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Abstract

Bax inhibitor-1 (BI-1), an evolutionarily conserved protein, is a suppressor of cell death induced by the proapoptotic protein
Bax and is involved in the response to biotic and abiotic stress in animals, plants and yeast. Rice false smut caused by Usti-
laginoidea virens is one of the destructive rice diseases worldwide. Although BI-1 proteins are widely distributed across
filamentous fungi, few of them are functionally characterized. In this study, we identified a BI-1 protein in U. virens, UvBI-1,
which contains a predicted Bax inhibitor-1-like family domain and could suppress the cell death induced by Bax. By co-
transformation of the CRISPR/Cas9 construct along with donor DNA fragment containing the hygromycin resistance gene,
we successfully generated Uvbi-1 deletion mutants. The UvBI-1 deletion showed an increase in mycelia vegetative growth and
conidiation, suggesting this gene acts as a negative regulator of the growth and conidiation. In addition, the Uvbi-I mutants
exhibited higher sensitivity to osmotic and salt stress, hydrogen peroxide stress, and cell wall or membrane stress than the
wild-type strain. Furthermore, UvBI-1 deletion was found to cause increased production of secondary metabolites and loss
of pathogenicity of U. virens. Taken together, our results demonstrate that UvBI-1 plays a negative role in mycelial growth
and conidiation, and is critical for stress tolerance, cell wall integrity, secondary metabolites production and pathogenicity
of U. virens. Therefore, this study provides new evidence on the conserved function of BI-1 among fungal organisms and
other species.
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Introduction

Apoptosis is one type of programmed cell death (PCD) that
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that of Saccharomyces cerevisiae (Borner 2003; Danial and
Korsmeyer 2004; Sharon et al. 2009). Despite the absence
of Bcl-2 homologues, mammalian Bax-induced plant cell
death can be suppressed by plant BI-1, indicating that the
physiology of cell death is similar in animals and plants
(Kawai-Yamada et al. 2001).

Bax inhibitor-1 (BI-1) was initially identified in a screen
for human proteins capable of inhibiting Bax-mediated cell
death in yeast (Xu and Reed 1998). BI-1 is an endoplasmic
reticulum (ER) localized sensor and interacts with Bcl-2 and
Bcl-X; but not Bax or Bak to suppress mammalian apoptosis
most likely by regulating Ca>* homeostasis (Chae et al. 2004;
Henke et al. 2011; Lisak et al. 2015; Lisbona et al. 2009; Xu
and Reed 1998). BI-1 proteins that contain multiple transmem-
brane domains are evolutionarily conserved multifunctional
proteins and present in various organisms including animals,
plants, fungi, bacteria, and even viruses (Chae et al. 2003;
Chen et al. 2015; Huckelhoven 2004). The expression of BI-1
is upregulated in different human cancers, e.g., breast and pros-
tate cancers, among others (Grzmil et al. 2003, 2006; Robin-
son et al. 2011), but it is downregulated during the progression
of chronic liver disease (Kotsafti et al. 2010). Overexpression
of BI-1 in yeast increases the resistance to heat or oxidative
stress and provides protection from Bax-induced cell death,
whereas deletions of BI-1 abolish an anti-apoptotic function
(Cebulski et al. 2011; Chae et al. 2003). BI-1-deficient cells in
mice display increased sensitivity to apoptosis induced by ER
stress. Conversely, BI-1 overexpression protects against apop-
tosis induced by ER stress, which correlates with inhibition of
Bax activation. BI-1 overexpression also reduces releasable
Ca** from the ER (Chae et al. 2004). In Arabidopsis, overex-
pression of AtBI-1 in plants suppresses Bax-, hydrogen per-
oxide-, and salicylic acid-induced plant cell death and delays
methyl jasmonate-induced leaf senescence by suppressing the
activation of MAP kinase 6 (Kawai-Yamada et al. 2004; Yue
et al. 2012). AtBI-1 is also involved in cell death regulation
by interacting with different proteins against pathogen infec-
tions (Gaguancela et al. 2016; Matsumura et al. 2003; Weis
et al. 2013). In N. benthamiana, silencing of BI-1 reduces
the autophagic activity induced by both N gene-mediated
resistance to tobacco mosaic virus (TMV) and methyl violo-
gen (MV), whereas overexpression of plant BI-1 increases
autophagic activity and notably causes autophagy-dependent
cell death (Xu et al. 2017). In a crustacean, Bax inhibitor-1
silencing suppresses white spot syndrome virus replication in
the red swamp crayfish, Procambarus clarkia (Du et al. 2013).
TaBI-1 is a negative cell death regulator from wheat, which
contributes to resistance and plays an important role in the
response to biotic stresses (Lu et al. 2018; Wang et al. 2012).
Few studies have examined the role of BI-1 in filamentous
fungi. MrBI-1, from the insect pathogenic fungi Metarhizium
robertsii, was shown to regulate heat tolerance, apoptotic-like
cell death, and virulence (Chen et al. 2015). Targeted silencing
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of Ss-Bil in Sclerotinia sclerotiorum resulted in reduced path-
ogen virulence in host plants and increased sensitivity to heat
and ER stresses (Yu et al. 2015b).

During the past decades, rice false smut caused by U. virens
has become one of the major fungal diseases with the typical
symptom of forming dark green smut balls inside rice seeds
(Rush et al. 2000; Sun et al. 2013; Wang et al. 1998; Zhou
et al. 2008). In addition to negative impact on rice yield, usti-
loxins produced by U. virens are poisonous to humans and
animals and can also inhibit the radicle and plumule growth of
plant seedlings (Abbas et al. 2014; Meng et al. 2015; Sun et al.
2016; Tsukui et al. 2015). Although the fungal genome has
been sequenced, few genes are functionally characterized due
to limitation of available molecular genetic tools for U. virens.
Mutants with disrupted UvSUN2, Uvt3277, and UvPRO1
genes were generated by random insertional mutagenesis
via the Agrobacterium tumefaciens-mediated transformation
(ATMT). UvSUN?2 contributes to virulence, fungal growth,
cell wall construction, and stress responses in U. virens (Yu
et al. 2015a). UvPROI] plays a critical role in hyphal growth
and conidiation in stress response and pathogenesis (Lv et al.
2016). By combining T-DNA insertion disruption and RNA
interference (RNAi) approaches, the low-affinity iron trans-
port protein Uvt3277 was functional characterized using the
mutants showing increased pathogenicity (Zheng et al. 2017).
Only one Uvhogl deletion mutant was identified by targeted
gene deletion, and the results suggest that Uvhog1 is conserved
in regulating stress responses, hyphal growth, and possibly
secondary metabolism (Zheng et al. 2016). A recent study
demonstrated that the CRISPR-Cas9 system could be used
as an efficient gene replacement or editing tool in U. virens,
and CRISPR-edited Uvs/f2 mutants show reduction in growth
rate and conidiation and an increase in sensitivity to cell wall
stresses (Liang et al. 2018). Thus, the CRISPR/Cas9 method
is efficient for generating targeted deletion mutants.

In this study, we identified UvBI-1 as a Bax inhibitor-1,
which contains six transmembrane and BI-1-like domains
and is capable of suppressing the cell death induced by Bax.
Using the CRISPR/Cas9 genome editing approach Uvbi-1
deletion mutants were generated to facilitate its functional
characterization. We have shown that UvBI-1 was a negative
regulator of the mycelia growth, conidiation and secondary
metabolites production. The Uvbi-I mutants were sensitive
to stress and almost lost the pathogenicity, indicating the
essential role of this gene in U. virens.

Results
Identification of UvBI-1 from U. virens

To identify the ortholog of BI-1, we selected Bax inhibi-
tor-1 domain sequence of AtBI-1 as a query to process a
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BLASTP search in the U. virens genome and two proteins
(KDB14758.1 and KDB15472.1) were found to contain
Bax inhibitor-1-like domain. We termed the two proteins
as UvBI-1 (KDB14758.1) and UvBI-1b (KDB15472.1).
The UvBI-1 consisted of a predicted 1028 bp open read-
ing frame interrupted by two introns and encoded a protein
of 278 amino acids. The predicted UvBI-1 protein con-
tained six transmembrane and Bax inhibitor-1-like domain
(Fig. 1a). Sequence alignment analysis revealed that the BI-
1-like domain is well conserved among humans, animals,
plants and filamentous fungi (Fig. 1b). The phylogenetic
tree revealed that BI-1 protein is most similar to those from
Metarhizium (Fig. 1c). Whereas, the UvBI-1b showed high
similarity to Ss-Bi-1, and they both show a closer relation-
ship with BI-1 from plant, animal and bacterial. An unre-
lated protein UvbZIP1 from U.virens was selected for analy-
sis and it was out of the BI-1 group. All this result showed
that BI-1 was well conserved, indicating that UvBI-1 might
have important functions in U. virens.

UvBI-1 suppresses cell death induced by Bax

Considering UvBI-1 contained a BI-1-like domain, we tested
whether UvBI-1 suppressed the cell death induced by Bax.
The UvBI-1 gene was coexpressed with Bax in N. benthami-
ana leaves by agrobacterium-mediated transient expression.
For the controls, the GFP was also coexpressed with Bax,
and UvBI-1, GFP and Bax were expressed independently.
The results showed that no cell death was observed when
UvBI-1 and Bax were coexpressed, whereas cell death was
observed when Bax was expressed separately or coexpressed
with the GFP (Fig. 2). In order to rule out the possibility that
no cell death were observed due to the nonexpression of the
genes, we detected the expression of genes by reverse tran-
scription (RT)-PCR, and the results showed that all the gene
expressed (Fig. S1, see Supporting Information). This result
indicated that UvBI-1 suppressed the cell death induced by
Bax and therefore had the ability of a Bax inhibitor.

UvBI-1 is highly expressed in the vegetative stage

To gain insights into the possible function of UvBI-1 in U.
virens, we examined the gene expression by quantitative
real-time polymerase chain reaction (QRT-PCR) during the
different stages of the fungal infection. The abundance of
UvBI-1 transcripts during vegetative growth in PSB was rel-
atively higher than that invasive growth. During its invasive
growth in plants, the transcript level of UvBI-I decreased
almost more than fivefold at 3, 5 and 6 days post-inoculation
(dpi) in rice panicles, compared with that of mycelia. How-
ever, the transcript abundance began to increase at 7 dpi
and almost reached the 60% level similar to that of mycelia
(Fig. 3). Considering the special infection characteristic that

a lot of the fungal mycelia developed and covered the floral
organs after 6 dpi (Song et al. 2016), we concluded that the
UvBI-1 was highly expressed during vegetative growth.

UvBI-1 gene deletion and AUvbi-1 mutant
complementation

Targeted gene replacement was performed to investigate
the function of UvBI-1 in U. virens. The deletion fragments
flanking approximately 1.6 kb up- or downstream of the
UvBI-1 ORF region were fused partially with the hygro-
mycin B gene. The gRNA spacers of UvBI-1 were cloned
into the CRISPR-Cas vector. Uvbi-1 deletion mutants were
generated by replacing the endogenous UvBI-1 ORF with
the donor template containing hygromycin B gene via the
transformation of the strain JZ11-28 protoplasts with lin-
ear donor DNA fragments and the CRISPR construct. The
hygromycin-resistant transformants were selected on the
PSA medium containing hygromycin (100 mg/ml), and the
deletion mutants were verified by PCR amplification using
specific pairs of primers (Fig. S2, see Supporting Informa-
tion). Complete inactivation of Uvbi-1 transcription in the
deletion mutants was verified by RT-PCR using the RNA
samples extracted from the mycelium (Fig. 4). Furthermore,
the ORF sequence of UvBI-I containing the native promoter
region was introduced into the deletion strain to create the
complemented strains Uvbi-1/BI-1 (Fig. S3, see Support-
ing Information). There is no difference between deletion
mutations and complemented strains except the comple-
mented strains contain the complemented fragment. Three
of the deletion mutants and two of complemented strains
were selected for the phenotype test, and the results from
two deletion mutants and one complemented strain were
presented.

UvBI-1is a negative regulator for vegetative growth

To investigate the role of UvBI-1 in U. virens mycelial
growth, we incubated the wild type, mutants and the comple-
mented strain on PSA, YTD and PDA media, respectively.
The mutants showed a faster growth on PSA, PDA and YTD
media compared with the wild type and complemented
strains (Fig. 5a, b). Considering the increased growth rate of
the mutants, we investigated whether there was a difference
in biomass between the wild type and mutants by culturing
the strains in liquid PSB medium and measuring the dry
weight 7 days later. The results showed that the dry weight
of the Uvbi-1 mutant hyphae was higher than that of the
wild type and the complemented strain (Fig. 5c). This result
indicated that UvBI-1 was a negative regulator of hyphal
growth and biomass in U. virens.
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Fig. 1 Functional domain analysis, sequence alignment and phylo-
genetic analysis of UvBI-1. a Physical map of UvBI-1 shows a con-
served BI-1-like superfamily and six transmembrane domains. b
Alignment of the amino acid sequences of UvBI-1 with those from
other organisms. The BI-1 proteins from fungi, bacteria, plants and
mammals was performed using BioEdit software. The black solid
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shading show amino acid identity and gray show fifty percent simi-
larity. ¢ Phylogenetic analysis of UvBI-1 with different orthologous.
The phylogenetic tree was constructed based on alignment of the full
sequences of BI-1 from fungi to mammals by using the Mega5, and
UvBI-1b, Ss-Bi-1 and a related protein UvbZIP1 were included. The
UvBI-1 was indicated black triangle
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Fig.2 UvBI-1 suppresses the cell death induced by Bax. N. bentha-
miana leaves were infiltrated with A. tumefaciens cells containing
vectors carrying the UvBI-1 gene or control gene GFP, either alone
or followed 24 h later with A. tumefaciens cells carrying a mouse
Bax. The numbers show the ratio of cell death and the total number
of agroinfiltrations. The photograph was taken at 5 days after infiltra-
tion
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Fig.3 The transcriptional pattern of UvBI-1. The expression of UvBI-
1 was quantified using qRT-PCR, with the synthesis of cDNA for
each sample including mycelia and at 3, 5, 6 and 7 days post inocula-
tion (dpi). Relative transcript level in the mycelia stage was regarded
as the reference and normalized to 1. Three independent biological
experiments with three replicates in each were performed. Repre-
sentative results from one of these experiments are shown. The letters
represent statistical significance (P <0.05)
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Fig.4 Targeted gene replacement and complementation of UvBI-I in
U. virens. a The UvBI-1 target replacement strategy. A 1028 bp frag-
ment of the UvBI-1 coding region was replaced with a 1.4 kb frag-
ment containing the hygromycin B-resistance cassette (HPH) to cre-
ate the UvBI-1 deletion mutant. b The detection of UvBI-1 expression
in the testing strains. The inactivation of UvBI-1 transcription was
verified by semiquantitative RT-PCR, using the cDNA from wild-
type strain JZ11-28, the deletion mutants, and the complemented
strain

Deletion of UvBI-1 leads to an increase in conidia
formation

Conidia play an important role in the disease infection of
rice false smut. Given that the mutants showed increased
hyphal growth, we investigated the role of UvBI-1 in conidia
formation by examining the canidiation of wild type, Uvbi-1
mutants and the complement strain after 7 days of culture in
PSB. The conidiation increased by approximately four-fold
in mutants compared with the wild type and complement,
with a conidia concentration of approximately 1.6x 10’
conidia/ml (Fig. 6). WA (water agar) and PSA plates were
employed to investigate conidia germination, and no dif-
ference was detected between the wild type and deletion
strains (Fig. S4, see Supporting Information). These results
all showed that UvBI-1 played a role as a negative regulator
of conidia formation but did not affect conidia germination.

Deletion of UvBI-1 results in defects in response
to hyperosmotic and salt stresses

Because BI-1 proteins have an important role in abiotic
stress, we investigated whether UvBI-1 contributed to the
fungal response to osmotic or salt stress. The wild type,
mutants and complemented strain were inoculated on PSA

@ Springer
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Fig.5 UvBI-1 disruption results in increased vegetative growth. a
Mycelia growth of the testing strains on PSA, PDA and YTD media.
The wild-type strain (JZ11-28), Uvbi-1 mutants and complemented
strain (Uvbi-1/BI-1) were inoculated on PSA, PDA and YTD plates
and cultured at 27 °C for 14 days. b The colony diameters of the test-
ing strains. The colony diameter were measured and subjected to sta-
tistical analysis. ¢ The dry weight of the tested strains was measured
after 7 days of culture in PSB. Three independent biological experi-
ments were performed with three replicates each time, with similar
results yielded in each biological experiment. Representative results
from one of these experiments are presented. Error bars represent the
standard deviation, and asterisks represent a significant difference
(P<0.05)
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Fig.6 UvBI-1 deletion results in an increase in conidiation. a The
conidiation of the testing strains. The JZ11-28, AUvbi-I mutants
(AUvbi-1-4 and AUvbi-1-13) and complemented strain (Uvbi-1/BI-
1) were cultured in 50 ml of PSB medium with 160 rpm shaking at
27 °C for 7 days before being photographed. b Statistical analysis of
conidia concentration. The conidia concentrations were measured in
each independent biological experiment. Three independent biologi-
cal experiments were performed with three replicates each time, with
similar results yielded in each biological experiment. Error bars rep-
resent the standard deviation, and asterisks represent a significant dif-
ference (P <0.05). Scale bar=20 pm

containing 0.2 or 0.4 M NaCl or 0.5, 0.7 or 0.9 M sorbitol.
Mycelial growth was observed and inhibitory rates were cal-
culated after incubation for 14 days. Significant differences
were observed between the wild type and Uvbi-I mutants.
Compared with the wild type and complemented strain, the
mutants showed a higher inhibitory rate under different NaCl
and sorbitol concentrations (Fig. 7). This result indicated
that UvBI-1 play a positive role in hyperosmotic and salt
stress responses in U. virens.
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The Uvbi-1 deletion mutants show increased
sensitivity to oxidative stress

Reactive oxygen species (ROS) often elevates rapidly at
the pathogen infection site and plays an essential role in
plant defense responses (Lamb and Dixon 1997; Lehmann
et al. 2015; Qi et al. 2017). To investigate whether UvBI-1
was involved in the oxidative stress response, the wild type,
Uvbi-1 mutants and the complemented strain were exposed
to different concentrations of H,O,. The mycelia growth of
the mutants was affected, leading to an average of approxi-
mately 70% (0.01%), 80% (0.03%) and 100% (0.05%) inhibi-
tion of the growth rate, whereas the wild-type strain showed
less inhibition (Fig. 8). As confirmation, the complemented
strain was as resistant to H,O, as the wild-type strain. This
result indicated that UvBI-1 contributed to the oxidative
stress response in U. virens.

Deletion of UvBI-1 results in deficiency in cell wall
integrity

The fungal cell wall has an essential role in maintaining
hyphal morphology and adaptation to the environment. To
further investigate the cause of defects resulting from loss
of UvBI-1, the integrity of cell walls and membranes of the
Uvbi-1 mutants was examined. The mycelial growth was
measured on PSA medium containing the various cell wall
stressors of sodium dodecyl sulfate (SDS), Calcofluor White
(CFW) and Congo Red (CR). Because SDS is a detergent
that reduces membrane stability, any cell wall defects will
lead to increased sensitivity (Bickle et al. 1998). The CFW
binds to chitin to interfere with its polymerization, whereas
CR binds to the cell wall component $-1,4-glucan; both
stressors are commonly used to detect cell integrity (Ron-
cero and Duran 1985; Wood and Fulcher 1983). The Uvbi-
1 mutant colonies showed smaller diameter on the SDS-
containing PSA, and the inhibitory rate was significantly
higher than that of the wild type and complemented strain.
Similarly, UvBI-1 mutants exhibited less resistance to CFW
and CR than that of the wild type and the complemented
strain, indicating that UvBI-1 was involved in maintaining
the integrity of the cell wall (Fig. 9). Additionally, unlike the
wild type, a degradation halo of CR by the Uvbi-1 mutants
was observed, indicating an excess of CR-degrading activity
in the Uvbi-1 mutants (Fig. 9a). These results all demon-
strated that the Uvbi-1 mutants had increased sensitivity to
membrane and cell wall stress agents, suggesting that the
UvBI-1 was involved in regulating the fungal responses to
membrane and cell wall stresses.
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Fig.7 UvBI-1 contributes to the tolerance to hyperosmotic and salt
stresses. a The growth of mutants under hyperosmotic and salt stress.
The JZ11-28, AUvBI-1 mutants (AUvbi-1-4 and AUvbi-1-13) and
complemented strain (Uvbi-1/BI-1) were incubated on PSA supple-
mented with 0.2 and 0.4 M NaCl or 0.5, 0.7 and 0.9 M sorbitol at
27 °C for 14 days before being photographed. b Statistical analysis
of mycelial growth under hyperosmotic and salt stresses. Colony
diameters were measured in each independent biological experiment.
Measurements of growth inhibition rate are relative to the growth rate
of each untreated control. Three independent biological experiments
were performed with three replicates each time, with similar results
yielded in each biological experiment. Error bars represent the stand-
ard deviation, and asterisks represent a significant difference between
the UvBI-1 mutant and JZ11-28 and complemented strain (P <0.05)
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(Uvbi-1/BI-1) were incubated on PSA supplemented with 0.01, 0.03 - i ‘v:
and 0.05% H,0, at 27 °C for 14 days before being photographed. b o : 'Q
Statistical analysis of mycelial growth in response to oxidative stress. = ; '.:
Measurements of growth inhibition rate are relative to the growth ° ‘
rate of each untreated control. Three independent biological experi- -g N
ments were performed with three replicates each time, with similar — N
results yielded in each biological experiment. Error bars represent j

the standard deviation, and asterisks represent a significant difference
(P<0.05)

Culture filtrates of the Uvbi-1 mutants inhibit rice
seed elongation

In addition to causing rice yield losses, the ustiloxins pro-
duced by U. virens poses a considerable safety risk. Until
now, most of the uxtiloxin were identified from rice false
smut balls. Nonetheless, some secondary metabolites from
mycelium may be also toxic to rice seeds. To determine
whether deletion of UvBI-1 affected the production of sec-
ondary metabolites compounds, culture filtrates separated
from PSB cultures of 5-day-old wild-type, mutants and
complemented strain and were used to soak rice seeds for
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Fig.9 UvBI-1 is involved in the tolerance of the cell wall or mem-
brane to stress inducers. a The growth of mutants under cell wall or
membrane stress. The JZ11-28, AUvBI-1 mutants (AUvbi-1-4 and
AUvbi-1-13) and complemented strain (Uvbi-1/BI-1) were incubated
on PSA supplemented with 0.015 and 0.03% SDS, 60 and 120 pg/ml
CFW and 60 and 120 pg/ml CR. The photos were taken after 14 days
of incubation. b Statistical analysis of mycelial growth in response to
cell wall or membrane stress. Measurements of growth inhibition rate
are relative to the growth rate of each untreated control. Three inde-
pendent biological experiments were performed with three replicates
each time, with similar results yielded in each biological experiment.
Error bars represent the standard deviation, and asterisks represent a
significant difference (P <0.05)
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this test. The rice shoot growth was significantly stunted
in samples treated with culture filtrates of the Uvbi-I
mutants, whereas increases in shoot lengths were observed
for the treatments of the wild type and complemented
strain (Fig. 10). This result showed that more secondary
metabolites may be produced in the mutants than wild type
and complemented strain, and UvBI-1 most likely involved
in secondary metabolites production that would be toxic
to rice seeds.

Uvbi-1 mutants show attenuation of pathogenicity
on host plants

To evaluate the role of UvBI-1 in the fungal virulence and
pathogenicity, a mixture of crushed mycelia and conidia was
inoculated into rice panicles. At 21 days after inoculation,
typical rice false smut balls had fully developed in the rice
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Fig. 10 Culture filtrates of the AUvBI-1 mutants show increased inhi-
bition of rice seed elongation. a The growth of rice shoots treated
with testing culture filtrates. The rice seeds were soaked in 25 ml of
culture filtrates in 100 ml conical flasks at 27 °C for 7 days before
being photographed. b Statistical analysis of rice shoots. The length
of shoots was measured after the incubation. Three independent bio-
logical experiments were performed with three replicates each time,
with similar results yielded in each biological experiment. Error bars
represent the standard deviation, and asterisks represent a significant
difference (P <0.05)

panicles inoculated with the wild type, whereas false smut
balls were rarely observed for the Uvbi-1 mutants (Fig. 11).
The attenuated pathogenicity of the Uvbi-1 mutant strain
could be complemented and full virulence restored by rein-
troducing the UvBI-1 gene. These data showed that UvBI-1
was required for full virulence of U. virens.

Discussion

In this study, we characterized UvBI-1 in the rice false
smut fungus U. virens, which encoded a Bax Inhibitor-
1-like family protein. The results of transient expression in
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Fig. 11 UvBI-1 contributes to the pathogenicity of U. virens. a Dis-
ease symptoms caused by the testing JZ11-28, deletion mutation and
complemented strains. The conidia and hyphal mixed suspension was
injected into a single rice panicle from the middle to upper portion
at the late booting stage, and plants were maintained in a greenhouse
at 27 °C with 90-100% relative humidity for 7 days. The plants were
then placed at 80% relative humidity until rice false smut symptoms
appeared. The photos were taken 21 days after inoculation. b Statisti-
cal analysis of the number of smut balls. The number of smut balls
was measured for a single rice panicle. At least three independent
biological experiments were performed with nine rice panicles each
time, with similar results yielded in each biological experiment. Error
bars represent the standard deviation, and asterisks represent a signifi-
cant difference (P <0.05)
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N. benthamiana leaves showed that UvBI-1 has the abil-
ity to suppress the cell death induced by Bax, indicating
its function as a Bax inhibitor. Deletion of UvBI-1 increase
the hyphal growth, conidiation and secondary metabolites
production, but decrease stress tolerance and cell wall integ-
rity, and almost completely abolished the fungal pathogenic-
ity. Our results demonstrate that UvBI-1 plays an essential
role in U. virens and shares the conserved function of BI-1
among different fungal species and other organisms.

It is difficult to generate gene deletion in U. virens based
on the conventional gene replacement approach by intro-
ducing homology recombination fragments via the PEG-
mediated protoplast transformation (Zheng et al. 2016).
Therefore, ATMT was used to generate T-DNA insertional
mutants. To date, UvSUN2, Uvt3277, and UvPROI have
been disrupted using insertional mutation (Lv et al. 2016;
Yu et al. 2015a; Zheng et al. 2017). Although the gene
replacement frequency was less than 0.2% using ATMT,
Uvhogl was deleted by homologous recombination (Zheng
et al. 2016). Recently, the CRISPR-Cas9 system was used to
significantly increase the efficiency of gene replacement by
homologous recombination in U. virens (Liang et al. 2018).
In this study, the CRISPR-Cas construct and the replacement
fragments were simultaneously introduced into U. virens
using PEG-mediated protoplast transformation to generate
Uvbi-1 deletion mutants. We were able to readily obtain tar-
geted gene deletion mutants, indicating the high efficiency
of this method.

BI-1 is an evolutionarily conserved protein that is
involved in growth and development, biotic and abiotic
stress responses, and likely plays an indispensable role in
cell protection (Huckelhoven 2004; Watanabe and Lam
2009). In M. robertsii, no obvious difference was observed
in the growth rate between the MrBI-1 deletion mutant and
the wild type (Chen et al. 2015). Nevertheless, mycelial
growth and conidia formation were significantly increased in
the UvBI-1 deletion mutants, indicating the negative role of
UvBI-1 in the development progress. Moreover, the germi-
nation of conidia was not affected by UvBI-1 deletion. UvBI-
1 showed a high transcriptional level in mycelia at 7 dpi,
indicating its important role during the vegetative growth.

Deletion of MrBI-1 did not increase sensitivity to H,O,
(Chen et al. 2015). Nonetheless, Uvbi-1 deletion mutants
were sensitive to H,O,, which is consistent with the result
for Ss-bil in S. sclerotiorum (Yu et al. 2015b). We also
found that Ss-Bil was orthologous with UvBI-1b that also
contained the BI-1-like domain in U. virens. In plants, the
generation of ROS is regarded as one of the first responses to
fungal invasion (Lehmann et al. 2015). The ROS can induce
apoptosis either in the pathogen only or in the host and the
pathogen (Greenberg and Yao 2004). In M. oryzae, the dele-
tion of Moatf1 leads to reduced tolerance to oxidative stress
and attenuated virulence, and the inhibition of plant ROS
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generation restores the extension of infection hyphae (Guo
et al. 2010). In Arabidopsis, AtBI-1 suppresses Bax-induced
cell death downstream of ROS generation (Kawai-Yamada
et al. 2004). Although Bax has not been discovered in fungi,
these results suggested that BI-1 in fungi most likely had
a similar function of inhibiting Bax. Deletion of UvBI-1
most likely resulted in lost ability to suppress the apoptosis
induced by ROS. In addition, UvBI-1 deletion mutants were
also more sensitive to other stresses. Based on the infect
characteristic of U. virens, hyphae invade into the spike-
let 2 or 3 days after inoculation (Song et al. 2016). During
this stage, there is few nutrition can be obtained from rice,
the pathogen also has to confront with the plant defense.
Therefore, UvBI-1 is likely involved in the tolerance to the
oxidative burst and other stresses from the host plants and
contributes to the pathogenicity of U. virens.

In mammals, BI-1 interacts with Bcl-2 and Bcel-X; to
suppress apoptosis by regulating ER calcium (Xu and Reed
1998). Additionally, BI-1 is involved in unfolded protein
response (UPR) by physically interacting with the ER stress
sensor IREla (Lisbona et al. 2009). The AtBI-1 associated
proteins were identified based on a coimmunoprecipitation
approach, and some of the proteins were shown to func-
tion in the BI-1-related processes (Weis et al. 2013). In
plants, BI-1 interacts with ATG6 to regulate autophagy and
programmed cell death (Xu et al. 2017). The wheat Bax
inhibitor-1 protein interacts with an aquaporin TaPIP1 and
increases disease resistance (Lu et al. 2018). Thus, further
research is required to identify the interacting proteins of
UvBI-1 in U. virens for elucidating the mechanism by which
UvBI-1 regulates the development process, stress tolerance
and pathogenicity.

Experimental procedures
Fungal strains, media and growth conditions

The U. virens wild-type JZ11-28 and mutant strains were
cultured on potato sucrose agar (PSA) at 27 °C. The strains
were cultured on YTD (yeast extract, 1 g; tryptone, 1 g;
D-glucose, 10 g; agar, 15 g) and PDA (potato, 200 g; p-glu-
cose, 20 g; agar 15 g) media for the growth assessment. For
conidiation, the strains were cultured in PSB medium with
shaking at 160 rpm at 27 °C for 7 days. Then, the cultured
mixtures were filtrated, and the concentrations of conidia
were measured using a hemocytometer. For the biomass
test, six plugs of fungi 5 mm in diameter were cultured in
50 ml of PSB medium with 160 rpm shaking at 27 °C for
7 days; the hyphae were collected by filtration through two
layers of gauze and measured for dry weights after drying at
50 °C in an oven for 3 days. For germination test, the conidia
were spread on the plates, three region were selected on one
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plate and 100 conidia were observed with each region. For
different stress tests, vegetative growth was assayed after
incubation at 27 °C for 14 days on PSA plates and PSA
with 0.2 and 0.4 M NaCl, 0.5, 0.7 and 0.9 M sorbitol, 0.01,
0.03 and 0.05% H,0,, 0.015 and 0.03% SDS (w/v), 60 and
120 pg/ml CFW, and 60 and 120 pg/ml CR. The inhibition
rate was calculated as follows: inhibition rate = (average of
strain colony diameters on PSA—average of strain colony
diameters on PSA with chemical added)/average of strain
colony diameters on PSA X 100%, and it should minus the
agar diameter when the colony diameter was measured. All
experiments were repeated three times with three replicates
each time. Mycelia were harvested from 7-day-old cultures
grown in liquid PSB and used for genomic DNA and total
RNA extractions.

Protein sequence analysis

The domain was analyzed using CD-search from the
National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/) and SMART (http://smart.embl-
heidelberg.de/) (Letunic et al. 2015; Marchler-Bauer et al.
2017). Sequence alignments were performed using BioEdit,
and the calculated phylogenetic tree was viewed using the
Mega5 program (Tamura et al. 2013).

Agrobacterium-mediated transient expression in N.
benthamiana

The UvBI-1 was amplified from cDNA of U. virens using
the indicated primers (Table S1, see Supporting Informa-
tion) and cloned into the vector pGR107 (Wang et al. 2011)
using a ClonExpress MultiS One Step Cloning Kit (Vazyme,
Nanjing, China). The constructs were confirmed by sequenc-
ing and were introduced into A. tumefaciens strain GV3101
by electroporation. For infiltration into leaves, recombi-
nant strains of A. tumefaciens were cultured in LB medium
containing 100 pg/ml kanamycin at 30 °C with shaking
at 200 rpm for 24 h. The cultures were harvested, washed
with 10 mM MgCl, three times and resuspended in 10 mM
MgCl, to a final ODg, of 0.4. The A. tumefaciens cell sus-
pension was infiltrated into N. benthamiana leaves using a
syringe without a needle.

Reverse transcription PCR analysis

Total RNA samples were isolated using Trizol, and the
cDNA was synthesized using a Thermo scientific RevertAid
First Stand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA USA). The reaction mixtures were diluted 6
times with distilled water and used as templates for quantita-
tive real-time PCR or RT-PCR. Real-time PCR amplifica-
tions of genes were performed in a CFX96 Real-Time PCR

Detection System (Bio-Rad Laboratories Inc., Hercules,
CA) using SYBR Green I fluorescent dye. The fS-tubulin
gene served as the internal control for the expression stud-
ies. The RT-PCR was conducted with 27 cycles to confirm
the deletion and reintroduction of the UvBI-1 gene with the
indicating primers and f-tubulin used as the internal con-
trol. All experiments in this section were performed in three
independent biological experiments with three replicates in
each test.

Targeted gene deletion and complementation
of UvBI-1

For the CRISPR/Cas system vector construct, a short cas-
sette was generated by annealing the sense and antisense
oligonucleotides BI-1f and BI-1r (Table S1, see Support-
ing Information) and inserted between the two Esp3I sites
of pCas9: tRp-gRNA vector. The UvBI-1 gene replacement
was constructed by the double-joint PCR method (Yu et al.
2004). Briefly, fragments of a 2.2 kb upstream flanking
sequence and a 2.1 kb downstream flanking sequence were
amplified from U. virens genomic DNA using the first-round
amplification primers. The 5" and 3’ partials of the hygromy-
cin B gene were amplified using the primer HYG_F and H3,
H2 and HYG_R, respectively. The 1.6 kb upstream flanking
sequence and 1.7 kb downstream flanking sequence were
joined with the 5" and 3’ partials of the hygromycin B gene
using the third round amplification primers, respectively
(Table S1, see Supporting Information). The CRISPR vec-
tor and the gene recombinant fragments were introduced
into protoplasts using protoplast-mediated transformation
as described (Zheng et al. 2016). To generate the comple-
mentation of the UvBI-1 mutant, a fragment of the ORF
sequence of U. virens and a 1 kb upstream flanking sequence
were amplified and inserted into a PCETNS4 vector that
contained a geneticin resistance gene using the primer pairs.
Then the vector was transformed into the NO. 13 deletion
mutant strain by using protoplast-mediated transformation.

Toxicity assays with culture filtrates
and pathogenicity assay

After 7 days of culture in 50 ml of PSB, the filtrates were
collected and centrifuged at 7000 rpm for 5 min. The super-
natant was collected and incubated at 75 °C for 30 min.
Seeds of rice cultivar Wanxian 98 were soaked in 0.1%
potassium permanganate with 160 rpm shaking at 27 °C
for 50 min and then washed 5 times with sterile distilled
water. Fifty seeds were soaked in 25 ml of culture filtrate in
a 100 ml conical flask, and shoot growth was measured after
incubation at 27 °C for 7 days.

For the pathogenicity test, the rice was inoculated with
U. virens as described (Jia et al. 2015; Song et al. 2016).
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The plugs were placed into potato sucrose broth (PSB)
and shaken at 160 rpm at 27 °C for 7 days, and the cul-
tured fungi were crushed. The conidia were measured and
adjusted to 5 x 10%m] with PSB. Approximately 2 ml of the
conidia and hyphal mixed suspension in PSB was injected
into a single rice panicle from the middle to upper portion
at the late booting stage (3—5 days before heading) using a
syringe. Inoculated plants were maintained in a greenhouse
at 27 °C with 90-100% relative humidity (RH) for 7 days
and then were placed at 27 °C and 80% RH until rice false
smut symptoms appeared. The symptoms were observed,
and the number of smut balls was measured 21 days after
inoculation. All experiments in this section were performed
in at least three independent biological experiments with at
least three replicates in each test.
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