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Pogonatherum crinitum was used as the research object, and a hydroponic simulated stress experiment with lead concentrations of 0, 300,

500, 1 000 mg- L™, and 2 000 mg- L.™" was carried out. In addition, the antioxidant enzyme activity in the leaves of P. crinitum at different
concentrations was determined, and the sequencing of the RNA—=Seq of P. crinitum leaves by Pb treatments was performed. The unigenes
obtained by transcriptome sequencing were enriched and annotated with GO and KEGG, and the DEGs related to leaf antioxidant enzymes
were screened out and verified using qRT-PCR. The results revealed that, with the increase in lead stress concentration, the activities of
POD, SOD, and CAT in the leaves of P. crinitum showed an increasing trend; however, MDA content showed an increasing trend firstly and
then decreased. The total number of bases obtained by sequencing was 56.34 Gb. The base quality of each sample reached Q20 and Q30
exceeded 90%, indicating that the database was reliable. The selected DEGs were compared and annotated through GO and KEGG
databases, and the result showed that antioxidant-related GO functional terms such as “peroxisome” “oxidoreductase activity” and
“oxidoreductase activity, acting on CH-OH group of donors” “reactive oxygen species metabolic process” and “hydrogen peroxide
metabolic process” were significantly enriched in the DEGs of P. crinitum. Moreover, the DEGs were significantly enriched in antioxidant—
related KEGG pathways such as “glutathione metabolism” “ascorbate and aldarate metabolism” “plant hormone signal transduction”
"flavonoid biosynthesis” and “MAPK signaling pathway—plant”. The expression of antioxidant enzyme-related genes PcSOD, PcPOD, and
PcCAT in the leaves of P. crinitum were upregulated under Pb stress. The qRT-PCR results were consistent with the transcriptome
sequencing results, and the relative expression levels of these genes were consistent with the changing trend of the antioxidant enzyme
activities under Pb stress. This study shows that P. crinitum adapts to heavy metal Pb stress by increasing the activity of antioxidant

enzymes, and the antioxidant enzyme-related genes PcSOD, PcPOD, and PcCAT are involved in the regulation of P. crinitum in response to

heavy metal Pb stress.

Keywords : hyperaccumulator; Pogonatherum crinitum; Pb stress; antioxidase; qRT-PCR
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TERE TR W58, ikt T — L5 XA [ H 45w 1Y
AR B0 Bh (As ) B T B R ) R A BT (Preris
Vitta 1.)',2007 45 % BLE) % (Cr) & EAH ) 22 R
(Leersia hexandra Sw.)" 48 (Cd) 8 & MY R 5o K
(Sedum alfredii Hance )55 . {H 2, H [ i 1% 1 7Y 88
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DR, SR AR IR O 48 A A e 3
B, AT E— 2P S THE S SRR, & 32 32 51T
BT 2 RTE . WEE A B — S AR ) AT i e
NI G e LR R b STYNAC - Y/ SR (EN S RiID )
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I3 AL D7 A A fr PR AR R

4 %4 B [Pogonatherum crinitum (Thunb.) Kunth.]
S —FhE 4 B 4T (Ph) 1B & SR A Y , % M W) RETE Pb
1K 20 000 mg - kg A9 IPRIE PRI IR R AR K 1R
B RO X G 22 WA Y s R AT LA ] 10,181

H 4R P AT, 4 22 B a3 2o B S P AT Tl
[EE AL P B ARG (SOD) i %A Ak Wi (POD) i 44k
ZUH (CAT)] #8223 MR 1 9 ot & o [l R
(Pro) \ ATV PENE (SS) Al A 11 (Cpr) [FIT IR
IR ~43 e T K (ASA-GSH) 178 #1755 5 W A 38 7 Ph
THEREE R Ph P8 MR RE A BSR4 22 BRI
PRI M L2 5 g 340, BT AU R G ARSI
H R PR EEAEM A T AP R
ANTERE . EHT, Y AP A e 0y 35 5 e #4T 4A AL
W RE G BE D] T e — BB AT 5 . AR SO AF I BF 9 &
PR =5 B [Sorghum bicolor (L.) Moench] # SbSODs . Sb-
PODs 25 B PATEARIR A T ERRIE , X — K IR
T e R L SR A 1 2% 5 1 A SR E Y R
U A (17K (Hg) 2315 5 POD3  CAT2 55 JE R F il
DLk B A 45 JR 0 25 55 o BF 98 R W1 IT 3¢ Brassica
Juncea (L.) Czern.]@ﬁﬁﬁ%%% CAT.POD F1SOD
SEREAH G EE I By R IK B, s PR L RGBT, A
177 0 137 g 38 s ALARAIDH S5 1) BF 5 & BEAE Ph , Cr
1 Cd i, # 7 B (Trigonella foenum—graecum L.)
T 3 WA CAT \POD S5 il 4 AH OC ik PRAS [F] 1 B2 b 2 ik
e ek 553 L 483 g 0 L 2 A 5 3l 3 X EAE (Medica-
go sativa L.) BIBIFFE I, AR A0 38 PR 58 T TR
1 R A AL CAPX) A5 e H IR B (GR) #1 SOD
S5RH DGR P 5 ol 22 W B B H H X 4 22
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B Ph (1453 F ML i A B Aff , 6 L 57 Ph ka6 4t
AT AF DI R R LA FHBILTR 8 AT 0 -

AWEFE LA Ph M5 EAR Y 4 22 BN R RN 4 X
TEASTE] Ph v FE B3 1050, HL AN Ph i b 2
T 4 22 BT AR AR BTGk Y 22 5, X Ph [ Ab B Y 4
22 BN A T A SR ALY | 0 326 R S BT SR AT R AR
KM 22 5 R FE R IF AT qRT-PCR B IE , #8785 4
22 W [N Ph 36 B ST A DG Ik R R LA R AL
B A S R R 0 R R Ph 36 B P AE AL B R
PR

1 MEETE

1.1 iRBEH R

HEIR ) 4 22 FOR R R % B ok A fm e —
YRR IX . BRI AN = P R B R
S KR H R KRB 70% A A e 2R E
15 em 2247 B J a0 5
1.2 REEItT

R A B & 2254 IE U TR R,
A% 2 A 1/8 Hoagland & FE R MY /K K556 & vp , I
FHAE UG EAR AR [ 2 , B AR AR A 15 0k, TE B FF
W 3 dJE IR Ph A ilss . 3% BN AR Pb
AR, 4354 300,500, 1 000 mg - L™ F12 000 mg- L™
(4351 ] Pb300 ., Ph500 . Ph1000 F1 Ph2000 2 /5% ) , 2%
(CH;COOH ),Pb Bt #ill () 60 mg - L™ i) Ph 1 ¥ , 4% 1R 1%
TTAY Ph 36 e BE I AK R Ph A T T 254 8 SR Y
B ep | [a] i 5 G Ph a8 0 % BRI (CK) .
BN 1/8 1 Hoagland & F2 W, F2 i L3 1, 1
o KH.PO. R B R s E 77 14 0.136 g - L7 98 /04 0.680
mg- L7, Dk = AR DI0E . R BFRREER S
TR G AR Py EE B I v, & T A TR
i 15 25 78 b E AT P 30 X5, TR R 25 °C LB
75% , YCREGR FE R 6 000 1x, A4 G BRI A] 4 16 h/8 h,
JIE B R] A 7 do e OB 4 22 BE R 7 BY BRI A1 A
BOE AW EER, BT -80 CKF &M . CK.
Ph300 . Ph500 . Ph1000 F1 Ph2000 4k H (1) #£ &4 F F it
SEAL BTG E AN B (MDA) & 0 % \RNA $25C, 3F
B B R, B AL PR 3R A . ] Bk B

CK .Pb1000 4b B {4 i FHF RNA W5 43 B7 , B34 3 1K
YIS

1.3 iR HE

1.3.1 Fréa ALl &

] 25 Tl A < PR L 4 22 R AR I 0.2 g, 1 TR A
FERER TS B ST H S T 4 mL B0, A T mL
0.05 mol - L' pH 7.8 MR £h 2% 0Pl , 2 X 2 4 mL.
H I BEASIR AT L A P 3 B0 HL 4 °C 10 000
remin” IO 10 min, B E ISR 4 CUKAR 25 H -
4 22 B0 SOD .CAT . POD i ¥4 11 MDA 75 431 5%
FHZUHE pame ks 22 AR AR I ik A A L
RPN E,

1.3.2 RNA $&H ¥ Fi

B AR 1 F TIANGEN 224 22 B /14 . RNA
PR BRI £ 2 BURNA , I A 88 S 20 6 06 BE 146
RNA ¢ B Je 4l i (kB2 75 KT 50 ng - pL™', OD {H 7E
1.8~2.0 Z 0], SRAERNA L) o Ll 19% HSRIRHR A
B RNAFE S I HERE 1T, B UK 24 20 min, K EHCE FE
4 H Bl BRI UGRAX LSRR i i) 56 3 B N 2 B A AE
DNA 75 LB . 45 29 RNA 485K 8 7 S, fif
FH Nlumina HiSeq 4000 Wl 531 5 00 7 , 4 e 245 21 (1)
clean reads F FH 2H % 7 Trinity ™ #E 47 2H % FF PEAN o
FHRSEM B A% 21 28 R [ unigene 7E i .

1.3.3 ZR IR

$5 3[R 2 3k 7K - H Y reads count 08 , £ F DE-
Seq2™ B AF AT 4 b, 153 22 LK . FDR(BE1R K
B )<0.05 H |log, FC [>1 A% [H Ayt 3 22 S 3L 7 4%
1235 22 5711 Unigene 7] GO BUHE J 1 4% 25 H WLbS 347
HIRE 43T, [A] B 8F Unigene 5 KEGG $04 2 Hb XT i 22
HEHAZ 5k F2 AR RENES R RERE.
SEE TR E SR AT A AL R R S 25 R AR
1.3.4 sk 5oOte &

{Fi 44\ E 477 Uni All-in—one First—Strand
c¢DNA Synthesis SuperMix for qPCR Sz % 51855 & 51 T
I 515 3 ¢cDNA, fifi i NCBI premier designing
tools B IHIGE H 115 4 22 R e AL AR DG YT Ph
SELAIXT 42 Ph A M LS 1), iR 2 R .

el A N 0 T 47 2R 0 B R A R B Y QuanStu-

% 1 Hoagland EFiK A

Table 1 Components of Hoagland nutrient solution

KH2P04/ KNO;/ MgSO4'7HzO/ HxBOz/ CHSOA'SHQO/ ZHSO4'7H20/ MHC]4'H:O/ (NH4)2MOO4/ Ndz'EDTA/ FCSO4'7H20/ Ca(NOx)z‘4H20/
(mg-L™") (gL (g-L") (g:L")  (mg-L™") (mg-L™) (g-L") (mg-L™")  (mg-L") (mg-L™") (gL
0.680 0.505 0.492 0.002 0.079 0.219 0.002 0.098 0.037 0.031 1.180

1% WHART]
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dio3 System “EE 7 PCRAYL, W& FR Ky« b RS |
P1(10 pmol - L") 4% 0.4 wL,cDNA 1 plL,2xPerfectStart
Green qPCR SuperMix 10 pL, Nuclease—free Water 8.2
pL, 3820 pLo SONLiEFE R 94 C 305,94 C 55,60 C
30 s, A0, BAFEMB 3N AW EE B
MY EE B3N EORE S, ] 2 I RN
SORERS SN s
1.4 HiE4bE

{FH SPSS 25 #c 4 , SR FH L IA 3 5 22 53 1t (One—
way ANOVA ) fll Tukey’s post—hoc 5 56 X 128 56 %5 5 i7F
fr2®m L. PG YES 0 1A YA e bR i
3UCE S, I A5 R AR 22 R . R
H Origin 2017 #4224 .

2 HERENH

2.1 PhRMBERT &2 EM F R4 EF NI

ANTR] Ph BV BE TR, 4 22 B0 5 B S A B PR
B AR AN 1 B 7R o B Ph ¥ EE A 3G N, 4x 22 Bt
J POD fiff i 1 5 FHE %, Ph1000, Ph2000 4b #E N 1Y
POD i P 2 35 K F CK K HoAh b B (P<0.05) , 4351l
e CK b PR 5 10.16% .10.27% ., Ph AT , 4225
M- 5 CAT B & P Bl Ph v B2 A9 388 g 38 i, 5
Ph2000 ., Ph1000 £ Pb500 &b B T () il I P 2 & K F
CK 4b B (P<0.05) , 43 51l J2& CK 4b #H (¥ 2.14,1.90 £ F1
1.824% . W7 SOD M 1 ) J2& b 75 Ph ¥ B A 34 fin 52
B TS AL, HL Ph1000  Ph2000 Ab HH ) il 15
Pk 58 2 KT CK &k B (P<0.05) , #1428 T Ph1000 42k 3,
Ph2000 4 P [ SOD BT 132 = 1 18.54%, —# 2%
S0 % (P<0.05) . [ Phb He BE 88 0, 4 22 B5 0 1
MDA % it B A 2 EFH#a#E, 5 CKAFEAR L, Pb500 .
Pb1000 43 i MDA 7 52 53 & 1 0.57 . 1.30 %,
% 5 5.2 (P<0.05) ,{H Ph2000 &b F i MDA & i

FR T HARALHE (P<0.05) . LA L, 422 B ol
AE 38 3o e 480 AL T W 1 K MDA 5 5 1 728 16 e 3% 137 Pb
JBiR 3L, AN T 470 AR A il 3 3 AN () g 7y 4t v 4 4
PE 980 Ph B X AR A 55
22 MEFER

T Ph #1000 mg- L A0 PR Y 45 22 BE - - 4g
AR IS VE AR AR 2 SGERBET BR(CS) AR 35 1 000
mg - L7'Ph J8 (TS) &b 38 45 22 s i Fy B i A 7 55 38
SR B 3R L6 AR I P AR N
FIFR. WA MAA%E 8515 3] S gL
56.34 Gb, GC oM 57.37%~58.06% , T ik 41 1 P-4 .
A FE AR R (A 3 Q20 LA FKSE RO E H 5 T
IR T 95%, iK% Q30 DL LA BR S H & b KT
90% , 136 I A FE il DU PP o o s, R B R PR EK
23 ZRERERIE

3L Deseq2 F A3 TS 5 CS b B 43 22 B
M) 25 S ARk FE IR, 0 F 22 59 40 M 45 SR i %8 FDR<0.05
H[log: FC>1 iy 5K g 13 %25 5315 (K1 2) 0 407 %
LTS 55 CS Ab B 4 22 B {1 - Unigenes 3445 3 282/~
Z 5L (DEGs) , Hi A 1 626 4~ LI FE R FI 1 656
ATV . B3R, & 22 B Ph A G5 K 7E
CSHTSAM TR R E. 5 CSATAMLIL, TSk
PR 5 B A A i AH OC 19 3 K (POD . CAT .SOD . GSH .
Unigene0049346, Unigene0015966, Unigene0002954 |
Unigene0032786 Fll Unigene0041749 %5 ) ik Fif, 5
Pb Jli8E S 4 22 BE 0 Fr Bt A A0l S PR AR AL R B
BRI Z Ah, 48 B EE 11 (MTs) 8 (i (Kinase ) (28
4 H (Thaumatin—like protein) \BOX .ZIP \NAC ¥z
1 VABC §612 35 RN FE s 25 1800 BRIk, X
SE] B A 5 4 = A P MR A 1Y Ph BB AT G 5 i
2R K Z Wy % AL i (Polyphenol oxidase , chloroplastic) .
& 1 Jii 4 B A& (Protein mitochondrial ) 1 2H 21 25 1 fifi

R2 BREEREZMREEES WFT

Table 2 Candidate gene names and primer sequences used in qRT-PCR

LD Gene ID 5|44 F Primer name 514751 (5'~3" ) Primer sequence FEH RN Amplification product size
Unigene0039410 GAPDH-F F:GAAGCACAGTGACATCAGCC 271
GAPDH-R R:AAGATCCGAGGTGTACTTGTCC

Unigene0029007 CAT-F F:ACATGGAGGGCTTTGGTGTC 100

CAT-R R:CATTTCACGCCACAAGTCGG
Unigene0041749 SOD-F F:AAGGATCAGGTTGGGCTTGG 232

SOD-R R:GCCTCACTGTACCGCTTTGA
Unigene0069373 POD-F F:TGCTGGACGGGAACAACAC 155

POD-R R:TCCGTATTTAGCCGCGATGG

WWW.QEs.0r9.CN




[\
—_
[®)
[\

4007
350 d
300
250
200
150
100}

50+

POD {4 POD activity/(U-g™)

CK Ph300 Pb500  Pb1000  Pb2000

AL FT Treatment

100

80

— &

—_—
L

60 [

A o

40 +

—— =

20

CAT {4 CAT activity/(U-g™")

CK Ph300 Pb500  Pb1000  Pb2000

AbF Treatment

VRS RSy F4155 108
45007

~ a
4000 1
53500
23000
S 2500 ¢
22000
51500

7= 1000
500

o

activity/
HH o
Ho

0

SOD %

0 CK Pbh300 Pb500  Pb1000  Pbh2000

AL FR Treatment

140

= e

120

100

80 -

—— T

60

HA©

20 +

MDA 754 MDA content/(nmol-g™)

CK Ph300 Pb500  Pb1000  Pb2000

Kb F Treatment

AN INE PR IR [ Rk B R ) — 45 22 5 2.3 (P<0.05)

Different lowercase letters indicate significant differences in the same index among different treatments (P<0.05)

1 A6 Ph AMB IR B3 & L Bt i FL AL BEIE 150 MDA & 287200

Figure 1 Effects of different Pb stress concentrations on antioxidant enzyme activities and MDA content in the leaves of P. crinitum

R3 SLEMREREANFERST
Table 3 Analysis of transcriptome sequencing data of P. crinitum
FESAFR IR EE TR 020/ Q30/ GG/
Sample  Raw data/bp  Clean data/bp % % %

CS1 10075513 200 9 967 603 237  96.37 90.72  57.59
CS2 8612987 100 8522345394 95.82 90.03 5791
CS3 8621332500 8540528782 96.43 90.85 58.06
TS1 11216248 800 11 132795 823  96.32 90.60  57.37
TS2 9179044800 9113261254 96.52 91.00 57.93
TS3 9141927900 9064 171045 96.23 90.48  58.01

(Cathepsin) %5 W2 1A , X 2L S AERRHLAEIC
WA 5, LW Ph kA R RARER 2> ILREZ 5 .
24 ERRFBEANCOEE
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WS 0 T % Pb AT DEGs i XhfE. A
1 032 %% DEGs & 4 7E GO ¥t ¢ , ix 265 [ By 8 £ 14
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Figure 3 Heat map of the expression of some Ph—tolerant DEGs

in the leaves of P. crinitum
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Figure 4 GO enrichment classification map of differentially expressed genes in the leaves of P. crinitum under Pb stress
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Table 4 GO analysis of antioxidant enzyme-related genes
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Figure 5 KEGG analysis of partial DEGs in leaves of P. crinitum under Pb stress
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Figure 6 Enrichment map of candidate gene metabolic pathways
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