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Abstract

Ophiocordyceps sinensis, one of the well-known and precious fungal species in the world, parasitizes soil-dwelling larvae of
ghost moths on the Tibetan Plateau. The genetic intractability of this extremely psychrophilic and slow-growing O. sinensis
fungus is a major limitation on the molecular study. In this study, an Agrobacterium tumefaciens—mediated genetic transformation
(ATMT) system for this fungus was established. ATMT procedure was optimized based on the fungal recipient, Agrobacterium
strains, and different co-cultivation conditions. Blastospores were ideal recipients for this system. Acetosyringone (AS) was not
essential for the transformation of O. sinensis. Sixty to 100 hygromycin B—resistant transformants per 1 x 10° blastospores were
obtained. Southern blot analysis indicated the presence of a random single-copy integration of T-DNA into the O. sinensis
genome. The insertional transformants with altered growth characters such as colony, blastospore, and fruiting body production
were selected to identify the T-DNA flanking sequences by modified hiTAIL-PCR and FPNI-PCR techniques. Eight genes,
including genes for an MFS transporter, a 2-oxoglutarate dehydrogenase, a DNA-directed RNA polymerase Il complex subunit
Rpc37, a cytochrome oxidase subunit I, a mitochondrial import inner membrane translocase subunit tim54, a cytidine deaminase,
a phosphoribosylaminoimidazole carboxylase, and a histone H3-like centromeric protein cse-4 were identified. This ATMT
system provides a useful tool for gene discovery and characterization of O. sinensis and contributes to the better understanding of
the mysterious life cycle of O. sinensis and the molecular interaction between this fungus and its host insects.

Keywords Ophiocordyceps sinensis - Agrobacterium tumefaciens—mediated transformation (ATMT) - Insertional mutagenesis -
High-efficient thermal asymmetric interlaced polymerase chain reaction (hiTAIL-PCR) - Fusion primer and nested integrated PCR
(FPNI-PCR) - Degeneration - Fruiting body

Introduction

Ophiocordyceps sinensis (Berk.) G. H. Sung et al. is one of the
well-known and precious fungal species in the world.
O. sinensis parasitizes soil-dwelling larvae of ghost moths
on the Tibetan Plateau with an altitude between 3600 and
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5000 m (Sung et al. 2007; Tao et al. 2016). The sclerotium
and fruiting body after the parasitism (also called Chinese
cordyceps, Zhang et al. 2012) have been used for medicinal
treatment and health food since the fifteenth century and its
value is demonstrated by modern pharmacological science
(Holliday and Cleaver 2008; Hu et al. 2013; Wu et al. 2006;
Zhang et al. 2006). The trade of Chinese cordyceps becomes a
primary source of income for local herdsmen (Stone 2008).
O. sinensis is extremely psychrophilic and slow-growing and
needs 50 days for hyphal growth and more than 90 days for
the induction of stromata in a rice-based medium (Cao et al.
2015). The Thitarodes/Hepialus host insects of this fungus
need 1 to 30 years in laboratory and 3 to 5 years in nature,
to complete a developmental life cycle (Tao et al. 2016). Due
to the long growth period of O. sinensis, over-exploitation,
habitat degradation, and climate warming, natural production
of the Chinese cordyceps has greatly decreased (Hopping
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et al. 2018; Qiu et al. 2016). It was listed as an “endangered
species for protection” by the Chinese government in 1999.

Mass cultivation of the Chinese cordyceps in commer-
cial mode has been established (Li et al. 2016; Li et al.
2019a; Qiu et al. 2016). However, the degeneration of the
fungus, high larval mortality by pathogens, and low infec-
tion and mummification rate constrained the efficient pro-
duction of the Chinese cordyceps (Lu et al. 2015; Qin et al.
2018; Qiu et al. 2016; Zhou et al. 2014). In nature, the
fungal reproductive cycle appears to be highly synchro-
nized with the life cycle of its host insect (Zhang et al.
2014). However, the molecular basis of this life cycle, the
induction of primordium, and sexual development remain
unclear. Compared with other entomopathogenic fungi
such as Beauveria bassiana and Metarhizium anisopliae
causing the death of host larvae within a few days
(Roberts and St Leger 2004; Thomas and Read 2007;
Wang et al. 2004), this fungus takes 5 to more than
12 months to kill the host larvae, which provides a valu-
able system to study the interaction between the pathogen-
ic fungi and the host insects (Liu et al. 2019). Although
recent advances have provided some insights into the ad-
aptation to highland environment, sexual reproduction and
fungal pathogenicity of O. sinensis based on high-
throughput sequencing (Li et al. 2019b; Meng et al.
2015; Rao et al. 2019; Xia et al. 2016; Xiang et al. 2014,
Zhong et al. 2016), establishment of an efficient and stable
genetic transformation system is prerequisite for character-
izing the fungal gene functions.

Agrobacterium tumefaciens—mediated transformation
(ATMT) is an efficient genetic transformation method for in-
sertional mutagenesis and gene transfer to a wide variety of
plant and fungal species (Bundock et al. 1995; de Groot et al.
1998; Ishida et al. 1996; Michielse et al. 2005; Mullins et al.
2001; Zhong et al. 2007). ATMT is also regarded as an effi-
cient alternative to other DNA transfer methods for its flexi-
bility and efficiency of the protocol, predominant single-copy
insertion, and high homologous recombination frequencies
(Jiang et al. 2013; Kozak et al. 2018; Michielse et al. 2008).
T-DNA random insertion and integration are predominantly
dependent on host factors, recipient, acetosyringone, pH of the
co-cultivation medium, Agrobacterium strains, and cell densi-
ties (Bundock et al. 1995; Martinez-Cruz et al. 2017; Shao
et al. 2015; Zheng et al. 2011). However, no report on tools
for DNA transfer in the medicinal fungus O. sinensis is found.
In this study, ATMT system of O. sinensis KD1223 was con-
structed, a T-DNA insertion mutant library was screened for
mutants with altered growth phenotype, and the flanking se-
quences of T-DNA insertion sites of eight mutants were ob-
tained by TAIL-PCR and FPNI-PCR. The establishment of
this transformation system would provide an efficient tool
for genetic studies of O. sinensis, especially on better under-
standing of fungal biology and interaction with host insects.
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Materials and methods
Strain, culture media, and culture conditions

Three A. tumefaciens strains AGL-1, GV3101, and LBA4404
were kind gifts of Prof. Zhongkang Wang from Chongqing
University, China, and used for the transformation on Luria-
Bertani (LB) medium at 28 °C. Escherichia coli strain Trans1-
T1 (TransGen Biotech, Beijing, China) was used as a host for
the propagation of plasmid DNA and for the amplification of
the binary vector on LB medium at 37 °C.

O. sinensis strain KD1223 was a subculture of strain
KD11-2 (GDMCC 60594), which was isolated from fruiting
bodies of O. sinensis in Sichuan, China, in May 2012, and
maintained at — 80 °C in 40% glycerol in Guangdong Institute
of Applied Biological Resources, Guangzhou, China. The
stock culture was transferred to liquid PPDA medium (Liu
etal. 2018) and incubated at 13 °C on a 100-rpm rotary shaker
for seed culture. The resulting fungal cultures after 45 days of
inoculation was harvested with three layers of sterile lens pa-
pers to remove hyphae and large particles. The filtered solu-
tions were centrifuged at 5000 rpm for 10 min at 10 °C and the
supernatant was discarded. Harvested conidia or blastospores
(spindle cells) (Supplemental Fig. S1) were re-suspended in
5-mL sterile 1 x phosphate-buffered saline (PBS, pH 7.2) so-
lution. Pure conidia were harvested from liquid PPDA medi-
um where cut artificial fruiting bodies (about 1 cm®) were
incubated for 14 days. Both conidia and blastospores were
used as a recipient in this study. The numbers of conidia and
blastospores were counted using a hemocytometer and a light
microscope (Eclipse 80i; Nikon, Tokyo, Japan) at x 400
magnifications.

ATMT of O. sinensis

A binary T-DNA vector pEX4-hpt-eGFP carrying the opti-
mized hygromycin B phosphotransferase gene (4pf) under
the control of the Aspergillus nidulans gpdA promoter was
used to construct the mutant library of O. sinensis. This vector,
a kind gift of Prof. Zide Jiang from South China Agricultural
University, China, was reconstructed based on pPZP200 by
inserting the oligonucleotides LoxP1 and LoxP2 (Sun et al.
2014), and it was then introduced into A. tumefaciens AGL-1,
GV3101, and LBA440 cells by the freeze-thaw method, re-
spectively. ATMT of O. sinensis was carried out according to
the method as previously described (Mullins et al. 2001;
Zheng et al. 2011). To test hygromycin B sensitivity of
O. sinensis, 107 blastospores were spread on PPDA plates
supplemented with different hygromycin B concentrations
(50, 100, 150, 200, 300, and 400 pg mL ™).

A. tumefaciens AGL-1, GV3101, and LBA4404 carrying
pEX4-hpt-eGFP were grown respectively on LB supplement-
ed with 100 ug mL™' rifampicin and 100 pg mL™'
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spectinomycin at 28 °C until ODgg value was 2.0. Then,
induction liquid medium (IM) in the presence (IM + AS) and
absence (IM-AS) of 200 uM acetosyringone (AS, Sigma-
Aldrich, MO, USA) (Michielse et al. 2008; Zheng et al.
2011) was used to dilute above cultures until ODgq value to
0.15-0.2 and re-incubated at 28 °C until ODg( value equal to
0.6. One hundred microliters of pre-induced A. tumefaciens
culture was mixed in a sterile Eppendorf tube with 100 pL
blastospores suspension at three concentrations (1 x 10° blas-
tospores mL ', 1 x 10 blastospores mL ' and 1 x 10® blasto-
spores mL ', respectively) and spread evenly onto cellophane
sheets (Guangzhou Probe Instrument, Guangzhou, China) on
induction medium plates at different pH values (5.0-8.0) in
the presence (IM + AS) and absence (IM-AS) of 200 uM AS.
Co-cultivation was performed at 16 °C and 22 °C in the dark
for 48-96 h. Subsequently, the cellophane sheets were trans-
ferred onto PPDA plates supplemented with 300 pug mL ™"
cefotaxime, 100 pg mL ™" ampicillin, and 300 pg mL ™’
hygromycin B to select the transformants at 13 °C. Both IM
and PPDA plates contained 2.5% (w/v) agar and were air-
dried before use. All the experiments were carried out at least
twice in triplicate.

The resulting O. sinensis transformants were cultured on
PPDA at 13 °C for 60 days. The mycelia were transferred to a
250-mL flask containing 50 mL of liquid PPDA medium. The
flasks were incubated at 13 °C on a 100-rpm shaker for
45 days. For the fruiting body production, the transformants
cultured on PPDA at 13 °C for 60 days were transferred to
4 °C for 120 days to stimulate the development of stromata
and fruiting body (Cao et al. 2015). The phenotypic characters
of transformants including shape and color of the forming
colonies and the fruiting body formation in PPDA, together
with the formation of hyphae and blastospores in liquid PPDA
medium, were observed at X 400 magnification using an op-
tical microscope.

Genomic DNA extraction, PCR, and Southern blot
analyses

Total DNA of the transformants was extracted as previously
described (Liu et al. 2018). Mycelia of a single colony was
inoculated into 3-mL liquid PPDA medium supplemented
with 300 pg mL™" hygromycin B and 300 pug mL™" cefotax-
ime and cultured at 13 °C for 60 days. The resulting mycelia
and spores were collected by centrifugation at 8000 rpm for
10 min at 10 °C and washed twice with sterile distilled water.
The genomic DNA was extracted using DNeasy Plant Mini
Kit (Qiagen GmbH, Hilden, Germany). The primers used in
this study were listed in Supplemental Table S1. Specific
primers for promoter gpdA and the Apt gene of T-DNA
(PgpdA-F and Hpt-R) were used for PCR characterization
and Southern blot analysis. Specific primers for eGFP gene
of T-DNA were also used for PCR characterization to detect

the integration of eGFP gene into the genomic DNA of
O. sinensis transformants. PCR parameters included an initial
denaturing step of 5 min at 94 °C, followed by 35 cycles
consisting each of 30 s at 94 °C, 30 s at 60 °C, and 45 s at
72 °C and a final elongation for 10 min at 72 °C.

For further Southern blot analysis of the transformants, the
977-bp fragment for promoter gpdA and the Apt gene of T-
DNA amplified with the primers PgpdA-F and Hpt-R was
digoxigenin (DIG)-labeled as a specific probe for signal de-
tection. The genomic DNA samples (10 mg) were digested
with EcoRI and separated by electrophoresis in 0.8% agarose
gels, blotted to Hybond™-N" membranes (GE Healthcare,
Little Chalfont, Buckinghamshire, UK). Standard procedures
for probe labeling, hybridization, and immunological detec-
tion were used according to the manufacturer’s protocol
(Roche Diagnostics GmbH, Mannheim, Germany).
O. sinensis transformants were successively cultured on
PPDA plates in the presence or absence of hygromycin B
selection pressure. The T-DNA integrations were further con-
firmed by PCR and Southern blot analysis.

Identification of T-DNA flanking sequences
by hiTAIL-PCR and FPNI-PCR

Both high-efficiency TAIL-PCR (hiTAIL-PCR) (Liu and
Chen 2007), and fusion primer and nested integrated PCR
(FPNI-PCR) (Wang et al. 2011) were employed to clone the
T-DNA left- and right-border flanking sequences from the
selected transformants (all the primers were listed in
Supplemental Table S1). Four arbitrary degenerate primers
(LAD1-4), ACI1, and nested genomic walking specific
primers (LB1-3, RB1-3) were used for hiTAIL-PCR. Nine
arbitrary degenerate primers (FP1-9) in combination with
nested FP-specific primers (FSP1 and FSP2) and nested ge-
nomic walking specific primers (FLB1-3, FRB1-3) were
used for FPNI-PCR. The tertiary hiTAIL-PCR and FPNI-
PCR products were cloned into pEASY-T1 vector
(TransGen Biotech, Beijing, China) and sequenced by the
Sangon Biotech. (Guangzhou, China). A diagnostic PCR frag-
ment from T-DNA with primers in Supplemental Table S1 was
used to verify the read-through of the LB border and RB
border. T-DNA flanking sequences were used as queries to
search for nucleotide similarities by the Blastn and Blastx
algorithm at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
hiTAIL-PCR was also applied to obtain the upstream and
downstream sequences of the T-DNA flanking sequences.
Total RNA was extracted according to the instruction of the
RNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany).
The integrity of the total RNA was checked by agarose gel
electrophoresis. Full-length genes were then verified by RT-
PCR. The resulting homology was analyzed by multiple se-
quence alignment using the MEGA 5.1 software (Tamura
et al. 2011). Classification of sequences was performed using

@ Springer


http://blast.ncbi.nlm.nih.gov/Blast.cgi

2666

Appl Microbiol Biotechnol (2020) 104:2663-2674

SMART (Simple Modular Architecture Research Tool, http:/
smart.embl-heidelberg.de) for the annotation of protein
domains and the Gene Ontology resource (GO; http://
geneontology.org) for structured, computable knowledge
regarding the functions of genes and gene products.

Data analysis

All the data were expressed as means + SE. One-way ANOVA
analysis of variance was used and the significance between
treatments was analyzed by Tukey’s honestly significant dif-
ferent test (SPSS17.0, SPSS Inc., Chicago, IL, USA) or ¢ tests
for experiments with two treatments (P < 0.05).

Results
Validation of O. sinensis transformants

O. sinensis was completely inhibited on PPDA medium sup-
plemented with 150 pug mL™" hygromycin B (Supplemental
Fig. S2). A higher 300 g mL™" hygromycin B was used for
the selection of resistant transformants. From the putative
transformants, a 977-bp PCR product was amplified to con-
firm the presence of promoter gpdA and the Apt gene of T-
DNA (Fig. 1a). Similarly, a 437-bp fragment amplified from
the tested transformants demonstrated the integration of eGFP
gene of T-DNA (Fig. 1b). For further confirmation of the T-
DNA integration into O. sinensis and the copy numbers of the
transformants, Southern blot analysis was performed.
Genomic DNA of each transformant digested with EcoRI
was probed with a 977-bp fragment for promoter gpdA and
the ipt gene of T-DNA (Fig. 2a). The variety of hybridization
patterns suggested that integration of T-DNA into the host
genome occurred randomly and 83.33% of the transformants
appeared to possess a single insertion of the PgpdA-hpt cas-
sette (Fig. 2b). PCR and Southern blot analysis showed that T-
DNA maintained under hygromycin B selective pressure
while lost in almost 50% transformants in the third genera-
tions without the selection pressure.

Evaluation of factors influencing the transformation
efficiency

Transformation of O. sinensis was successful when blasto-
spores were used as the recipient, while it failed when conidia
as the recipient. In several transformations, there was a watery
layer of blastospores when co-cultivated with A. tumefaciens
AGL-1, which resulted in the failure of the transformation. It
seemed that the plates should be dry enough for co-cultiva-
tion. Co-cultivation of AGL-1 carrying pEX4-hpt-eGFP with
blastospores for 72 h resulted in the appearance of putative
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hygromycin B-resistant transformants after approximately
55 days on the selective PPDA plates (Supplemental Fig. S3).

The ATMT procedure of O. sinensis was also optimized by
the evaluation of several factors on transformation efficiency.
The results showed that transformation efficiency of O. sinensis
correlated strongly with A. fumefaciens strains, pH of the co-
cultivation plate, and co-cultivation time and temperature
(Fig. 3). AGL-1 and GV3101 showed the highest transforma-
tion efficiency whereas LBA4404 was the lowest (Fig. 3a). The
numbers of putative hygromycin B-resistant transformants
were significantly higher on co-cultivation medium at pH 6.0
and 6.5 than those at other pH values (Fig. 3b). The transfor-
mation efficiency increased with the prolongation of co-
cultivation time to 4 days (Fig. 3c). Co-cultivation at 16 °C
obtained more transformants than those at 22 °C (Fig. 3d).
Therefore, co-cultivation of 107 blastospores with AGL-1 strain
carrying pEX4-hpt-eGFP on PPDA medium with a pH value at
6.5 at 16 °C for 72 h was used in the following transformation.

The effect of AS on the transformation efficiency was also
determined. After pre-cultivation of the AGL-1 strain carrying
pEX4-hpt-eGFP in the presence or absence of 200 uM AS,
100 L pre-induced culture equally mixed with 100 ul 1 x 10
blastospores was spread evenly onto CO-IM plates with or
without 200 mM AS and cultivated for 72 h. The numbers
of putative hygromycin B-resistant transformants after trans-
fer onto selective PPDA plates for 55 days were counted. The
results showed that the supplement of AS into the pre-
cultivation medium and co-cultivation medium was not nec-
essary for the transformation of O. sinensis. However, the
numbers of transformants in IM+AS/CO-IM + AS, IM+AS/
CO-IM-AS, and IM-AS/CO-IM+AS conditions were signifi-
cantly higher than those in IM-AS/CO-IM-AS condition
(F5323=12.043, P<0.001; Table 1). The effects of the supple-
ment of AS during pre-cultivation and co-cultivation on the
percentages of positive “transformants” were determined by
PCR amplification using specific primers for promoter gpdA
and /Apt gene of T-DNA (PgpdA-F and Hpt-R). The percent-
ages of positive transformants were 43.75%, 40.00%, and
41.25% in conditions IM+AS/CO-IM+AS, IM+AS/CO-IM-
AS, and IM-AS/CO-IM+AS, respectively, while 37.5% in
IM-AS/CO-IM-AS (Table 1).

Screening for mutant phenotypes

The transformants with different phenotypic characteristics on
solid or liquid PPDA medium were selected when compared
with the wild type (i) (Fig. 4), based on the colonies with fewer
aerial hyphae (a); with more villous hyphae (b); with slower
growth rate without conidial sporulation and no blastopore
produced in PPDA medium 60 days after inoculation (c); with
more aerial hyphae (d, f, h); and with a delayed hyphal devel-
opment (e, g). After the induction to stimulate the develop-
ment of fruiting bodies as previously described (Cao et al.
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Fig. 1 Polymerase chain reaction characterization of hygromycin-
resistant transformants of Ophiocordyceps sinensis. a Polymerase chain
reaction characterization of the ipt gene integrated into the transformants
(a 977-bp PgpdA-hpt fragment). b Polymerase chain reaction characteri-
zation of the eGFP gene integrated into the transformants (a 437-bp

2015), fruiting bodies were grown only from the colony of the
wild type ().

Identification of the sequences flanking the inserted
T-DNA in transformants

To identify the genomic DNA sequences flanking the inserted
T-DNA, both hiTAIL-PCR and FPNI-PCR techniques were
employed. Just one arbitrary primer LAD1 or the combination
of arbitrary primer LAD1 and LAD2 could result in the suc-
cessful amplification of desired products from the
transformants. For FPNI-PCR, one arbitrary primer FP6 was
suitable for the amplification of the transformants. The ampli-
fied PCR products ranged from 0.5 to 1.5 kb. Among 8 se-
lected transformants, the promoter gpdA and Hyg B—
resistance gene hpt of the T-DNA were intact. Alignment
was used to compare 8 T-DNA flanking sequences with
O. sinensis genomic sequences for T-DNA insertion site iden-
tification (Fig. 5). Truncation sequences ranging from 1 to
17 bp in size of the inserted T-DNA occurred on both LB
and RB borders. In 2 of 8 selected transformants, a read-

eGFP fragment). Lanes 1-15, gDNAs of O. sinensis randomly selected
hygromycin-resistant transformants; WT, gDNA of wild type; CK, posi-
tive control with plasmid DNA of pEX4-hpt-eGFP. M, DNA molecular
marker.

through of the LB border and a subsequent 626-bp fragment
including the streptomycin resistance gene sequence were
inserted into the O. sinensis genome. T-DNA insertion sites
were gene coding subregions of the predicted genes for mu-
tant phenotypes A, C, D, F, and G; intron subregions of the
predicted gene for mutant phenotypes B and H; and a promot-
er subregion of the predicted gene for mutant phenotype E.
Blastn and Blastx analyses showed that the 8 flanking ge-
nomic sequences from the transformants A—H were homolo-
gous to known genes or their encoded proteins MFS transport-
er, 2-oxoglutarate dehydrogenase (E1), DNA-directed RNA
polymerase III complex subunit Rpc37, cytochrome oxidase
subunit I, mitochondrial import inner membrane translocase
subunit tim54, phosphoribosylaminoimidazole carboxylase,
cytidine deaminase, and histone H3-like centromeric protein
cse-4, respectively, as found in the GenBank database
(Table 2). SMART software analysis also indicated that the
MEFS transporter of O. sinensis is homologous to MFS 1
and contains a transmembrane region (residues 492—514), that
the putative 2-oxoglutarate dehydrogenase (E1) is homolo-
gous to E1_dh and contains a C-terminal catalytic domain
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Fig. 2 Southern blot analysis of Ophiocordyceps sinensis representative
hygromycin-resistant transformants. a Probe with a 977-bp DIG-labeled
PgpdA-hpt fragment used for the Southern blot analysis of transformant

(residues 624-992) and an N-terminal peptide (residues 21—
61), that the putative DNA-directed RNA polymerase Il com-
plex subunit Rpc37 has a typical structural feature of Sin_ N,
that the putative cytochrome oxidase subunit I has a typical
structural feature of cox1, that the mitochondrial import inner
membrane translocase subunit tim54 has a typical structural
feature of tim54, that the phosphoribosylaminoimidazole car-
boxylase contains a C-terminal catalytic domain (residues
122-309) and an N-terminal AIRC domain (residues 449—
598), that the cytidine deaminase contains a cytidine and
deoxycytidylate deaminase zinc-binding region required for
its catalytic activity (residues 221-342), and that histone H3-
like centromeric protein cse-4 is homologous to a H3 protein
that has typical structural features (residues 28—133).

Discussion

In this study, ATMT was first introduced to construct inser-
tional mutants of O. sinensis, which is an extremely
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T358

LoxP

gpdA eGFP TtrpC

=) &=
437 bp
¢GFP-F

eGFP-R

gDNAs. b EcoRI digested genomic DNA of 14 transformants. Lanes 1—
14, gDNA of hygromycin-resistant transformants; CK, positive control
with plasmid DNA of pEX4-hpt-eGFP. M, DIG-labeled marker.

psychrophilic and slow-growing fungus. Due to the low ger-
mination rate of conidia, blastospores were demonstrated to be
ideal recipients for the transformation of O. sinensis.

Factors influencing ATMT frequency include the fungal
recipient, pH, Agrobacterium strain, and the co-cultivation
conditions. Optimal conditions for each fungus or isolate to
obtain the maximum transformants are required (Combier
et al. 2003; Michielse et al. 2004; Mullins et al. 2001; Zheng
et al. 2011). O. sinensis grows in a low and narrow tempera-
ture range, usually at 12 to 18 °C and the hyphae grow faster at
22 °C but stop to grow above 25 °C (Qiu et al. 2016; Wang
et al. 2003). The pH values have significant effects on the
growth of O. sinensis, and the normal growth could be obtain-
ed only at pH 6.0-7.0 (Supplemental Fig. S4). The co-
cultivation time and different strains of A. fumefaciens are also
important factors influencing the transformation of
A. tumefaciens. Therefore, in the present study, O. sinensis
was transformed with three Agrobacterium strains, AGL-1,
GV3101, and LBA4404, and the co-cultivation of
O. sinensis and A. tumefaciens was performed at 16 °C and
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22 °C for different co-cultivation times. The result indicated
that high and reproducible transformation efficiency of this
fungus was obtained on media at pH 6.5 when co-cultivation
was performed with AGL-1 at 16 °C for 72 h.
Acetosyringone (AS), a phenolic compound used to induce
the expression of vir genes for the T-DNA transfer of
A. tumefaciens, has been found to be essential for the ATMT
of the entomopathogenic fungi B. bassiana (Leclerque et al.
2004) and Metarhizium (Nomuraea) rileyi (Shao et al. 2015).
However, AS was not essential for the successful transforma-
tion of O. sinensis. Transformants with hygromycin B resis-
tance were detected at the absence of AS during either pre-
cultivation or co-cultivation without the dramatical reduction
of the positive colonies, like the transformation of the plant

Co-cultivation temperature (C)

pathogen Fusarium oxysporum (Mullins et al. 2001) and the
entomopathogenic fungus Cordyceps militaris (Zheng et al.
2011).

The results of Southern blot showed that the rate of a
single-copy insertion of T-DNA accounted for about 83%.
Single-copy insertion into a genome is usually expected in
order to obtain the gene that is responsible for the derived
phenotype. Some reports implied that the rate of T-DNA sin-
gle-copy insertion was negatively related to co-cultivation
time (Mullins et al. 2001). However, the co-cultivation time
should be long enough to guarantee the transformation effi-
ciency in O. sinensis. Now the high-throughput sequencing
technology can replace the Southern blot for molecular iden-
tification of O. sinensis mutants.

Table 1 The effects of acetosyringone on the transformation efficiency of O. sinensis

Treatment Induced Co- No. of hpt transformants per 107 Percentage of positive
cultivation cultivation blastospores transformants (%)

1 IM+AS CO-IM+AS 295.00£17.30a 43.75 (35/80)

2 IM+AS CO-IM-AS 24583+ 14.22a 40.00 (32/80)

3 IM-AS CO-IM+AS 255.33+23.58a 41.25 (33/80)

4 IM-AS CO-IM-AS 154.00+11.10b 37.50 (30/80)

Different letters indicate significant difference among acetosyringone treatments at P < 0.05 using one-way ANOVA Tukey’s HSD test
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Fig. 4 Colony morphology of Ophiocordyceps sinensis T-DNA inser-
tional mutants and wild-type KD1223 on PPDA medium. (a—h) T-DNA

The stability of the transformants was checked and almost
50% transformants were lost in the third generations without
selection pressure. This phenomenon was also found with
variable frequency in other filamentous fungi, such as
Mucor miehei (Martinez-Cruz et al. 2017), Podosphaera
xanthii (Monfort et al. 2003), Aspergillus sojae (Mora-Lugo
etal. 2014), and Backusella lamprospora (Nyilasi et al. 2008).
The presence of a high number of transposons in their ge-
nomes might be responsible for the reduction of the stability
of T-DNA (Martinez-Cruz et al. 2017; Spanu et al. 2010). The
presence of a single-copy insertion of T-DNA into the
O. sinensis genome was confirmed in the positive
transformants, which is consistent with other reports
(Mullins et al. 2001; Zheng et al. 2011).

Mutants LB T-DNA

T-DNA cleavage site

insertional mutants arbitrarily selected from ATMT transformants. (i—j)
Wild-type KD1223.

The altered morphological phenotypes in colonies, blasto-
spores, and fruiting body production of O. sinensis were de-
tected from the insertional transformants obtained by ATMT.
TAIL-PCR and FPNI-PCR techniques were established for
O. sinensis to obtain the T-DNA flanking regions. Eight
genes, namely genes for an MFS transporter, a 2-
oxoglutarate dehydrogenase, a DNA-directed RNA polymer-
ase Il complex subunit Rpc37, a cytochrome oxidase subunit
I, a mitochondrial import inner membrane translocase subunit
tim54, a phosphoribosylaminoimidazole carboxylase, a cyti-
dine deaminase, and a histone H3-like centromeric protein
cse-4, were identified to be involved in the altered morpholo-
gy of colonies and in the degenerated fruiting body
production.

0. sinensis sequence

M
A: A7-23 AGTACATTAAAAACGTCCGCAATGTGTTATTAAtgccgaacttgagagcagccaggtagacggcattggeactgeccctetggttgac

B: A7-27 CAGTACATI'AAAAACGTCCGCAATGTGTTATTAA*gtcacgcagtaagcaaagtattaggcgatggcgcgactcagacttacgtttccg

D: A8-23 CAGTACATTAAAAACGTCCGCAATGTGTTATTAA*gaagttcggccttagtagaagacgtagtaactatagattatttccgggcactcta

H: E39-1 CAGTACATTAAAAACGTCCG CAATGTGTI'ATTAAthctgcgcctaccttgaacgtctctatggcgcgagcgccgtaccgccgacgtggc

Mutants LB-StrR T-DNA T-DNA cleavage site 0. sinensis sequence

v
E: A9-2 TTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCG Ctataaaaagcccgggaggaaaaagagaagagtgaaataaggt

F: A12-4 TTGAGGCGCTAAATGAAACCTTAACGCT, ATGGAACTCGCCGgtcctcagctcgcccgaggccgagggcacgccgcggacggcaa

Mutants RB T-DNA T-DNA cleavage site 0. sinensis sequence

C: A8-5 CAGATTGTCGTTTCCCGCCTTCAGTTTAAACTATCAGTGTTTGA*tccgccgccgccgcgggcgaatccgacgacgcccagcctgaa

\/
G: C2-18 CAGATTGTCGTTTCCCGCCTTCAGTTTAAACTATCAGTGTTTG-gecgectecgecaaagatggacgtggacatggacatggaca

Fig. 5 The analysis of the sequences of T-DNA integration sites with gene sequences in Ophiocordyceps sinensis transformants.
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Table2  Result of the BLAST algorithm with T-DNA flanking sequence of O. sinensis mutants
Mutants Mutant description Putative disrupted gene Function of putative Accession no. of E- Accession
disruptive gene obtained gene value no.
A:A7-23  Fewer aerial hyphae MEFS transporter Transporter activity MN630109 0.0 EQL02528.1
and no fruiting body
B: A7-27  Villous hyphae and 2-Oxoglutarate dehydrogenase (E1) Tricarboxylic acid cycle MNG630110 2e-69  EQLO01337.1
no fruiting body
C: A8-5 No blastopore and DNA-directed RNA polymerase III Catalyzes the transcription MN630111 0.003  EQLO00153.1
no fruiting body complex subunit Rpc37 of DNA into RNA
D: A8-23  More aerial hyphae Cytochrome oxidase subunit I Cytochrome ¢ oxidase activity MN630108 4e-04  YP_009364326.1
and no fruiting body
E: A9-2  Delayed hyphal development ~Mitochondrial import inner membrane Protein import, assembly MN630112 3e-176  POR35438.1
and no fruiting body translocase subunit tim54 and turnover in the mitochondrial
F: A12-4  More aerial hyphae Phosphoribosylaminoimidazole carboxylase Inosine monophosphate MN630113 2e-49  EQK99956.1
and no fruiting body biosynthesis
G: C2-18  Delayed hyphal development Cytidine deaminase Uridine monophosphate MN630114 0.0 EQL02051.1
and no fruiting body biosynthesis
H: E39-1 More aerial hyphae and Histone H3-like centromeric protein cse-4 DNA binding MNG630115 2e-55  KYKS56058.1

no fruiting body

The molecular function of the genes or proteins was predicted
by the Gene Ontology resource. The MFS transporter is mainly
predicted to be involved in transporter activity (GO:0005215).
The MFS transporters, single-polypeptide secondary carriers, are
capable only of transporting small solutes including simple
sugars, inositol, oligosaccharides, amino acids, nucleoside, drugs,
organophosphate esters, Krebs cycle metabolites, and many or-
ganic and inorganic anions and cations (Nelissen et al. 1997; Pao
et al. 1998). The disruption of an MFS transporter might affect the
nutrient absorption and metabolism for the growth of O. sinensis
mutant. Phosphoribosylaminoimidazole carboxylase is predicted
to be involved in phosphoribosylaminoimidazole carboxylase
activity (GO:0004638). 1t is involved in the subpathway of ino-
sine monophosphate (IMP) biosynthesis, which is itself part of
the purine metabolism. Disruption of IMP biosynthesis genes
such as adel6 and adel7 resulted in adenine auxotrophy, double
disruption of adel6 and adel7 led to adenine/histidine auxotro-
phy like in the ade3 mutant yeast strains (Tibbetts and Appling
2000). Cytidine deaminase is predicted to function in ATP:3'-
cytidine-cytidine-tRNA adenylyltransferase activity
(GO:0052929). 1t scavenges exogenous and endogenous cyti-
dine and 2'-deoxycytidine for uridine monophosphate (UMP)
biosynthesis. Disruption of cytidine deaminases would abolish
cytidine deaminase activity (Kurtz et al. 1999). DNA-directed
RNA polymerase III complex subunit Rpc37 is predicted to
function in DNA-directed DNA polymerase activity
(GO:0003887), RNA-directed DNA polymerase activity
(GO:0003964), and DNA-directed 5'-3' RNA polymerase activ-
ity (GO:0003899). Histone H3, together with other histones,
forms the core of the nucleosome, which forms the octameric
structure to wrap DNA in a left-handed manner. Histones can
undergo several different types of post-translational modifica-
tions that affect transcription, DNA repair, DNA replication,
and chromosomal stability (Thatcher and Gorovsky 1994).

2-Oxoglutarate dehydrogenase (E1), cytochrome oxidase
subunit I, and mitochondrial import inner membrane

translocase subunit tim54 are located in the mitochondria.
Mitochondria have a translocation machinery for the import
and assembly of nuclear-encoded proteins (Koehler 2004;
Truscott et al. 2003). E1 is a component of the 2-
oxoglutarate dehydrogenase complex, which catalyzes the
overall conversion of 2-oxoglutarate to succinyl-CoA and
CO; (Sato et al. 2002). Cytochrome oxidase subunit I is in-
volved in the pathway oxidative phosphorylation and transfers
electrons from reduced cytochrome c¢ to molecular oxygen
(Zheng et al. 2015). Tim54, a component of the inner mem-
brane tim22 complex, is involved in protein import, assembly,
and turnover pathways in the mitochondrion (Hwang et al.
2007). Fungal degeneration was found closely related to mi-
tochondria, including oxidative stress, mtDNA alterations,
mtDNA glycation, and mitochondrial dysfunctions. The fea-
tures of cytochrome c release, calcium overload, decreasing
activation of dehydrogenase, and upregulation of apoptosis
inducing factors were evident in mitochondria of degenerated
strains (Li et al. 2014; Li et al. 2008; Lin et al. 2010; Wang
et al. 2005).

In conclusion, an optimal protocol for ATMT of O. sinensis
was established. The genes involved in the altered growth
characters of the transformants were identified. This provides
an important genetic tool for studying the mysterious biology
and genetics of O. sinensis.
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