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Abstract: Cordyceps militaris, a homologous new resource food, was used as the enrichment carrier, and dif-
ferent concentrations of chromium were added into the medium to study the chrome-tolerance and chrome-rich
effect of C. militaris. The effects of chromium on the yield and quality of C. militaris were discussed, and the
mechanism of chrome-rich effect was analyzed based on transcriptomics. The results showed that when the
chromium concentration was 400 pwg/mL, the mycelium biomass or colony diameter reached the maximum
value, the chrome-rich rate of mycelium was the highest, and the diameter, height and biological conversion
of fruiting body all reached the maximum value. However, after the addition of high concentration of chromium
element, the pollution rate was significantly increased, and the fruition body even distorted, indicating that
high concentration of chromium element had a certain stress effect on the growth of C. militaris. Common C.
militaris and chrome-rich C. militaris were used as materials, and 796 differentially expressed genes were se-
lected by comparative analysis. The differentially expressed genes were mainly enriched in five metabolic path-
ways: ribosome, cysteine and methionine metabolism, amino sugar and nucleotide sugar metabolism, meth-
ane metabolism, and amino acid biosynthesis.
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1 B B (Cordyceps militaris) , X A4 HIE H R
FAL R TRET] EN E MW H E MR dUE
J& , iz B MR R 0 VR R IR I
R i 25 B 5 4 B B O AR ARL, 24 P 4 e
FLR HRLZHE | R R R AR S A B A (super-
oxide dismutase, SOD) G PEEE & FA M E B, A 31
JPdeE PO o7 KIS PR R e T SR,

W DRI 2 — i e, 30 IR P AR 24 mT 5 | ke
AR iR FLERE AR E D RE R E A R
B, WISz BHAE 5 28 25 R 305 4 21 40 M v 22 1 0o i
AR, % e ) 2 AR T 4 P 199 2 4 0
S g 5 2235, 8 ) Ak A MR 9 IE B B A R
SCHEAME IS, WFFE R W], Cr7E AR b & Al /b io-),
T TCHIL% X AR Y 3 8K, A DL A% 28 4 1k AR R A
R H G AR, B G2 i RS0 B R A g
3 R MR A i B A AR 12021,

SN S= N D L R S NS E= R NS
B N5 A e T 3R B AT I R T 5 R T A
B SRR, LASRS 0 3% X i HCR 7 A B S
5 B sy 2 2 R 7 0 Y M R ) 2 S BRI L 4R
B 22 S 5L 2 5 A E I, 5 A B D e AR
JCER W7 FAIL, Sl R ARy T R 8 A0 S8 %

1 ##EREZE
L1 PR GR

Uit 5 PTOT = P BH U 8 DA = 4 A 70 MU T 5 i 4%
55,80 "COKAIREAT s MLIE I % (201K : 99.9% ) - B Y
BAEF AR AT IR A R S8 WS s A Ul
By AR BRI S BRI EE (K Al - LR
B R AW EARA R STE 2 A5 8 RNA 42 Bk
RNAiso Plus. Primesoript™ RT reagent kit with DNA
Eraser 3 & : AW T AR ORI ) A BRA 7 5 B AR
R 1 AE 50U B2 27 BHE A BR 22 7l s NEB Next Ulira
RNA 3L ) #3077 & : 38 [E NEB 24 7 ; Oligo (dT) #
TR DN T AR W B T AR AT RS W) B G vp - |
IR AE R R BRA F
1.2 S

ESJ-182 HL K- YL B Je it iy 54 FR A 7] s LDZX-
50KBS 7.3 1 28 VKR g - b BT SR
Ilumina HiSeq 4000 =38 it U /51 5 R 55 - i LA 7%
TORHE AT RS ] 5 Agilent 2100 A2 843 B AX - 8 [ 22 5

R A BRAF]
1.3 ik
1.3.1 A A

Lk By B 7 W K B 5% 2 (potato dextrose agar,
PDA) : THE5 25 200 ¢ A HE 20 ¢ BEIRHT 20 o 2R R
3o MR A M 2 g BRIREE 1 g X F 7K 1000 mL,
T 121 ‘CHAFE T KB 30 min,

T, 44 B2 2] 25 W AR 85 5% 3 (potato dextrose broth,
PDB) : B4 % 200 ¢ I i HE 20 ¢ R R 3 o W R —
AWM 2 g BRREE 1 g B FIK 1000 mL, T 121 C5&
K 30 min,

RIG R N 40 o, XK BRI 60 mL,
T 121 ‘CHAE T KB 30 min.

132 Wik EER T

FEFELHIAF Y PDB 35 5% 56 s Itk e B 4% , 1 %
JCE AN 43524 0.50,100, 150,200,300 ,400
500600, 700,800,900, 1 000 wg/mL, 3% ¥ & 4 100/
250(mL/mL) , F 121 CHAF KB 40 min, B H 25
IRJE RN AR 10%. 16 22 "CE&F T 130 r/min
PR R 7 d, M4 5 AN EE .

B & T B B FR T 4 000 v/min 250 15 min &
T UEARAT I 22, 588 KPRV 3 WK, F ik 5B
(35 2 3L B A7, kit i B 22K T 60 “CHE T ZfE
D5 A 22 R i
1.3.3  [EAERFRRE TR

Rl VAR e T 15 IR 25 L 44176 b 1 i P e R
Fi P40 R S R334 200,400,600 ,800 pg/ml, K
J5 B9 PDA S IILRE 52 3 s, DA BN 4% o0 245 R o HR
4, R S ANER, T 22 CHEBR M P
7 d A, MEHEER.

R IE GB 5009.268—2016( £ fif % 4= [ K hrifE &
B 22 TR (I A )22 e i PR B 22 AR AR TR
H,OEHR(G,%)HEARWT,

G:m x C
M

A om NEZIKPKITE S &, me/ke; C NH 2
AP, /100 mL; M R 35 57 3 b % o0 RIS Ik
pg/mL
1.3.4 B0 28 X W HLE 7 i it T 1) 5 )

DI 25 88 17K Ry 2 okt BEAL, U8 INAS [) e B ) %
VS W AR R e 21 (% O 28 WS Ik 2 43 331 24 200,400

x100
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600,800 pe/mL) . i ERGM H H A2 (em) (& (em)
T AR EY AR (T, %) G595 (R, %)

n
T=—xX1
N 00

S
=X
R 5 100

A on IR IR T, g NV /N E R TR
T, g5 MAWTGYERGS HA NS EEL
1.3.5 & RNA $2ICHIF; 41l iy

Xof BRZH (CK) « Rl 35 855 33 P OR BRI % o0 28 19 i 1
TP IR AL (SY) AR B B IR R P T R RN
400 pg/mlL Y UH HURE TSR, ARG RE 2H A6 2 0
HRIAEA S 200 mg, BRLAAE M 3 AW E I, HE AT
B S L P
1.3.6  SEAF9 G 5 A HEEE 2 S (real time- quan-
titative polymerase chain reaction, RT-qPCR)%ﬁEﬁt%

RT-qPCR 519U 1 Fi7R, & RNA $2BCR ] Trizol
5 &5 cDNA A AR ] Primesoript™ RT reagent kit
with DNA Eraser j#{7f & .

%1 RT-qPCR 3|#igit
Table 1 Design of primers for RT-qPCR

FE[A BAE(5'~3")

MSN4 TCGGATAATGCCTCTGCTG
GGCTTACCGTTGCCT GTTT
CTTATGGAATCGTTTGCTCTGTGTT
GAACTGTCTTCTTAGTGGTGGTGGA

GSH2 AGCAGGAAATAGCGGTGGT

CTTGGAGCCAGATAATTGAGTG

GGTTTGACTGGCTTGGTTACTAT
AAGTTTGTGGGAAATGGTGC

MPK3/6

METI16

1.4 Edmaba
K SPSS 22.0 #AF X8 AT 4350 .

2 HBR5HW
2.1 TEMR KR BESEF7 551 T 1R 4% B

Shy Hff S R AR YRR R IR B 3R AR 1Y i e
J1 SR FHRAA i W 155 5 o i L o B 22 AR ) A e AT
MAE w1 s,

P L 1 AT TR R B RG FR AE T  H H H p 22
A=y AR TG B S IR BE (36K 258 E TR T RER
B BEFEILP TR IR IR EEAE 0~400 pe/mL TN,
L4 0 28 VS IR R 138, i o 24 et R
Jin, MR R R SR S TS IR TR B 400 pg/mlL BT,
Wi H P 22 AR R B R R E 0.53 ¢/100 mL, H 5%/
ZHAH L 22 53 W35 (P<0.05) 5 1 15 3R 3L i B on R AN vk
£k 400~1 000 pg/mL B, B 5% 0 28 U8 ik B 1 3
LR R ol N RT3 | E ST N 17

HE W1/ (2/100 mlL)

FE TR UMV 2/ (pg/mL)
AN NG PR 22 5 183 (P<0.05) .
1 ARERERTEIFERERHZEMENZI

Fig.1 Effects of different concentrations of chromium on the my-

celial biomass of Cordyceps militaris

1 000 wg/mL B, W o B0 G 22 BEACRREAE K, R WA
i R B TR S A — TR . 4R b AR
REERE SR 5 T0 2 B GE B INR B R 400 pg/mL.
2.2 TEMMR R TR AT s AR

SRS U R B AR RS R SR B
VEFH , XoF i o B0 A 22 (1% 5% 5 St RIS R AT I 2 L A
Rl 2 iR

e/ (mg/kg)
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Fig.2 Effects of different concentrations of chromium on the

chromium content and the chrome-rich rate in Cordyceps militaris

mycelia
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M 2 AT LLE 7R WA R TR SR A0 i
DR 22 v R A G 2 TR IR R R 4 R S 5
JG TR S R IT R B IR E R 600 pg/mL B,
U R TR 22 R B i R B i S 4.5 mg/kg, HAS X R
ZHAH P22 57 B 35 (P<0.05) o fH 2 DA HU RS B 22 19
B RTTLLE W WK K B 5 B T iR T R IRk g
400 pg/mL B, & 8RR B KAE 0.34% , X S5 24
A ik B B R ) R TR R B R T R IS IR —
o LR LR 7RI R R A R B SR WS NS TR
HePE LA 400 pg/mL NH .

2.3 FEREART MR R AT BT 4% Be

ShyRf s g R A AR R A5 T T R E

X g HE R TR 22 B TRV ELASHEA TN , TRl 3 TR o

7% HA%/em

7
6
5
I
4t
3
2
1
0

BEICR BRI/ (ug/mL)
AN TR FIR 28 57 135 (P<0.05)
B3 AERERTEINEZEZNZM

Fig.3 Effects of different concentrations of chromium on the

colony diameter

ML 3 R, 24 [ A 8% 35 3k v i o0 S ik 1 7E
0~400 pg/mL ¥ BN, B 7% H A2 5 8 0 R Bk 2 52
IEAA M, TR TR ISR R 400 we/mL B 3k 2 iz
KA 6.0 em, 5 XT BRZAH Fh 25 5 3 (P<0.05) 5 1 B
5 [ A 75 3 P A o0 B IR R JE (W S IR o B 22/
K2 B, SRR B IR 0 45 2R — 3.

2.4 TEREACFHER SRR T RIS

N JINAS [) 4% 5 38 ) i o B ] 22 7E RS I s i
W 4 fis .

B 4 rpa] LB 7 H 0 R TR 22 7 [ AT Al
TR A R o I R R TR 22 TR RS IR JC R 1RGSR A
BRSNS BRI 200~400 pg/mL
HIOCEIG , W IE EAR S R AR LA a8k, HACHIE
L RV AR TR A B T I HUR R A 5 2 SR
FEP ST R BNV LY ORI, 7% BAR B W2/, A
2N G IR FUIRES , R RO IE &
2 XoF M R P A R AR — S ARV E
2.5 NI R O 2 ke il R R AR OTR A 1 5

VN IS [ 4 76 22 X i R 5 i R KRS 1 52

A. 0 pg/mL;B. 200 pg/mL;C. 400 pg/mL;D. 600 pg/mL;
E. 800 ;.Lg/mL;T/‘ﬁR:?: cmo
B 4 FESKEXEREFEZESMNZIN
Fig.4 Effect of different chromium concentrations on the myce-

lium morphology of Cordyceps militaris

M, Gl 5 Frs o

A. 0 pg/mL;B. 200 pg/mL;C. 400 pwg/mL;D. 600 pg/mL;
E. 800 pg/mL; R =2 cm.

Bl 5 AERESRTETEREERKSHZIT
Fig.5 Effects of different concentrations of chromium on the

growth of Cordyceps militaris

LS Al S BEALAR LE AR R 4% e 2 A Es
ANAS A 532 0 i H e g A A T LR T Y A
s SO L g e 1148 7 20 i PR R SR 1 AR K
BR RS CR IS IR BE A 800 pug/mL s, i Ht B~ 51
PR T IR B 28 T — o R A DR SR e, R
A o W 1) % T B AN ] T o e R A i LR
BH—E B TE.

2.6 AN[RVR RS o0 RO AR MR 5

TR A [R] 4% 76 28 6] B M R SR A MR 5
M, 43 2 s .

JNFE 2 AT LA 0 R B R R R R A I T
TCERJG, TR EAR (R AW R R R
TUE WS IR BE A3 i 258 B R TR 7R850
RUSTIHR A 400 wg/mL B, S04 = B A 1) 5 A
BIR B, B 55 A HE, 225 834 (P<0.05) ,iX
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Table 2 Effects of different concentrations of chromium on the

agronomic trait of Cordyceps militaris

FRIE 2R : V5 U
R e wmen gm0
0 15.67+0.38"  0.29+0.02*  6.23+0.15" 0°
200 16.25+0.25"  0.30+0.03*  6.57+0.25* 0°
400 18.83+0.63*  0.32+0.01*  6.90+0.10* 0°
600 14.75+0.50>  0.31+0.04*  5.11+0.36¢ 10"
800 9.25+0.67¢ 0.29+0.05*  4.89+0.61° 402

1 R RING i 3R 22 57 i 3% (P<0.05) .

S & B g MEACE R R 5 R & . BiRdt
HRS IS v A G i, V5 YR I e, ml LA
ol VAR JEE ) A 0T 2 KT R R S AAR 1 AR K B — S
AR BEAIG T S AR S B A PP
2.7 EEEARE ST
BEfhZead AL A5 8 UGS, il & A
AP TR AR A R IR O , B LB . XA
BESR I N ALEEE 2 AT A IR 45 3R a2 3 R .
M 3 T LLE W 4 AU SOEE 2 i R E o
91.45%.91.06% . 90.56% . 90.93% . 91.03% . 91.19%; %}
FEZH a0 28 B I B 12 2325351 R 0.029% Fi1 0.03%

x3 HERESWT
Table 3 Analysis of the data quality

215 J i R R HROWFRIG  HHRAI% 020/% Q30/% 19, Ay T 5 /%
CK1 43989358 40229074 7.59 0.02 97.91 94.19 50.25
CK2 39937142 36367602 7.99 0.02 97.77 93.92 50.69
CK3 49477074 44805996 7.42 0.02 97.97 94.39 50.23
SY1 44300756 40284034 8.64 0.03 97.99 94.55 50.14
SY2 47696136 43416894 8.15 0.03 97.79 93.94 50.98
SY3 40979596 37368480 8.14 0.03 97.82 94.06 50.74

alifb 5 Q20 Bl & b KT 97%, Q30 Hf & b K T 93%,
5 I VA R 5 i KT 50% . A5 SR B UL
B CTEACNs: =
2.8 ZESILAIRIN T

KH RIET geplots2 P4l 25 7 R IKFE K 1Y
LR JE R L A A A 1 0 BEDR 1 R A % S N I
FhE A E 6 iR .
40
35l <+ B3
s0p A
25} P
20t S
15
10

'1g10(}’ {E)

log, (22534550
Be6e =RERERFRENLE

Fig.6 Volcano map of differential expression genes

H1 1 6 AT, i R B B SR AL BN TR S
5% BREFLAR L SR E 1 8 512 A~ 22 5 3R K L A (differ-
ential expression genes, DEGs) , #R#E p<0.05 Fllllog, 227
> 1 2Bk ) 796 25 5 3 R IA L, Forp
EIHIEIN 483 4>, TN 313 4.
2.9 AR (gene ontology, GO) & FEHT

KH Top GO #H4T GO & 44T, 45 K 7 Fis .

PO -
445t T 3

R TS U B 1
E P

W

A g 2 TR
20 A 1 TR AR
B SIS SN

> TR G AR
A i
AR R
AP
A i T A Qi
A B
TR

B Ja B Tz
3

paiE) vk

20t PN TE R AN %

O 7»vIitie
0 =Yl
W 2 sy

-lgio(p i)
7 GO IfREERR

Fig.7 GO functional annotation
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AR A AU A AR R R Qe
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2,10 FUHEREEIA 5 BE A 2H A B4 43 (Kyoto Encyclope-
dia of Genes and Genomes, KEGG) & 541

i A cluster profiler #£17 KEGG & £ 43 #71 , #]
KEGG 8 % 5 V7 B 114 25 S5 356 R Xof g1 3 It 11 25 [ 91) 3%
AL IR BEATIH, 2 2R AN A 8 T

PR . ol
ﬁﬁxwwtm- .
ﬁ;ﬁ; J @) ' 0.025
A S AR TR AR .
Y ST PSR ﬂ%iﬁAW- o 0013
I B 5 ° :
A 2R A AR U 1 . I
LAmAERRE ] e 0
FEUAINTS .
O IR
ORI R LA
FEAL LA .
YA EY) 2 i
B-THRTRACI - ®
Fheftisi4 - @ @2

A FURE LA .
I T TR A

FIER YA N A Q

0 0.1020.304050.6
WHERT
B8 KEGG E&E#=E
Fig.8 Scatter plot of KEGG enrichment

MK 8 AT LA Y, 796 4~ 25 53 I 2 ek FE R AL
5] 20 ZACHHE RS . o F BRI F R
AR ARG I AAZ T BRI e AR A
IR AN 5 FRE RN L
2,11 G KEGG R pg 5 25 5 28 B f bt

Z 5 RN E £ 0 S KEGG Qi i £ 2
ﬁ 24 3 J?{ﬁ ’ﬂj% E[ {%ﬁ @ﬁ (mltogen activated proteln ki-
nase , MAPK) {3138 7% JBt T A T30 B i A i
% TR A S BRI AR 5 AR B, 45
KWK 4,

F 4 X KEGG BRWERRIEEREMBN
Table 4 Analysis of DEGs enriched in key KEGG pathways

fhEE RILEARK f;ﬁ fﬁi o fi

MAPK fUighpg  MSN4. MPK3/6 i 0.523  0.018

A IKICHLER  GSH2 ., SPE4 i 0.235  0.023
G METI6, CYCT T 0.125  0.063
TR A UXSI ., VXS [ 94 0.598  0.109
AR RpoC ., EF-tu T 0365 0452

FH 3% 4 AT, MAPK AR 5§38 [ fE 0% 75 41 i 32 21 A
] ¥ 71 S0 L 8 A5 i e AR S (] A 4 B A
2ERNP, MSN4 FEYmihEds 8 H 1A i, MSN4 5
PRI 9] 3% BH 40 i A2 31048 0T R Wi I 7= A 35 M A Bl
T U 2R B % T R O B IE R AR R A R TS 40
BIIEH AR . GSH2 A 8 I 4% 0 KRBT i i
TR KA T, S T R R TR T R Wy
SIZ I NVRRE Nt E= R A AT 02 0 1 0 N S Tve- = ot - 3 1 B

TR k% ic o AR, MET16 1 CYCT 2 A
B ST I8 R BR A  O0 Z M T AN A R AR Y
BR324l AT L A R B AR D O
AP TR AT LA S % 5T 3R X W R 1281
2.12  RT-qPCR X3 H ik i 50 3iE

— U 22 F R IB LI MSN4 . MPK3/6 .
GSH2 METI6 %% s 4 27 84im #47 RT-qPCR Hilk , 45
HanE 9 Frs.

0.6
05F
04
03F

02F

MSN4 FHXF KK

0.1

0

500
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400
350
300
250 1
200 1
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100

50

MPK3/6 FIXF 235K -

061

04r

02

GSH2 FIX} ik 7K

(=)

METI6 Fix§ 22k K F
o —_— [}%) (98] E W (@) ~

B9 4MRKEERRIEZERNRIEE L
Fig.9 Expression pattern of four representative DEGs
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KT, H2E R W, X 5 505 KEGG 18 % 19 22 5+
FENEIRIA R —E

3 #Hit

AR SCHRTE T /N [R] ¥ JEE %  28 0 o e e A A o i
S, 45 SR 3R W] TC I8 S WA A WG % | R B i
I B SEAR KT AR R, KR B T R IS S IR
I 400 wg/mLo =V B )86 00 28 23 0 il il e R ) A
K, FERI TGP RT R TR AR . LAk, @
XF % i (400 g/mL) FH A 38 B M DAY lumina
HiSeq 4000 7= 3 #0077 43 07 , 0 % th 796 4~ 22 5 Wk 3%
FEIRFLD  FEAENT T 25 57 100 3 338 3L X ) AR %, M
A3 7KV e8] B A R A AL
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