
with white aerial hyphae observed
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gene were applied to distinguish the strains from other
fungi inside the plants. As shown in Fig. 5c, fungal struc-
tures, including spores and hyphae, were detected in
new shoots from the inoculated rhizome and in the top-
most internodal region 1 month after T strain infection.
Additionally, there were no fluorescent signals detected
after inoculation with the MT strains (similar to Fig. 5g).
After 3 months, the plants infected with the T strains

formed swollen stems full of teliospores (Fig. 5e, f; 6a),
while the plants inoculated with the MT strains grew
similarly to the control, with normal formation of inter-
nodes, nodes and flowering (Fig. 5g, h, 6c). Thus, our re-
sults suggested that the MT strains had a defect in
infection with the artificial inoculation because the MT
strains were absent in the new tissues after inoculation.
The defect was not due to mating, as we could see

Fig. 4 The influence of H2O2 and pH on the growth of MT and T strains. a and b The final growth optical density of MT and T strains treated by different
concentration of H2O2 (a) and pH (b). Samples were collected after 3 days from liquid culture. c and d The mating phenotype of MT and T strains treated
by different concentrations of H2O2 (c) and pH (d). Images were taken after 3 days mating by a stereomicroscope. Bars indicated 1000 μm. e and f The
hyphal length of the mated colonies of MT and T strains after 3 days culture when treated with different concentrations of H2O2 (e) and pH (f)
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the filaments elongating around the inoculation tis-
sues and mating occurred in the inoculated leaves.
Both the T and MT strains were defective in leaf in-
fection but not in mating progress, indicating that
only the penetration is related to the defect
(Additional file 8).

A cross between the MT and T strains was designed in
an additional study. When UeT14 and UeMT10, UeT14
and UeMT46, or UeT55 and UeMT10 were mixed to in-
oculate the plants, they all showed a delayed infection, and
more internodes and nodes formed in the host plants be-
fore the stems swelled (Fig. 6b). The galls that formed were

Fig. 5 The distribution and morphology of U. esculenta in Jiaobai tissues after inoculation. a and b The fungal morphology in grey Jiaobai (a) and white
Jiaobai (b). The tissues were collected from stem tips of the plants in the fields when they had five leaves, then sliced and stained with aniline blue. Images
were taken by light microscope. Bars indicated 20 μm. c-f Images were taken by fluorescence microscope. Bars indicated 50 μm. Recombinant strains
containing the EGFP reporter gene (UeT14::EGFP-NLS and UeT55::EGFP-NLS) were applied to inoculate. c and d Samples were collected from the new
shoots, 1 month after the inoculation assays. Few spores and hyphae were observed in samples generated by tissue slice. e and f Samples were collected
from the swollen stem of the inoculated plants, nearly 3 month after the inoculation assays. Full of teliospores and hyphae were detected in samples
generated by tissue slice. g and h Samples were collected from wild Jiaobai (the controls) 3 month after the inoculation assays. No fluorescent signal of
fungus was detected in samples generated by tissue slice
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all full of teliospores and displayed a grey Jiaobai phenotype
(Fig. 6b). Generally, it was considered that the T strains had
stronger pathogenicity, which would form grey Jiaobai even
when mating with the MT strain during inoculation.

Comparative analysis of gene mutations in the MT and T
strains
To obtain genetic data supporting the conclusion that
the differentiation of the MT and T strains is related to
the host phenotypes, mixture samples isolated from white
Jiaobai (MT types) and grey Jiaobai (T types) of Longjiao

2# were selected, and whole genome re-sequencing was
performed. The sequencing results of the MT types and T
types were deposited in GenBank under accession number
of JTLW00000000 and SRR5889164. SNPs and indels
were then identified. Based on this, non-synonymous mu-
tations were analysed between the MT and T types to
search for the gene mutations (Additional file 9). Some of
the findings were consistent with the physiological diver-
sity that existed between the MT and T strains, especially
for the pathogenicity. First, 4438 non-synonymous muta-
tions were detected, 4239 of which were homozygous

Fig. 6 The phenotype of Jiaobao inoculated with different strains and wild Jiaobai. a and b The swollen stem of Jiaobai after 3 month of the T
strains infection (a) and the sexual compatible strains respectively from MT and T strains (UeT14 and UeMT46) (b), the swollen stem of Jiaobai
infected by UeT14 × UeMT10, of UeT55 × UeMT10 was similar to that in b. c The wild Jiaobai as control

Zhang et al. BMC Microbiology  (2017) 17:228 Page 11 of 16



mutations, indicating a conserved gene structure inside
the MT or T type but a large variation between them
(Additional file 9). Second, there were 295 mutated genes
(with the mutation types of codon deletion or insertion,
frame shift, start codon loss, stop codon gain or splice
donor or acceptor site change) with coded amino acid
changes, representing nearly 6.6% of the total mutations.
The remaining 93.4% were base mutations (Additional file
9). Third, 357 of the mutated genes were homologous to
the reported functional genes from other fungi, such as U.
maydis, Magnaporthe grisea, and Candida albicans. Most
of them (310) were pathogenicity-related genes (Add-
itional file 9). Furthermore, 38 of them were not base
mutations (confirmed by PCR sequencing of strains iso-
lated from different cultivars), which act on the positive
regulation of the fungal virulence reported before in other
fungi, and nearly 30% of them resulted in the loss of a
start or stop codon or frame shift (see details in Additional
file 9). The fact that the genes have amino acid changes
does not necessarily mean that their function changed.
Actual mutational experimentation needs to be performed
to confirm their functions in U. esculenta in the future.

Discussion
U. esculenta, an endophytic fungus in Z. latifolia, plays
important roles in the formation of swollen galls called
Jiaobai in China. Two kinds of gall products, called
white Jiaobai and grey Jiaobai, occur together during
cultivation progress. However, white Jiaobai, which is
preferred as a delicacy and in traditional Chinese medi-
cine, is the long-term artificial selection product of con-
stant screening in China. In contrast, grey Jiaobai, which
was discarded during every selection round, always
appeared in the fields. In this study, the results con-
firmed that the strains parasitized by white Jiaobai and
grey Jiaobai belonged to two distinct types (the MT type
and T type) [7, 13, 16], of which the MT type strains
showed a growth defect (Fig. 1 and 2), a weaker response
to environmental cues (Fig. 3 and 4; Table 1) and a
defect in infection (Fig. 5 and 6), along with many func-
tional gene mutations (Additional file 9). For inter-type
mating with one strain from the MT type (UeMT10 or
UeMT46) and the other from the T type (UeT14 or
UeT55), there appeared to be significantly fewer or
shorter hyphae than when the T types mated but more
and longer hyphae than when the MT types mated
(Additional file 6). It appears that the mutations in the
MT strains may be recessive, as the T partner appears to
compensate for the defect to varying degrees. In
addition, when UeT14 is a partner with UeMT10, there
appeared to be fewer or shorter hyphae than when it
was paired with UeMT46 (Additional file 6). This may
be related to the separated a3 locus that existed in the
UeMT10 strain (Additional file 3) or strain variability,

which requires further confirmation. The differentiations
in the nitrogen or carbon source preference (Table 1)
was interesting in that the MT type strains may develop
different nutrition requirements and different interac-
tions with the host from T type strains during the long-
term endophytic life, similar to some ectomycorrhizal
fungi [29]. However, the T type strains, which showed a
more comprehensive nutrition preference, seem like a
common pathogen that causes the host to form grey
Jiaobai, which is common in India [8] and Japan [9].
Interestingly, arginine, a nitrogen source, acts on mating
and pathogenicity of dimorphic fungi [30, 31], promot-
ing mating of the MT strains but inhibiting mating of
the T strains. In addition, the T strains had a higher hy-
phal growth at 2–2.5% of H2O2 than at lower concentra-
tions of 1–1.5%, indicating that H2O2, as a defence
signal in host [32] and also as a signal to be utilized by
fungi such as Botrytis cinerea for establishment of infec-
tion [33], may be exploited by T strains to promote hy-
phal growth to achieve proliferation. But the real
function of H2O2 in this interaction system needs fur-
ther studies.

The defect in the infection of MT strains led to an
incomplete life cycle and an absolute endophytic life
In the present study, a similar incomplete life cycle for the
T and MT strains in vitro was drawn. Haploid sporidia
produced after teliospore germination (Additional file 10a,
f ) grew exclusively by budding (Additional file 10c, h).
When heterogametic sporidia met, mating progress began.
Plenty of conjugation tubes formed, and two heterogam-
etic strains mated (Additional file 10d, i). After that, many
long hyphae formed, with a vacancy in the middle (Add-
itional file 10e, j), and expanded longer hyphae could be
seen around the colonies later (Fig. 1c). So far, they could
not form teliospores in vitro even when the culture condi-
tions changed.
In consideration of the fact that U. maydis, the closely

related species of U. esculenta, needs to infect the host
to complete its life cycle [34, 35], the inoculated system
of U. esculenta was established with selected strains. Nu-
clear green fluorescence T strain teliospores were formed
inside the grey galls (Fig. 5c, e).
Therefore, we could draw a complete life cycle of U.

esculenta (Fig. 7a-g), which began from the germinating
stage (Fig. 7a) where the teliospores germinated. After
that, sporidia formed from the promycelium and contin-
ued budding (Fig. 7b). When two sporidia with different
mating types met, they mated. Then, the cytoplast fused
through the conjugation tube (Fig. 7c), and a dikaryon
formed, which then grew in a certain direction to form
the diploid hyphae (Fig. 7d). However, hyphal growth
was limited on the medium, and there was no teliospore
formation (data not shown). Instead, the mated T strains
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infected plants (Fig. 7e) with elongated and aggregated
hyphae (Fig. 7f ). When the plants were 1 month to five
leaves, they rapidly produced teliospores, especially in
the swollen stem formation (Fig. 7g). Therefore, it was
essential for the strains to infect the host, maintain
hyphal growth and produce teliospores to live through
the adverse situation.
It was confirmed that the MT strains isolated from

white Jiaobai lacked the ability to infect the host even
when we changed the inoculation conditions (including
inoculated tissues\buffer\time, data not shown). Add-
itionally, they formed few teliospores in white Jiaobai
with a terrible germination rate (Fig. 2 and 7i), indicating
that there was a defect in the infection cycle of the MT
strains. Therefore, it was speculated that the MT strains
do not share the infection cycle that exists in the T
types, which relies on the teliospores to overcome stress
and achieve the next infection. The mycelium or frag-
mented hyphae always existed in the rhizomes, which
would be left for the next transplantation after the
aboveground culms degenerated and were pruned [8,
36]. It was assumed that the main life cycle of the MT
strains was shortened to the asexual reproduction stage,
in which only the hyphae were involved. In more detail,
the MT strains were colonized first in the rhizomes
of the host throughout the year in the forms of myce-
lium or fragmented hyphae. They propagated fast

after colonization to form new shoots, grew through
the stem in the right environment and kept growing
in the hyphae cluster form (Fig. 7h) in white Jiaobai
under cultivation conditions. Sexual reproduction,
including teliospore formation (rarely observed in
mature late swollen stems, Fig. 7i), teliospore germin-
ation, sporidia budding and mating (never found in
host tissues and observed in vitro in this study),
seemed to be lost in the MT types in the host under
long-term acclimation. This was a better explanation
for the tillage practice of Jiaobai, in which old
rhizomes were left for the next planting round.
Otherwise, grey Jiaobai or male Jiaobai (without U.
esculenta inside) would be widely prevalent.

Virulence-related genes are mutated in the MT strains to
keep a more stable endophytic relationship to the host
compared with the T strains
During an infection process, biotrophic fungi must form
specific organs, such as appressorium, to access the
plant cell wall, where they encounter extracellular sur-
face receptors that recognize pathogen-associated mo-
lecular patterns (PAMPs) [37]. PAMPs will initiate
PAMP-triggered immunity (PTI) in the host to halt the
infection. However, plant pathogens will deliver patho-
gen protein-like effectors directly into the host plant
cells or apoplast to suppress PTI by interfering with

Fig. 7 The life cycle of T and MT type strains. a-d The progress of teliospore germination (a), haploid strain stage (b), conjugation tubes formation and
mating (c), dikaryotic filamentous stage (d). Bars indicated 20 μm. The red arrowhead pointed out the vacancy always appeared. e The rhizomes of
Jiaobai. Bars indicated 2 cm. f and g The plant inoculated with T type strains. f The hyphae and teliospores obviously observed in inoculated plant
stem shoots after 1 month. Bars were 20 cm (left) and 100 μm (right). g Grey Jiaobai formed (left) and the micromorphology of teliospore inside. Bars
were 20 μm. The microscopic images (a-g) were taken by a fluorescent microscope. h The hyphae growth in white Jiaobai were observed obviously
more than 1 month. Bars were 50 μm (left) and 20 cm (right). i The swollen stem of white Jiaobai with fewer scattered dark teliospore (right) and the
hyphae aggregated inside (left). Bars were 100 μm. h and g The tissues were stained in aniline blue and microscopic images were taken by
light microscope
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recognition or altering resistance response signalling
[37]. This would cause effector-triggered immunity (ETI)
in a host cultivar that has the capability of recognizing
the effector or its action through receptors (resistance
gene product). Not surprisingly, pathogens seem to have
effectors that are adapted to interfere with PTI, and ef-
fectors that trigger ETI are mutated, suppressed, or de-
leted. In general, successful colonization of the fungus is
attributed to the regulation of many pathogenicity-
related genes and virulence factors. The comparison of
genomic data between the T and MT type strains re-
vealed that many virulence-related genes were mutated
in the MT strains. Genes cloned from other cultivated
species of Jiaobai in the Zhejiang province also indicated
conserved mutations (Additional file 9). Specifically,
g3526 (encoding an ATPase), g1901 (encoding a heat
shock transcription factor), g3438 and g4493 (belonging
to serine/threonine protein kinase genes) possessed
codon deletions/insertions. g4697 and g233, encoding
gamma-butyrobetaine, 2-oxoglutarate dioxygenase and
transposon repressor protein, respectively, had frame
shifts. Stop codon mutations occurred in g6458 (encod-
ing transposase) and g3103 (encoding an ATP-binding
cassette), which had important roles in the pathogenicity
of M. grisea. Hence, it was reasonable to speculate that
the weaker adaptability to the environment and patho-
genicity were related to genetic mutations to give the
MT strains a more stable endophytic life in the host.
However, actual mutational experimentation needs to be
performed in the future.
First, the MT strains with many important mutated

virulence factors might lack the related PAMPs or
effectors to achieve a fast and successful infection.
They cannot spread out in the rhizomes until the
plants grow to more than five leaves in white Jiaobai
in the fields, while the fungus in grey Jiaobai can
grow in the stem and form teliospores when sprout-
ing [3, 36]. Farmers should carefully screen and keep
the old rhizomes, where the original MT strains col-
onized, because white Jiaobai can become grey Jiao-
bai, but grey Jiaobai can never become white Jiaobai
in the fields. All the facts indicated that some muta-
tions in the MT strains interrupted the functional
PAMPs or effectors, which might make the host lose
the PTI or ETI response, which ensures the oppor-
tunistic colonization of the MT strains. In contrast,
the T strains caused a plant disease response, which
weakens plant germination and growth or induces
plant immunity to form male Jiaobai in the fields.
Second, the mutated genes might be related to the

growth defect in the MT strains discovered in vitro (Fig.
2), including the defect in teliospore germination and
budding cell separation, which might be lost in the MT
strains, allowing for a simpler life in the host.

Additionally, the defect would prevent the generation of
sexual sporidia, which might cause greater genetic vari-
ation through sexual reproduction, breaking the stable
interaction [38], or mating with other sporidia that exist
in the environment, causing disease. Additionally, the
sporidia from the T and MT strains could mate with
each other using different mating type genes (UeT14
and UeMT10, UeT14 and UeMT46, UeT55 and
UeMT10) and achieve a successful infection to generate
grey Jiaobai (Fig. 6b). Inversely, the T strains developed a
stronger adaptive capacity to the environmental cues,
allowing them to seize infection opportunities (Fig. 3
and 4), generate teliospores to resist various kinds of
stress in nature, and take advantage of sexual
reproduction for adaption to changed circumstances.
This could be the main reason for the difficulty in clear-
ing out harmful grey Jiaobai phenotypes in the fields.
In summary, it is reasonable to assume that the

MT strain pathogenicity defect allowed it to keep a
stable entophytic life in the host, which never im-
pacted host growth, except for flowering. In contrast,
the T strains behave as a pathogen and cause grey
Jiaobai, resulting in short plants with a low germin-
ation rate [15]. Therefore, it was believed that the
MT strains may develop a closer relationship to the
host and a different mechanism to interact with the
host to avoid the plant defence response. Details of
the interaction mechanism need to be further studied.

Conclusion
Sexually compatible haploid sporidia UeT14/UeT55
from grey Jiaobai (T strains) and UeMT10/UeMT46
from white Jiaobai (MT strains) were isolated, and in
vitro mating and inoculation assays were successfully
established in this study. The study provides a detailed
demonstration that the MT type strains isolated from
white Jiaobai were different from the T type strains iso-
lated from grey Jiaobai. In general, the MT strains dis-
played a growth and infection defect and were more
sensitive to external signals. They have multiple mutated
genes, especially genes homologous to pathogenicity-
related genes. Furthermore, the endophytic life of the
MT strains was shortened to only an asexual
reproduction stage, in which only hyphae were involved.
However, the T strains showed a complete survival life
cycle, in which teliospore formation was important for
adversity adaption and the next infection, leading to a
host stem that was full of teliospores. These findings in-
dicate that the differentiation of the U. esculenta strains
plays an important role in developing their host pheno-
types. However, further studies elucidating the molecular
differences between the U. esculenta strains need to be
performed to explain the exact mechanism of the forma-
tion of the edible white galls.
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Additional files

Additional file 1: The phenotypes of grey Jiaobai and white Jiaobai in
the fields. a The swollen stem of Jiaobai pointed by red arrowhead. b
The grey Jiaobai full of dark-colored teliosorus. c The white Jiaobai with
white inner tissues. (JPEG 1847 kb)

Additional file 2: Selection and confirmation of the haploid strains.
a Sexual compatible sporidia were confirmed by mating assays with
each two of sporidia isolated mixed and observation of filament
formation. b The map of a loci found in U. esculenta. Imaginary
line indicated separated area. c The map of b locus found in U.
esculenta. d The mating type gene of the obtained four haploid
strains confirmed by PCR that UeT14 was a1b1, UeT55 and UeMT46
were a2b2, and UeMT10 was a3b3. The accession numbers of the a
and b mating type genes were follows: KT343769 for mfa3.2,
KT343770 for pra3, KT343771 for mfa3.1, KT343772 for mfa1.2,
KT343773 for mfa1.3, KT343774 for pra1, KT343775 for mfa2.3,
KT343776 for mfa2.1, KT343777 for pra2, KU056861 for bE1,
KU056862 for bE2, KU056863 for bE3, KU056864 for bW1, KU056865
for bW2, KU056866 for bW3. Marker was DL 2000. (JPEG 1059 kb)

Additional file 3: Primers used in this study. (DOCX 17 kb)

Additional file 4: The inoculation procedure. a The Jiaobai
seedlings developed from rhizomes of wild Jiaobai to at least 3
leaves. b The mixed sporidia suspension was infiltrated into the
internode of the rhizomes with a syringe with needle. c The whole
inoculated rhizomes were soaked in the mixed sporidia suspension
overnight (about 12 h). d The inoculated rhizomes were transferred
to a small container full of soil mixed with the inoculated
suspension for 7 days. e The inoculated rhizomes were cultivated
in a bigger planting box in the glasshouse at 28 °C. (JPEG 1254 kb)

Additional file 5 The germination of teliospores and the relationship
with cells population and the absorbance of sporidia suspension. a MT
and T types of teliospores germinated after 12 h, 24 h, 36 h. Bars
indicated 50 μm. b sporidia were colony cultured on YEPS solid medium,
and picked to culture in YEPS liquid medium for 48 h. 5 mL of Cells were
re-suspended with 100 mL YEPS liquid medium to culture for 8 h. All the
cells were then centrifuged and re-suspended with YESP liquid medium
with gradient concentration measured by OD600 (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0, 5.5 or 6.0). The cells population of each cell resuspension
with different OD600 were measured by colony counts. The linearity for cells
population and the absorbance of sporidia suspension was established.
(JPEG 1266 kb)

Additional file 6: The growth status and hyphae formation of mixed
strains with different mating type genes observed under
stereomicroscope. Mating assays with sexual compatible strains including
UeT14 x UeT55, UeT14 x UeMT46, UeT14 x UeMT10, UeT55 x UeMT10
and UeMT46 x UeMT10, and sexual imcompatible strains UeT55 x
UeMT46 were carried out. The hyphae formation and growth conditions
were compared at 24 h, 36 h, 48 h and 60 h during mating progress.
Images were taken by a stereomicroscope. (JPEG 1529 kb)

Additional file 7: The influence of distinct nitrogen and carbon sources
stimuli on MT and T strains. a Mating phenotypes of MT and T strains on
YEPS solid culture medium with distinct nitrogen and carbon sources.
Images were taken after 3 days by stereomicroscope. Bars indicated
1000 μm. b The hyphal length of MT and T strains colonies treated by
distinct nitrogen and carbon sources; The basic medium with 20 mm/L
KNO3 and 50 mm/L sucrose was prepared as control (CK). (JPEG 1314 kb)

Additional file 8: The growth morphology of U. esculenta during
infection. a and b The fungal morphology around the inoculated stem
tissues. c-f The fungal hyphae on the surface of the plant leaves were
observed after inoculated with the sexual compatible T strains (c and d)
and MT strains (e and f). Images were taken by a fluorescent microscope.
a, c and e were under fluorescence light. b, d and f were under the
white light. Bars indicated 15 μm. (JPEG 1369 kb)

Additional file 9: List of the non-synonymous mutations, 38 of the
structural changed pathogenicity related genes and the number of statistical
mutated genes in mutation types and functional types. Strains were isolated

from the cultivar of Jiaobai called Longjiao 2#. Grinding method was used to
isolate the strains, and all the colonies formed were mixed to do the
sequencing. The sequencing results of the MT types isolated from
white Jiaobai were deposited at GenBank under accession
JTLW00000000 and the GenBank accession of sequencing data of the
T types isolated from grey Jiaobai was SRR5889164. All the non-synonymous
mutations were compared between T and MT types, the results listed in Sheet
1. Also, 38 of the structural changed pathogenicity related genes were found
out and listed in Sheet 2. These 38 genes were PCR confirmed from 6 cultivars
of Jiaobai in Zhejiang Province (Longjiao 2#, Zhejiao 2#, Zhejiao 6#, Suozjiao,
911, Yujiao 3#). The number of statistical mutated genes in mutation types and
functional types in MT types were listed in Sheet 3. (XLSX 1616 kb)

Additional file 10: The morphology of UeT14::EGFP-NLS strain and its
mating progress with UeT55::EGFP-NLS strain. a and f The germination of
T strain teliospore containing EGFP-NLS. b and g The morphology of
UeT14::EGFP-NLS strain; c and h The UeT14::EGFP-NLS strain reproduced
by budding. d and i Plenty of conjugation tubes formed and the two
heterogametic strains mated. e and j Many long hyphae formed, with a
vacancy (red arrowhead point) in the middle. Images were taken by a
fluorescent microscope. Bars indicated 20 μm. (JPEG 1266 kb)

Abbreviations
BM: Basic medium; EGFP: Enhanced Green Fluorescent Protein;
H2O2: Hydrogen peroxide; pH: Potential of Hydrogen; SNP: Single Nucleotide
Polymorphism

Acknowledgements
We thank to Prof. Michael Feildbrügge (Heinrich-Heine-Universität Düsseldorf,
Germany) and Prof. Regine Kahmann (Max Planck Institute for Terrestrial
Microbiology) for sharing the experimental materials and experimental
techniques. We thank Prof. Chuanxin Sun (Swedish University of Agricultural
Sciences, Sweden) for helping to modify and polish the language.

Funding
This work was supported by the Natural Science Foundation of Zhejiang
Province [LQ15C140003] and the National Natural Science Foundation of
China [31600634 and 31470785].

Availability of data and materials
The datasets used and/or analyzed during the current study available from the
corresponding author on reasonable request.
The whole genome sequencing results of the MT types isolated from white
Jiaobai of the Longjiao 2# 189 variety were 190 deposited on-line (JTLW00000000),
and the whole genome re-sequencing of the T types isolated from grey Jiaobai
of the Longjiao 2# 191 variety were deposited in 192 GenBank under accession
number SRR5889164.

Authors’ contributions
YF.Z. designed detailed experiments, isolated strains, established mating and
inoculation assays and helped coordinating, drafting and editing the
manuscript. QC.C. carried out strains cultured characteristics study, performed
data analysis, generated figures, tables and drafted the manuscript. P.H. carried
out sampling, re-sequencing data generation and analysis, helped establishing
mating and inoculation assays. HF.C. helped to design the study and detailed
experiments, especially in the re-sequencing studies. XP.Y. helped designed the
study and provided technical support, especially in the characteristics study,
and also introduce the Jiaobai of cultivar Longjiao 2# and the Jiaobai base in
Tongxiang. ZH.Y. designed the study, analyzed re-sequencing data, and edited
the manuscript. All authors read and approved the final manuscript.

Competing interest
The authors declare that they have no competing interests.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Zhang et al. BMC Microbiology  (2017) 17:228 Page 15 of 16

dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8
dx.doi.org/10.1186/s12866-017-1138-8


Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 15 May 2017 Accepted: 28 November 2017

References
1. Wang YY, Huang L, Fan LJ. Main agronomic traits, domestication and

breeding of Gu (Zizania latifolia). J Zhejiang Uni. 2013;6:629–35.
2. Yang HC, Leu LS. Formation and histopathology of galls induced by

Ustilago esculenta in Zizania latifolia. Phytopathology. 1978;68:1572–6.
3. Chung KR, Tzeng DD. Nutritional requirements of the edible gall-producing

fungus Ustilago esculenta. J Biol Sci. 2004;4:246–52.
4. Piepenbring M, Stoll M, Oberwinkler F. The generic position of Ustilago

maydis, Ustilago scitaminea, and Ustilago esculenta (Ustilaginales). Mycol
Prog. 2002;1:71–80.

5. Chan YS, Thrower LB. The host-parasite relationship between Zizania
caduciflora Turcz. And Ustilago esculenta P. Henn. Iv. Growth substances in
the host-parasite combination. New Phytol. 1980;85:225–33.

6. Terrell EE, Batra LR. Zizania latifolia and Ustilago esculenta, a grass-fungus
association. Econ Bot. 1982;36:274–85.

7. Zhang JZ, Chu FQ, Guo DP, Hyde KD, Xie GL. Cytology and ultrastructure of
interactions between Ustilago esculenta and Zizania latifolia. Mycol Prog.
2012;11:499–508.

8. Jose RC, Goyari S, Louis B, Waikhom SD, Handique PJ, Talukdar NC.
Investigation on the biotrophic interaction of Ustilago esculenta on Zizania
latifolia found in the indo-Burma biodiversity hotspot. Microb Pathog.
2016;98:6–15.

9. Kawagishi H, Hota K, Masuda K, Yamaguchi K, Yazawa K, Shibata K, et al.
Osteoclast-forming suppressive compounds from Makomotake, Zizania
latifolia infected with Ustilago esculenta. Biosci Biotechnol Biochem.
2006;70:2800–2.

10. Yoshida K, Suga M, Yamasaki H, Nakamura K, Sato T, Kakishima M, et al.
Hypersensitivity pneumonitis induced by a smut fungus Ustilago esculenta.
Thorax. 1996;51:650–7.

11. Dai YC, Yang ZL, Cui BK, Yu CJ, Zhou LW. Species diversity and utilization of
medicinal mushrooms and fungi in China (review). Int J Med Mushrooms.
2009;11:287–302.

12. Guo HB, Li SM, Peng J, Ke WD. Zizania latifolia Turcz. Cultivated in China.
Genet Resour Crop Ev. 2007;54:1211–7.

13. You WY, Liu Q, Zou KQ, Yu XP, Cui HF, Ye ZH. Morphological and molecular
differences in two strains of Ustilago esculenta. Curr Microbiol. 2011;62:44–54.

14. Yan N, Wang XQ, Xu XF, Guo DP, Wang ZD, Zhang JZ, et al. Plant growth
and photosynthetic performance of Zizania latifolia are altered by
endophytic Ustilago esculenta infection. Physiol Mol Plant P. 2013;83:75–83.

15. Yan N, Xue HM, Shi LY, Fan J, Xue XF, Wang ZD. The growth and heritability
of Zizinia latifolia plants infected with sporidial strain of Ustilago esculenta.
China Vegetables. 2013;16:35–42.

16. Zhang JZ, Chu FQ, Guo DP, Ojaghian MR, Hyde KD. The vacuoles
containing multivesicular bodies: a new observation in interaction
between Ustilago esculenta and Zizania latifolia. Eur J Plant Pathol.
2014;138:79–91.

17. Ho WC, Ko WH. A simple method for obtaining single-spore isolates of
fungi. Bot Bull Acad Sin. 1997;38:41–4.

18. Choi YW, Hyde KD, Ho WH. Single spore isolation of fungi. Fungal Divers.
1999;3:29–38.

19. Yu JJ, Zhang YF, Cui HF, Hu P, Yu XP, Ye ZH. An efficient genetic
manipulation protocol for Ustilago esculenta. FEMS Microbiol Lett.
2015;362:fnv087.

20. Jose RC, Louis B, Goyari S, Waikhom SD, Handique PJ, Talukdar NC.
Biotrophic interaction of Sporisorium scitamineum on a new host–
Saccharum spontaneum. Micron. 2016;81:8–15.

21. Amemiya Y, Bacopulos S, Al-Shawarby M, Al-Tamimi D, Naser W,
Ahmed A. A comparative analysis of breast and ovarian cancer-related
gene mutations in Canadian and Saudi Arabian patients with breast
cancer. Anticancer Res. 2015;35:2601–10.

22. Jie SI, Huang WJ, Jiao PP. Extraction of total DNA from Populus euphratica
Oliv. And Populus pruiriosa Schrenk. By improved CTAB method. J Agr Sci
Tech-Iran. 2016;17:826–28+32.

23. Coelho MA, Gonçalves P, Sampaio JP. Evidence for maintenance of sex
determinants but not of sexual stages in red yeasts, a group of early
diverged basidiomycetes. BMC Evol Biol. 2011;11:249.

24. Blasco JL, García-Sánchez MA, Ruiz-Herrera J, Eslava AP, Iturriaga EA. A gene
coding for ornithine decarboxylase (odcA) is differentially expressed during
the Mucor circinelloides yeast-to-hypha transition. Res Microbiol.
2002;153:155–64.

25. Baulina O, Gorelova O, Solovchenko A, Chivkunova O, Semenova L, Selyakh
I, et al. Diversity of the nitrogen starvation responses in subarctic
Desmodesmus sp. (Chlorophyceae) strains isolated from symbioses with
invertebrates. FEMS Microbiol Ecol. 2016;92:fiw031.

26. Braga A, Mesquita DP, Amaral AL, Ferreira EC, Belo I. Quantitative image
analysis as a tool for Yarrowia lipolytica dimorphic growth evaluation in
different culture media. J Biotechnol. 2016;217:22–30.

27. Konno N, Ishii M, Nagai A, Watanabe T, Ogasawara A, Mikami T, et al.
Mechanism of Candida albicans transformation in response to changes of
pH. Biol Pharm Bull. 2006;29:923–6.

28. Cao CW, Li RY, Wan Z, Liu W, Wang XH, Qiao JJ, et al. The effects of
temperature, pH, and salinity on the growth and dimorphism of Penicillium
marneffei. Med Mycol. 2007;45:401–7.

29. Danielsen L, Lohaus G, Sirrenberg A, Karlovsky P, Bastien C, Pilate G, et al.
Ectomycorrhizal colonization and diversity in relation to tree biomass and
nutrition in a plantation of transgenic poplars with modified lignin
biosynthesis. PLoS One. 2013;8:e59207.

30. Ghosh S, Navarathna DH, Roberts DD, Cooper JT, Atkin AL, Petro TM, et al.
Arginine-induced germ tube formation in Candida albicans is essential for
escape from murine macrophage line RAW 264.7. Infect Immun.
2009;77:1596–605.

31. Jiménez-López C, Collette JR, Brothers KM, Shepardson KM, Cramer RA,
Wheeler RT, et al. Candida albicans induces arginine biosynthetic genes in
response to host-derived teactive oxygen species. Eukaryot Cell.
2013;12:91–100.

32. Mellersh DG, Foulds IV, Higgins VJ, Heath MC. H2O2 plays different roles in
determining penetration failure in three diverse plant-fungal interactions.
Plant J. 2002;29:257–68.

33. Govrin EM, Levine A. The hypersensitive response facilitates plant infection
by the necrotrophic pathogen Botrytis cinerea. Curr Biol. 2000;10:751–7.

34. Feldbrügge M, Kämper J, Steinberg G, Kahmann R. Regulation of mating
and pathogenic development in Ustilago maydis. Curr Opin Microbiol.
2004;7:666–72.

35. Brefort T, Doehlemann G, Mendoza-Mendoza A, Reissmann S, Djamei A,
Kahmann R. Ustilago maydis as a pathogen. Annu Rev Phytopathol.
2009;47:423–45.

36. Chung KR, Tzeng DD. Biosynthesis of indole-3-acetic acid by the gall-
inducing fungus Ustilago esculenta. J Biol Sci. 2004;4:744–50.

37. Chisholm ST, Coaker G, Day B, Staskawicz BJ. Host-microbe interactions:
shaping the evolution of the plant immune response. Cell. 2006;124:803–14.

38. Lee SC, Weiss LM, Heitman J. Generation of genetic diversity in
microsporidia via sexual reproduction and horizontal gene transfer.
Commun Integr Biol. 2009;2:414–7.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Zhang et al. BMC Microbiology  (2017) 17:228 Page 16 of 16


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Plants, strains isolation and culture
	Mating experiment
	Inoculation assay
	Life cycle tracing observation
	Teliospore germination assays
	Growth rate study
	Treatments
	Tissue section staining and microscope observation
	Analysis of non-synonymous mutations between MT and T type strains
	DNA extraction, amplification and sequencing
	Statistical analysis

	Results
	MT strains showed a growth defect compared to T strains in vitro
	MT and T type strains used different nitrogen and carbon sources
	H2O2 showed different effects on mating in the MT and T strains
	The T strains showed a stronger pathogenicity compared to the MT strains in vivo
	Comparative analysis of gene mutations in the MT and T strains

	Discussion
	The defect in the infection of MT strains led to an incomplete life cycle and an absolute endophytic life
	Virulence-related genes are mutated in the MT strains to keep a more stable endophytic relationship to the host compared with the T strains

	Conclusion
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interest
	Ethics approval and consent to participate
	Consent for publication
	Publisher’s Note
	References

