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Abstract: [Background] Natural Cordyceps militaris is the fruiting body formed by Cordyceps
militaris infects insect pupae or insects and has crucial biological and pharmacological activities. At the
moment, the genome of C. militaris has been sequenced, but the research in molecular biology is
limited. [Objective] To construct the Agrobacterium tumefaciens-mediated transformation (ATMT)
system in C. militaris with uridine/uracil auxotrophic gene as the selection marker. [Methods]
Orotidine-5"-monophosphate (OMP) decarboxylase is an essential enzyme for uracil synthesis. By using
ATMT, We first knocked out the gene encoding pyrG of OMP decarboxylase in wild C. militaris by
homologous recombination, and then constructed the uridine/uracil auxotrophic mutant. Afterward, the
pyrG-carrying binary vector of Aspergillus oryzae was used to construct the complementary strain by
ATMT. [Results] The pyrG was successfully knocked by homologous recombination and the
uridine/uracil auxotrophic mutant was constructed. Under this background, the transformation efficiency
reached (75+35)/10° conidia after co-culture for 66 h at 22 °C. In addition, the Aspergillus nidulans
glyceraldehyde-3-phosphate dehydrogenase promoter PgpdA4 and a-amylase promoter PamyB, which are
commonly used by filamentous fungi, failed to drive the expression of GFP or DsRed reporter gene in C.
militaris, but the promoter /F of C. militaris extension factor could well express GFP. [Conclusion] We
constructed an ATMT system with uracil auxotrophic as a selection marker, providing a promising

genetic tool for research on recombinant expression and gene function of C. militaris.

Keywords: Cordyceps militaris; Agrobacterium tumefaciens-mediated transformation; uracil auxotrophic
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mediated transformation, ATMT). JZEHIEA S
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AR &5, B IR B RUARIC A
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(hygromycin)fE FPr i bric, FH PMT i
ATMT HeAl s B8 AL 1558 i i IR R e 1k 7,
ST RE SE DR A AR A S B AR T DL
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W WE A W) A O S T Y ELE R -5 PR R
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REBLAEL AL, DX S5 B AT] LIFE S A 5-FOA
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RYZEAFIARIN SR B AT R pyrG g
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WE 5 SR BB 50 A T 2B AR 10 ) AR A TR A Y e B
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2ok ] 058 T 2 XoF i e R B A R TR Bk PR/ bR
WE A BV B R SE TR pyrG BT T RERR , M s g
T R ()8 IR BB B G AR SR TS A LA pyrG
Fiii EARICABUCEAAR , Jl AL ATMT X5 57
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S AE G R A Rk RN B T Re AR At T —
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1.1 EELFFUEE
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AR R AR, b at i R E AR R
22wl ; DNA Marker ., {5 ff L DNA 54 i
rTaq/Ex Tag X PR TEN VI EcoR 1 | Hind 111,
Spel, Xhol, KiEFEYITHRAMRAF; KOD
DNA &, RIS (R E A R A A
HwAM, bR eXeEYEARGRAR ., PCR
ASC BRI L Uk 2R G MIBE I LAY, Bio-Rad 23 7] 5
W BMEE, Leica AH],
1.2 E#ARR

Escherichia coli DHS5a .
tumefaciens AGL1 B R EL R K C. militaris 5%
KR CmApyrG ., IF-pEX1 ¥ i AN SE56 % R A7
AR 1), pEX1. pEX2B Fik# M g o]
W EZE K% Van-Tuan Tran 2% 20
1.3 EHRE

T 54 S % B D IR (PDA) B % L C Jr 1 WL
22 CHR[15]; LB ¥ig 5k 55 IM B35 5L (pH
5.8) . Czapek-Dox (CD)fifi 3% 53 FE (B I el by 22 2
W), Yeast Extract Peptone Dextrose (DPY)}%##
BLMC T T WS 25 SCHR[33]0 LA F A% 35 Sl 1
IR 1.5%B0 0545

Agrobacterium

F 1 AR ER A E R BR
Table 1  Strains and plasmids used in this study

1.4 3|4

AWFFE TSN 2 FiR o
1.5 tHAREERFEAD pyréG HEE

DLK #H 85 TR B pyrG 4% 1 OMP Ji ¥R il 2
HIF 5 k2% 75, il NCBI (https:/www.
ncbi.nlm.nih.gov/) [A] 5 )3 1) L X > 2 1) i 4L 5
pyrG il ) OMP R EE & Ay 41, DU HAh
A JE e B S N A e R i A . SEhE .
Mg, WEIE . BEE. AFEEN OMP
JI JR W 2 1 7 41 % ) MEGA X B b ik T R 80k
HHT, JHE ] DNAMAN 340 A 6] 2L 56 1Y
OMP [t F2 i 25 11 P 41 i 28 B AS [l 3 v, X 5
AW B WP H AT 2 85 o
1.6 EAMMBE
1.6.1 HMEMPREA CmApyrG

¥y CmApyrG mbR#E A TMER pyrG.
SeH EcoR 1 1 Hind 1A pEX1 (F 1A) kXL
Y] ; PR LUGE B DNA AR, 435 PCR 47
B H i R B2 R pyrG Y SIINELIX (1 302 bp)
A 3MFEIX (1 442 bp) H I R BL, 519K pyrG I
i F1/R1 8% pyrG T ii# F2/R2 (3% 2); #c)a, RH

TR BORL filid

Strains and plasmids ~ Description

E. coli DHSa
A. tumefaciens AGL1

C. militaris

The host of plasmid reproduction

Stored by our laboratory

As a tool to transfer genes into C. militaris cells

pEX1 The binary vector carries pyrG cassette of A. oryzae and GFP gene controlled by PgpdA promoter of 4.
nidulans. The pEX1 vector was kindly provide by professor Van-Tuan Tran (VNU University of Science,
Hanoi, Vietnam)!**!

CmApyrG The pyrG flanking regions (5’ pyrG and 3' pyrG) of the C. militaris genome were amplified by PCR. The
obtained DNA fragments were recombined into binary vector pEX1 by one-step method (linearized with
EcoR 1 and Hind III sites), and used to delete the pyrG gene

pEX2B The binary vector carries pyrG cassette, DsRed gene controlled by amylase PamyB promoter. The
pEX2B vector was kindly provide by professor Van-Tuan Tran (VNU University of Science, Hanoi,
Vietnam)?**)

IF-pEX1 The binary vector carries pyrG cassette, GFP gene controlled by /F' elongation factor of C. militaris, and

is used to express green fluorescent protein
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Table 2 Primers used for plasmid construction and identification in this study

RN Atk
Sizes (bp) Description

514 J7 41

Primer Sequence (5'—3")
pyrG upstream F1

pyrG upstream R1

pyrG downstream F2
pyrG downstream R2

TATGACATGATTACGAATTCGGCGCACGAGCTGCTGGGGG 1302
ATGAAGACGAAGTGGTGCCAAGCTGAGTCCAGTTCGCTTC
GAAGCGAACTGGACTCAGCTTGGCACCACTTCGTCTTCA 1442
CGACGGCCAGTGCCAAGCTTGCAGCTGCCGCACCAGGCCC

Construct pyrG
knockout vector

CmpyrG F GACCCATCACGACATGGTGT 800 Verify deletion
CmpyrG R AGCCAGCAACGCCAATGATG of pyrG gene
IF-F TCAGAGCCTAGCCAACTAGTTTCGGCAAGAATAGGAACAG 1500 Construct

IF-R ATGGTACCTACGTACTCGAGTTTGAAGGTGTTTGTTATTG IF-pEX1vector
GFP-F ATGGTGAGCAAGGGCGAGG 400 Verify GFP
GFP-R GTGGCTGTTGTAGTTGTACT

DsRed-F ATGGCCTCCTCCGAGGACG 750 Verify DsRed
DsRed-R CAGGAACAGGTGGTGGCGG

— D pyrG EUE R UE RSO 21 1k
FBEMAERE, W pyrG SREAR CmApyrG
( 1B).
1.6.2 HEZITEAMRIEE K IF-pEX1

P e B AMRIREA IF-pEXT ] T4 5
K5 4D pyrG B IR RIE R . FH Spe T F1 Xho
[ %F pEX1 Fki(FE 1A)EF), 48 Pgpdd J
Bl LAH B DNA SR, (514 IF-F/R
(F )P AEM - 1o £ K (CCM_00809)HY i3
BF IF (1 602 bp)°; SRJGFH—4 ek
Bt IF 5 QU U Ak R B E 4 3 44 [l b 3
& IF-pEX1 (& 1C).
17 RTFENSFEHEUEHRE

KH ATMT #5548 CmApyrG Sk ¥
T B BRI LA EEM N B LB HE 3R
RS FEE ODgoo M 1.0-1.5 (28 °C. 200 r/min);
AT 1 mL FERS 9 mL A IM B 35563
40 mmol/L #J MES F1 200 umol/L f] AS)iR &,
28°C. 200 r/min }53% 6 h & ODgoo H 0.6-0.8;
JLEESE: U100 pL #liE S-S 100 pL 19+
WOREA S 1x107 NM/mL)IESEE IM (&
40 mmol/L i MES #1200 pmol/L ) AS)[# 1455
Fik b, 22 °C WEH55E 48—60 h, fEMHH B HY

TR 22 22 1 I I A O 2 % % R O 3k e Ak
(S EE 54 300 pg/mL), 22 °C §53% 7-10 d.
PR D R AT IR 2B T8 50 uL JCHEKH
BET, Y R O 7-8 min, PREEEHL
DNAP7, 5@t PCR 73, 60 BHM: 7o b .

2 EREAN

21 MRHREEFEES pprc EENEEER
Wit BLAST Xt & BH i o 5356 R 40 v 4
L HYE DL pyrG (XP_006670464.1). H4 HoAt B
AR E . B . Wb . 5w A
BEAF IR R OMP R B 25 1117 4 A 7 iF 1k
AT, A BRI B R OMP i ¥R I 2K (5 BT U X 1Y)
B TESERIE B A 22 B (B 2A), T Jr B X
AR AR AR — R m, N
58.23% (&1 2B). Ktk i o I K 4 Fp A7 A R
A pyrGe
2.2 5-FOA i@ &4 K HIHI{ER
5-FOA “H F T 0 34 B0 1Y PR 1T DR W g 8
FRERBE AL, 24 pyrG AEAERY, Hogm b 1 2L iR
AT -57- 15 BR (OMP) I AR il (R 1/ PR W WE A= )
B UG HE B RE S B L/ Y 5-FOA AL A A
BRI S-SR MENE , AT B0 T A K
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I, 8 T KHIE 5S-FOA J& 75 B8 FH T Ui 2 M e %2
PRAT PR W e B 5 e B R TR Rk, FRATTAS DU T
BB AR A AR 5-FOA (2 mg/mL)Y sk
Yo anlE 3 fias, BF AR LG dURI P AE CD K

FRIEW K, M7E CD+5-FOA Ji i R b 55
12 d J5h8R N Re® & . L, 5-FOA il il f
MR A, R AT AT IR AT /DR W W o€ AR
P 19 0 32

F1 S5'pwrG ORF IpyrG
A Spe | Xho | B
<RI F2-> ¢« R2

BamH | \\\\\\\\\ /////////
‘ Shf' EcoR | Hind 111
EcoR | Hind 111 3'pwrG

LB -
10.95 kb
1.302 kb 1.442 kb
LB RB
KanR CmApyrG
D Spe | Pml 1
BamH 1 Q§ BamH 1
Hind 111 TirpCRB_ Hind 111
10.83 kb

KanR

1 ATMT S RMME A pEXT HIRKIE, ZS0THIRIEH R INE pyrG 3235 5 i # St &
THEE-3-WE R W A5 8 T PgpdA ¥4l GFP; B: CmApyrG mfFR#4K, PCR 4 4 th 55 JE PR 41 11y
pyrG M XIS pyrG R 3 pyrG), #id— 2P K151 DNA Fr B8 4% #:8) — 04K pEX 1 (H EcoR
[ A1 Hind TZPEAL), #8 CmApyrG mibR#EA; C: IF-pEX1, % _Ju#ik#Eibric 3 A pprG, Z1E
PEXT At} b i ) ¢ g B8 1 B S [N ) 35 IF 151 GFP; D: pEX2B 1% —Jud B pyrG 3%
e, HIEREEG 3T PamyB ¥5Hi| ) DsRed
Figure 1 Construction of ATMT vector. A: pEX1 plasmid profile, which carries the pyrG cassette of 4. oryzae
and the GFP gene controlled by the glyceraldehyde-3-phosphate dehydrogenase promoter PgpdA of A. nidulans.
B: CmApyrG knockout vector, amplification of the pyrG flanking regions (5’ pyrG and 3’ pyrG) of the C.
militaris genome by PCR. The obtained DNA fragments were recombined into binary vector pEX1 by one-step
method (linearized with EcoR 1 and Hind III sites) to generate the constructed CmApyrG knockout vector; C:
IF-PEX1, a binary vector carrying pyrG cassette, modified promoter based on pEX1, is a GFP gene controlled

by the promoter of the /F extension factor of C. militaris; D: A binary vector carrying pyrG cassette DsRed
gene controlled by amylase PamyB promoter.
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A .
100 Aspergilius flavus (RMZ40771.1)
90 |: Aspergillus oryzae (XP_001826440.1)
99 | L Aspergilius niger (XP_001395432.1)
100 Aspergillus fumigatus (XP_755170.1)
Aspergiifus nidulans (AAB66359.1)
( Saccharomyces cerevisiae (NP_010893.3)
Cordyeeps militaris (XP_006670464.1)
P
0.10
B
Aspergillus flavus . M5SRSCLTY S SKHENALVRKIAIEVAE it TN THAMILATR TLSDESEE. .. . 89
Aspergillus niger .+ M33RECLTYSHI SKEENALVRQMIEVAE LN T TXARIDLADR ILSDFSEE. ... 89
Aspergillus nidulans .. M55KSRLTYTAN SKHENALARMIETAE 4N THTHARIDLATRI[: ILSDFSHE. ... 89
Aspergillus fumigatus .. M35KSCLTY G SKEENFLARNIE AL, AR TN T CLALR JETOFSVD. ... 89
Aspergillus nidulans .. .M35ESHLFYA TN THEENPLT SHIAISIAE SN TH S UARIDLADR TITOLTES. ... 89
Saccharomyces cerevisiae ...... MSXATYRE A THE SEVALAMININE N T AL VE ATz TITOFSMEG. . 87
Cordyceps militaris MVAPHPTLKATEARERATARHELNA IBFKIND SOVE T EL TN MVSGWEHPER GA 96
Consensu mssks 1ty araskhpnpl kklfeiaeakktnvtvsadvtttkelldladrlgpyiavikthidilsdfs e ti glkala khnfl
Aspergillus flavus CSILHeEGINMEMIAQTASAEDFPYGSERGLL ILAEMT SKGSLATGCYTTSSVIYARKYRKEWM 185
Aspergillus niger NI CSILHeECTN EMRAQTASAEDFFYGSERGLLILAEMT SKGSLATGCYTTSSVIYARKYRKEVM 185
Aspergillus nidulans IR CSILHeEGIY, EMAQTASAPDFAYGPERGLL ILAEMT SKGSLATGCYTTSSVIYARKYRNEYM 185
Aspergillus fumigatus ORI T C SV LHeEGINE MR TASACDFFYGPERGLLVLAENT SKGSLATGEYTRASVI YARKYRIEVY 185
Aspergillus nidulans CAILHeEGINEMMAQTTX SPDFXDANQRGLLILAEMT SKGSLATGEYTARSVEYARKYRGEVM 185
Saccharomyces cerevisiae AHGVVIEEGIN SQIXQAREEVTREE , . ,RELIMLAEL SCKGSLATGEYTRGTVDIARSIKDEVI 180
(70i1tVCé¥?S militaris IV VIMVHE KA R T WANARSRWLERYFCEVRTSVIVETPTTECECHEHEECEVAEATCLLEEVSR 192
Consensu ifedrkfidigntvgkqyhgg lrisewahiincsilpgegivealaqtasa df yg ergllilaemtskgslatg yt svdyarkyk fvm
Aspergillus flavus GEVSTRALGEVQSEVSSPSEEEDFVVEFTTEVNLSSREDRIEQQYQTPESAVGRGADFIIAERGI VAL . DEVEARXRYQREGNIAYLKRVVCREYD 280
z4qpengiﬂus niger GEVSTRALGEVQSEVSSPSEEEDFVVETTeVNLS SKGDKIeQ0Y QT PESAVGRGADFIIAERGIYAAE . DPVEARKCYQREGNIAYLERVGAC. .. 277
Aspergillus nidulans GEVSTRALGEVQSEVSSESDEEDFVVETTleVNISSKGIRIeQCYQTPGSAIGRGADFIINERGIYALE . DFVQAACCYCREGNERYLARVGGRLIL 280
Aspergillus fumigatus GEVSTRALTEVQSDVSSASEDEDFVVETTIEVNLSSKGOKLEQQYQTPASAIGRGADFITNeRGI VAR . DEVEALCRYQREGWERYMARVCGRS. . 278
Aspergillus nidulans GEVSTRALSEVLPEQK. .EESEDFVVETTEEVNLSCKEOXLeQQYCTPGSAVGREADFIINERCIYXAL . DEVEAVORYREEGHXAYERXRVGL. ... 274
Saccharomyces cerevisiae GEIL(BIMGGRIEGYL....... WLIMTHEVGLLDRGIALEQQYRTVIIVVSTESOITIVERGLEAXGRIAKVEGERYREAGNERYLRRCGQCN. . 267
Cordyceps militaris REDGREGSIVSVITVIQRYESALSPRINKEISESLEMLFHe IEEAPLERGLLILAQMSSHENFMNKEYTQACVEARREHEDFVMGEVSCEALNACD 288

& 2

Consensu

AERIEHE pyré WAZ LA BEMA)SEBRFFIELIT(B)
bootstrap T & AR I pyrG HiSH OMP IREFE N RGE LB W .. #Hilh%E

gfvstr lgevgsevss se edfvvittgvnlsskgdklgggygtp savgrgadfiiagrgiyaap dpveaa rygkegw ayl rvg

A

K MEGA X #fF, @it 1 000 4~
(RMZ40771.1)., K ph%

(XP_001826440.1), MAHHE:(XP_001395432.1), MHAHAEZ(XP_755170.1). 45 HHEE(AAB66359.1) . FiiF I
BE(NP_010893.3)Fl1Uf L FL(XP_006670464.1), #EALR ZKEEZ F1R 1.298 921 18, FARBA T 433215 4%,
FeA R ZH AR ERURECR) . HEARIR(0.10 SHEM i b BIR). B: ARILEH OMP fid
TR A E AR 4 — B R, O 58.23%

Figure 2 Phylogenetic tree (A) and protein sequence comparison (B) of pyrG of different fungi. A
Phylogenetic trees of orotidine-5'-monophosphate protein of different fungi were constructed by using
MEGA-X software with 1 000 bootstrap repeats. Aspergillus flavus (RMZA40771.1), Aspergillus oryzae
(XP_001826440.1), Aspergillus niger (XP_001395432.1), Aspergillus fumigatus (XP_755170.1), Aspergillus
nidulans (AAB66359.1), Saccharomyces cerevisiae (NP_010893.3) and Cordyceps militaris (XP_006670464.1).
The sum of branch lengths of the evolutionary tree is 1.298 921 18, and marked the branch nodes (number
represents the evolutionary relationship between the two) and the distance scale (0.10 is the scale of the
evolutionary tree). B: The amino acid sequence of orotidine-5'-monophosphate protein in different fungi has a
high consistency of 58.23%.
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0000

CD+5-FOA

CD+5-FOA

3 WHHEFHERBTI S-FOA BRI  OKo B S B AR R 43 B4E AP F CD Al CD+5-FOA 5 %%
M, FE22°CH:F%; AL BE:FH T 7d, C. DIFRT 12d

Figure 3 Resistance of wild type spores of C. militaris to 5-FOA. Wild type spores of C. militaris were
inoculated on CD and CD+5-FOA medium respectively, and cultured at 22 °C. A and B was cultured for 7 days,

C and D was cultured for 12 days.
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Figure 4 Construction of pyrG knockout vector in C. militaris. A: lane 1 was pEX1 plasmid control; lane 2, 3
and 4 were EcoR 1 and Hind III double enzyme digestion of pEX1. B: lane 1 and lane 2 were 5’ flanking

region (1 302 bp) of C. militaris genome pyrG, and lane 3 and lane 4 were 3’ flanking region (1 442 bp). C:
Positive monoclone verification, select No. 8 positive monoclone.
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Figure 5 pyrG gene knockout in C. militaris. A: CmApyrG knockout vector transformation after cultivation
for 15 days on the screening medium; B: PCR analysis with primers (CmpyrG F/R) confirmed positive strains
with pyrG gene deletion; lane 1 was control; lane 2—4 were transformants. C: D diagram of the strain. D: The
wild type and the mutant spores of C. militaris were inoculated on CD, CD+uridine/uracil and

CD+uridine/uracil+5-FOA medium and cultured at 22 °C for 7-10 days to confirm the deletion of pyrG mutants.
E: Sequence comparison between wild-type and ApyrG mutant of C. militaris.
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Figure 6 Comparison of wild type and complementary pyrG mutant strains of C. militaris and their PCR
analysis. A: From left to right were complementary strains of pyrG mutants transformed by pEX1, pEX2B and
IF-pEXI1, respectively. B: Molecular validation of different strains of C. militaris. From left to right: PCR
analysis of the background four strains with CmpyrG F/R primers of the C. militaris pyrG mutant; Confirm of
pEX1 and IF-pEX1 transformants by PCR with GFP-F/R primers; Confirm of pEX2B transformant PCR
analysis with DsRed-F/R primer. C: Phentypes of the strain; WT, pEX1, pEX2B, IF-pEX1 grew well, but
ApyrG mutant did not grow.
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Figure 7 Observation of the reporter gene expression of C. militaris transformants. A—C are the fluorescence
images of pEX1, pEX2B and IF-pEX1 complement strains, respectively. From left to right: phase contrast field,
fluorescence field and merge of phase contrast and fluorescence field.
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