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Abstract

In order to explore the effects of light intensity, Pb-Zn stress and their interaction on the physiolog-
ical metabolism of Racomitrium japonicum, and provide relevant data support for the ecological
restoration of Pb-Zn mining areas. The plants of Racomitrium japonicum were collected in the field
and exposed to different levels of Pb-Zn stress (Lo: 0 + 0 mg-L-1, L1: 125 + 100 mg-L-1, L2: 250 + 200
mg-L-1, L3: 300 + 300 mg-L-1, Lsa: 400 + 400 mg-L-1) and different intensities of light (I100: full light
intensity CK, Is0: 40% full sunlight, I10: 10% full sunlight). The chlorophyll content, osmotic adjust-
ment substances (SP, Pro), membrane system indexes (RC, MDA) and antioxidant enzyme activities
(POD, CAT, SOD) were measured. Chlorophyll content was the highest under moderate shading (Iso
increased by 72.53% compared with l100), while Pb-Zn stress showed a dual effect of L1 promotion
and L3~L4 inhibition. Compound stress (L4l100) led to a 26.45% decrease in Chla content. The osmo-
regulatory substances (SP, Pro) and membrane permeability (RC) increased continuously with the
increase of Pb-Zn concentration, and the accumulation of them was aggravated by full light (L4l100
increased 3.41 times compared with the control); Antioxidant enzyme activity peaked at L3 (CAT
activity was 4.86 times that of the control), but high concentration stress (L4) inhibited enzyme ac-
tivity. Racomitrium japonicum resists multiple stresses through the coordinated regulation of chlo-
rophyll metabolism, osmotic regulation and antioxidant system. Its high tolerance under moderate
shading provide a theoretical basis for ecological restoration.
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RN P RIGANMEME SN A UE R R EINF, SR M B A AR STET R @, i X RIS E R IR I i) =
BEAIAUINRIK LR R, RS e AR R FE RN [1]. SATESBERARFEER
F TR 455 LR T B 2 S48, AEME T RiA =y AR A 3R AR LA S S5 SR 57 DR e S AR iR 25
(2], MELASZHL X ARSI E . & 8RR s R AR S D) Re, BT O E S BT R X A
YEE R TR 3] [4]. ZRIERDEE(Racomitrium japonicum)VE N EFEILZE 2 oIS B8Y R, 17£
F DR TR AR R R I B ARSI N R AR SRR AR, R EE v E
A E R GE R & 7 BC T ot B 4 & Wi R e & B, R &8T5 P L MR ) AR B B
A, AN REFPua 2 R B I (5] 7]

WRE RN IR EE MR WSS HIl TR 7 DS, Hu™ X 2407 T Skl
TERAE (R 5RO G R X S, IR PR 1R 3 B 23 A AR5 & B0 T A PR 9 AR AR PR T P 2 AR A BB T, AR T
TR A S ERRAR (8], Iy, KEIR R HEAR S 800 X &4 IR E S 85 4™ H, HA 4N (Pb). £ (Zn)
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A A5 S TG W o' L P55 R 7 40 i 2 A 0 SO ol - vy i e BRSO 3 5 0 &R el (PSID) 320 D
B A P 2 PO S ROR (Fv/Fm ), 184351 & NADPH/ATP ARl 2k fr, S E0SMA(ROS)E R R
iy BEEEE RS BIAE RS 6, IEERE AR, MnDE AR SRR R, DE
18 S [R]F  RER R 5 TR S ARG [10] [117. B, SR8 5 48 i 1 5 i ae R RAE Sl Fh 1
MERET, HEREEBHEE RN AEDEE.

BB W CORT B — Bl 2R T B B AR R e ST TR TAE[12]-[15], HEFXDLRR - E4&)R
HEMIERA SR FATRA L« Feal R R TAFEDCRE S E G5 R EAER T, RILADEE 2
B AL AFAE BB RN ER O, RGO A RGUE R TIALH] BB AR 2R R A S5 G
RE2E o] R RS o AHIFFE CAZR WD S AR SO % 5, 35 8 B AN [ 6 R i B 5 o P A S e
RGN R R EECE A N AEBE R 0T 70 B Y R X A S ) Fh O it $2 (i B
WA, FERAAE X & 8 A4 S 2 S HU AR O R S

2. MR EA*%

BB AR TP 8% (Racomitrium japonicum) KT DY )| JLEEVE R IX (K = B 2000~3100 m), Fsio%
VIR AT 0 LR, ORISR, BB TOKIEDE, TREFR 1 HGRE 25°C/15°C, RIE 80%, JGHRTRSE
3500 lux, YEFIHA 12 h:12 h)E B — S R R EEREMRAE AWIE AR, JEAUIR TR K7 5 B 2
B (042 10em, & 10 e) /RGN ETEE B IR0 . B AR E 15 NESE, Dk MERRF
PO R IR 1R 2

RIG B R BEALIX 4RI BT F (L 1), AFEEEEREIR 2 MR S RIS NG 57 16],
i 22 RPN 5 SR O RR R E 42 3 ANIKF, 3 il 4 e HR AR TR 2 (Too) s HH PR 2H (Lo) . R GAL
(Lo)o TRIS AN [EDIE HE IS 1) 15 B R FH AN 5] )= B e i X A g i e, FH R4 R B Je e B AR 1Y)
PREECRA: lux), SAJEIFEH 40%F0 10% E 265 T B, &5 BRI RIS, R 2K
TREe, e AN R 2 E S8 R FH X A 6 ST AT IEEEAL IR, A tBALFE2H (Tio): 26 12h+12h (G
WEFAM AT, JEIEIREE 100%). TR G4 (Lo): 40%4 068 12h+ 12h (—ZHWPHME % 12h+12h,
TN 60%) FEEEENHT0): 10%4EHE 12 h + 12 h (BZEHME T 12 h + 12 h, EERLN
90%). AR IR EEETS GAR AE AN EE LU SEPRIE DL, N INAS R BE 1) (CH3COO0),Pb #1 ZnSO4 7TH20 TR A
IR E 5 MEEHA K (Lo 0 + 0 mg-L™", Li: 125 + 100 mg-L™!, Ly: 250 + 200 mg-L™!, Ls: 300 + 300
mg L™, Ly: 400 + 400 mg L") HAH [F] 6 B 5 BT 1) &5 SR PR TBCCE U AR R TR — 2, JRERR OIS ERR &
TR ML 35 2 S BIRE A B, DAGRIE SRR BRI 1) 22 /. hE AR 60d J5, HUR
SV BE R (1) S 25 S A AT % T2 BB AR R 5

Table 1. Experimental design of light and Pb-Zn stress
1. RABEMEIEIZ T

EYEE A (Pb-Zn Stress)/ 6 0+ 0mgL™' 125+ 100 mgL™" 250 +200 mgL™" 300+ 300 mgL™' 400+ 400 mg-L™!

Light (Lo) (L1) (L2) (L3) (L)
A6 Too Lol100 (CK) LiTi00 LaT100 LsTi00 Lali00
H EEIEE Y Tao Lol4o Lil4o Lal4o Lsl4o Lalso
IS Lo Lol1o Lilio Lalio Lslio Lalio

KR TKCHE - AEHAFIEE 2:1)78 A IR FEN 2 I 52 4% % a (Chla). 4¢3 b (Chlb)& &; DDS-
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307A B4 RC {3l %€ AHXT 323 (RC); Bt B2 LG22 1% S5 (220 7 O 8 5 S (MDA, 28 S 3 W vl e ]
BWYEEASP)E&E, BRYEel = LN ZBR(Pro) & & AN L ikl e 3 S BF(POD) IS ¥
i1 R SE A P AL Bl (SOD) (i 1t s AR R Ec ik I 1 A B (CAT) S [ 17]-[19]

RIEHAE L “PIME + iz RER, DOGIRAEVE L BIE s R E, H SPSS20.0 HEATXL
KIZRT7 Z M, /23 22 5 i(LSD) LU A IR 22 5, BB a=0.05, 25 P<0.05 I, SRitss
REF G EE

3. RO
3.1. kRSB EBE R T EH RS ENIIL

Wk 1R, ZRIERPEER) Chla &, Chlb . Chla+b &5, Chla/b 526 AEEE G K —H 5
HAERWEZLI(P < 0.01). EAFNEEMHT, RIEWEHGR SRR 20— 8008 P
L (Tao) > FEEENA(T10) > NI (Tig0)o Lo ALFEZ Chla ¥, Chlb & . Chla+b ¥ & % Chla/b
B9 I EE Tioo AL FRAL P23 57 72.53% 54.99%- 81.00%F1 11.74% .. Vet X 42 WD 6 M4 255 5
i ) 2 IR FE AP o [F]— B BB LR, AR EADEEY) Chla/b  BA A EF WMiE 98 B2 WG N R 82 R, Lo Ab3E
i B 2 B AR {E(1.94). Chla & Chlb & &AMl Chla + b &R NFRDH LT ERE#S: L AT S Ehr
5= TR, Ly AT Ly A B AR T4 (P <0.01). AL E SMHA TR, RWEHSRSE

Bt AR T, RO FIEIERT . Loloo 8841 Chla, Chlb I Chla+

/> 26.45%- 20.83%F11 24.56%.
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Figure 1. Changes of chlorophyll a, chlorophyll b, chlorophyll a + b contents and chlorophyll a/b of Racomitrium japonicum

under light and Pb-Zn stress

B 1. ERRAMAEME TARITMEMZEEa. HERED, HERa+b FEFMMER ab BTN

DOI: 10.12677/0jns.2026.145073

SRS


https://doi.org/10.12677/ojns.2026.145073

wHadaE &%

B AN RS 7R OR AN R IR AL BRSO 22 7 LA GE T 22 R U(P < 0.05), /NG FRERIR AN FIHYERR
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< HEEYEHT) < I T00). 1ao AbFHZH SP. Pro A1 RC AR Ligo AEEE ) I ~F- YA BFAK 12.88%
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Figure 2. Changes of soluble protein contents, proline contents and relative conductivity of Racomitrium japonicum under
light and Pb-Zn stress
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Figure 3. Changes of the contents of malondialdehyde, and the activity of peroxidase, catalase and superoxide dismutase in
Racomitrium japonicum under light and Pb-Zn stress
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M 3 ATCAE H, SRR SV E K S HAE A AR AP EE Y MDA & B8R 3 R a0 B i 1tk 35
BAWEZEFI(P < 0.01). FEAEHEMHERE RGN, RIWADER MDA & & 2GRS FH s .
L BHE/KF TR, MDA & EERIRE: PHamERE Ly i, MDA &&ik35H K, B B4 hn
46.54%. AFCHZEAE T, AV EE(T00) R TR EE T MDA & IS AL (L) MDA & &
AR, BAGRRA P IIBEL 33.54%. LI SEYEEME A BAE I — DRI, A Jelabsl L, dvieia
(Lali00) 33 MDA & EiEEIH K, B Lolioo 1 58.82%. 45 ], 430 WD GE XM IR B AvEE il 1A — 2
MFETUER, (ABEAE P E IR EE RN, FEPUVE WSS, 5 % R o 52 3 [F) 4 FH 22 0Lt B 5 i [ 432
P48

ANEDCHR A BT, KR EE POD. CAT M1 SOD G LY 230 — B3 th#a . BB
R A 3G N, 3 PP RS T R B, JRTE Ly ME KA BN (P < 0.01). JeHEAAIER L E
S4H 3 AT BB IS PE(P < 0.01), 3 b4 o' R b B51 (1, 00) BV 1 A2 8, 0 T8 JHE Y (Lao) IS VG PE R AIG - O
85 H R I8 158 LA RN 3 ARG E M B A AR 2 3 52 (P < 0.01),  Ls #vEEia 5 4 6 AL BE (LsLioo) T
3 Pl A S Mk B A S E, i SR AE (Lolso) /1 1.50 £5 . 4.86 51 1.38 fif. Z5 KW, HrEeihin
TR SR R G0 SR ARG S (S, IR D R 08 IR O P AL R G X R
W

3.4. RIEBEEZERIERREIRHE XS

AR HD 85 25 AR BRAR AR A SME BT R (R 2), MR SR 5B E AR (SP, Pro). RS fa %
(RC, MDA) & LA EE(POD, CAT, SOD) 2 AR 1 AH G K R . SP. Prow RC. MDA VLK 3 Fifit
AL )3 2R 2 IEAHSR(P < 0.01). &5 R4z 1 e S i) U R LA 5468 50 i e i i 15
B W FTY R (SP, Pro) A B A BRI EIE E(RO) G 55, [ BMHI M4 R & . RN, il R
41(POD, CAT, SOD) 1 [FI P HiEFR BH , 25 W AD B8 i B V5 32 1A 15 15 A Ji7 - (10 X0 EE 5% W SR AHLAR I
B 7.

Table 2. Correlation analysis of physiological indexes of Racomitrium japonicum

2. RSN EEIBIEAREIREX 2R

FEFER Index Chla Chlb Chla+b  Chla/b SP Pro RC MDA  POD CAT

Chlb 0.991%**
Chla+b 0.999**  0.996**

Chla/b 0.916**  0.864**  0.903**

SP —0.478** —0.484** —0.481** —0.426**

Pro —0.530*% —0.538%* —0.534** —0.470%* (.993**

RC —0.724%*  —0.708** —0.722** —0.720%* 0.913** 0.930%*

MDA —0.866** —0.858** —0.866** —0.825%* (.777** 0.808** (.944**

POD —0.791*%*% —0.803** —0.797** —0.685** 0.762** 0.787** 0.847** 0.865**

CAT —0.434**  —0.415** —0.430** —0.474** 0.817** 0.818** 0.790** 0.668** 0.800**

SOD —0.330*%*  —0.297*  —0.321* —0.428** 0.545%* 0.553**% 0.558** 0.464** 0.667** 0.920%*

*P<0.05, **P<0.01,
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4. FhefLEL
4.1. FEWEHFRETEXCRATATER B YR

TENEBRGTHEE MRS, EREMAES K ERN, EREs. AT T 8
ARG E SN, AL 2 LR 1] [20]. HERRRSOBEME T EEERN EEAR, HE)
AN RE B B 6 R SRR, I AS Wil ) 10 58 15 HRE B I A b & [21] . AW SRR
R HEM-45 K453 (Chla. Chlb J%2 Chla + b & &) %44 rin 52 50l 70 (KRR B ALk « v I S8 0 ) (K XL
) YA 5 RN o X 5 PN B2 BA[22] 56 T8 e i R B N B, 33— SBAIESE T & SRR IE R R B & B A7
FEIE PR R o A B 1Y) 4 e ol DU J68 3 e e A A A P AR e A R A s 4, Bk 4 3
B OARERE R TE, B SEHEYCE RAEVIREZIN23] [24]. K THEGE ab WEHMARAER, EE&E
Foipi 2 2 B Z A, X5 Chettri 25[25] 5 4 )& /21 Chla [7] Chlb #AL LS RAHY) A . T Chla IR
WK% BOG BE T Chlb i [ FE A 3K, 1% L AR A8 4 B0 S A AN [ 6 1% R SR R B SR ms [ 18], R
e A 7 25 0D 0 o R € 3R LU SR R RR 35 S5 N DR B . IR R I AR AT & BRI P
UL TRk

SEICHIH B S G AR R, RIS (L) R E - RR S &, RIMBRAE A S 7 3k
FREAE[26]. TESGMMNEFMT, wa SR AR 2B Ba G 08, G2k BB R T H—
A ALER, B R AN RIAEE R 0 A R G AR B e

4.2. XBAEEFMENFEDESEBHTYR, BRAGREEMREHEREHEE

52 YEE SR P ia T s & BB YRR ML — 80 AW AR e T AR TR
#if SP 1 Pro MIRFELAR B (Lo 2 La)idF—AHIESE 1205 15 22 B B SO A R 7 185 i SR, IX — IR AT g
HIMERR G SOCEEE T B E R G SR E O RN RS ERSEE YA K([27]-[29]. 2R, PUEAERE T
(POD, CAT, SOD)I] “ARAZm=dtl” FaF(Ls W IAUE(E 5 T %) 59258 A 15451 (SP, Pro)IIHFEAR BRI HONT EL .
FAUIL G AE Pb Wi N Ui W1 28 (Syntrichia caninervis)« B 4E(Bryum argenteum) 9N &) AT &£ (Plagiomnium
acutum) P A HIE : AR PHEEGE BT RS LLE R ROS, T A FE 118 5 S50 i) A0 S A 1 A
BRI13]. BE—DREFURI, 580 - BVEE B S AL B (Lalioo), AR EEHTEACEREYE T %S SP. Pro
FREETH w0 or JE, v REHR R AR D S AE BE & 70 il B IOAUT S60g . 24 ROS I R Hia bl R A &
i, RS AR B BC 42 & W T B S i, T AR = AR RE PR B RS, DAYERRES f 58
PE.

2 B (1h00) S0l 35 MBI BE B Al AR 2R SRR A 2808, I MDA RC. SP 1 Pro 1) IS FIEAE, 1
TR (L) 2 73X — IR . CAMIBEFEIAA, & REEEw] DLl B E R, jb ot R Gedi i i
ROS 5, 4ERFHUALERSPE(SOD, CAT) AR, AT Y 50T B 4 8 e i 52 V[ 15]. 2R, fHA5%
FERR, A AL EE (1 00) i 3 58 1 A D #E P E AL S 1 (POD, CAT, SOD), i)t MDA,
RC. SP Al Pro & EHTHEIL T JE o X — & R U E 58 IC A H (Too) 2 POD CAT A1 SOD 1473 31l 7+
i, AREHUEA T A R AIA 2 DAL % - 48R VIR P E T B BOE MR 0 A& RV AR R .
HEE - mEEEEEFAMRANREFEEAROS, O, H,0,, ON)BEAKINR, MENEANLRSR
SOD-POD-CAT i 5t EHIE MR &R 7 ROS, {H pie i ik (e I B i B 4 sz & Jmfadli,  BRRTERR A /118
FEAN PR R R R EE i — 2D A S AR A R AT AR, BREPUN AR (AsA). BBEH K
(GSH). ZKREH . MW AR = IR/ 7 736 [R 25 ROS #K, HIR AsA-GSH fEMEH, DLILIR KM
RPUEMN R GG R EE T L [22] 0 BT A & i TSI P 1) S R 8+ v i e A v S B, Ui
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o0 5 R A B RO AE BT 0 e, BB B TR R IR PR SR A SRR B R 5 ARBE LA
G CAIER R A F IR BRI NN 2 A Y RS N HEE . ROS MR AL 14
BT, AR WEAES ) T25 Ca¥'s MAPK ZURME il H, I NI TE A mN. (B mRE

BYER BN AL T ROS R RM, H5IREH VAN, REGE MMM EIEBIR, MDA 5
X RSREE L.

S —ha st FAate, S5 MHE T A BRER BRI B R RO 3 SR T R — I E ) BN, Aot S g
B A W8 (Lalioo) 2 & I MDA SP Al Pro I3 &, Lalioo AEBE[) SP i Pro 2 & /2 H— 't I BE (Loloo)
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