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i ZE: B E T (As) WA=t Panax notoginseng MR HE s, TN ER AZE PnTIPL;3, @idA4
YME B W I B IR R IA SRS, AT HAE As i I AR I ThRedrIE . 750%  FIAAEM(E B2 TR EEH PnTIPL;3 (1)
JFBVRRE B 8 37 KORAAE o MRk p R Ra ik R, i8I R AL . ICP-MS MIE 40 As & &5 A 41T,
FRMAECHUE AR R, RGPS PnTIPL;3 E4UM0 As g Thee. R FRERE =LA NER A HE PTIPL;3,
FHFTBR ARy 750 bp, Zwfid 250 N HEER, RIS HIRAIE T TIPL Wik. BaiFAMEsHEEE2 MR £K
RE K BAR SN SAE H oiE. As Tt sSRER L], RS PnTIPL;3 B4+ (TPnTIP1;3) ) ECso N 5.36
mmol/L, BT # T (5.03mmol/L). As AbIEXT 2 FEsiAk A= K35 7= A= 4], (RO 2 8k B AR A0 B8R B35 . ICP-MS 43
FriEsR, TPnTIPL;3 Wtk o As FAR B 03w T IR, TWAHMIZE 7 As & SR IUN A0 MBE > 0 > )i . 78 As Bba T,
TPnTIPL;3 HiE M4 (reactive oxygen species, ROS) 7K (K (P<<0.001), TiHEAMMIEALEE (superoxide dismutase,
SOD). & LEBEF (catalase, CAT) WtELL A BH L (glutathione, GSH) Fl4:/@iE I (metallothionein, MT) &8
B3 T (P<0.05). XM —PEY, KEHEMMERS S As &8 LA As IR EZEEHX. i =t
HWIRANFEE B ER PnTIPL;3 BT TIPL Wik, HFUREE T {RERE BT As R R SHIEIX R GEfE, JHmdBusE LHhie
b R G sE T As WA FITH 32 58 77 .
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5. Wenshan Miaoxiang Sanqi Technology Co., Ltd., Wenshan 663108, China

Abstract: Objective Based on transcriptome data from roots of Panax notoginseng under arsenic (As) stress, the tonoplast intrinsic
protein gene PnTIP1;3 was cloned. Its functional characteristics in As transport were investigated through bioinformatic analysis and
heterologous expression in yeast. Methods Bioinformatic tools were used to analyze the sequence features and promoter cis-acting
elements of PrTIPI,3. A yeast heterologous expression system was constructed, and the role of PnTIP1;3 in cellular As transport was
systematically evaluated through phenotypic assays, intracellular As content and subcellular distribution measurement by ICP-MS, and
analysis of relevant antioxidant indicators. Results The tonoplast intrinsic protein gene PnTIP1;3 was cloned, with an open reading
frame of 750 bp encoding 250 amino acids. Phylogenetic analysis indicated that it belongs to the TIP1 subfamily. Promoter analysis
revealed the presence of multiple cis-acting elements related to hormones, growth and development, and stress responses. As tolerance
assays showed that the half-maximal effective concentration (ECso) of yeast transformants heterologously expressing PnTIP1;3
(TPnTIPI,;3) was 5.36 mmol/L, higher than that of the empty vector control (5.03 mmol/L). As treatment inhibited the growth of both
strains, but the empty vector control was more severely affected. ICP-MS analysis indicated that total As accumulation was significantly
higher in TPnTIPI,3 than in the control, and the subcellular distribution of As followed the pattern: cell wall > vacuole > cytoplasm.
Under As stress, reactive oxygen species (ROS) levels were significantly decreased (P < 0.001) in TPnTIP1,3, while the activities of
superoxide dismutase (SOD) and catalase (CAT), as well as the contents of glutathione (GSH) and metallothionein (MT), were
significantly increased (P <0.05). Correlation analysis further demonstrated significant positive relationships between these antioxidant
indicators and both total As content and cell wall As concentration. Conclusion The P. notoginseng tonoplast intrinsic protein gene
PnTIPI;3, a member of the TIP1 subfamily, enhances yeast tolerance to As stress by promoting As accumulation and vacuolar
sequestration, and through activation of the host antioxidant system.
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1 (phosphate transporter, PHT) &R £h FIHHER £
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AQPs ;2 FENTEE I (major intrinsic proteins,

MIPs) EBRIRRL L, (ESIYIAEY) P 7E s
SR, MR PSR EAL, MIP B3R 5 4>
AQP R, 43 HI NI N #EE ) (plasma membrane
intrinsicproteins, PIPs). V&I NFEEH (tonoplast
intrinsic proteins, TIPs). ZX NOD26 J& N 7E & H
(nodulin 26-like intrinsic proteins, NIPs). /NFHllt:
WTEE I (small basic intrinsicproteins, SIPs) £l X-Py
Y58 H (X-intrinsic proteins, XIPs) ", TIPs {4 MIPs
HREEPN AN, BA AR “Asn-Pro-Ala” NPA
FEF G EMERIR (AR RIS AR DL ME—1)
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T ZEONFIA B USTSE R ) %8R Cnickel, NiDL 4R
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SZ, SPUEFIARIAE TIP4;] FEPAENS B E R G
XT As [HEEdTHE .
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THAE SR, MR =15 As @BARREEEA —E N
ZHEME
1 #RIS{EE
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£ =& P. notoginseng (Burk) F. H. Chen Ziif}, %t 10
mg/kg Na,HAsO4- 7TH,O AbFE 6 N H , FE=FE LN
W 2 =R RTE AR T . PRIENE G B T R
BESRAF AR INVScel ASEI = 156 pYES2 iy T
JEREERARIEAA R AT . KT H DHSo B2 4540
A e e e B E s N S R/ P e N A A
AR (R Bt BAREBR A ] Hieff Clone®Zero
TOPO-Blunt Simple Clonin Kit.
1.2 XE5R

Proflex 1! PCR ¥ #§84%, EEMNHEM RS A
A]; FDSOA B4 s s R K e, 21180 A IR
AT JBZL-08 B REIEIRFRIN, H M R AR ]
A AT WD-9403X s ykili, Jbnis—44)
BHEHR AT UV2355 BUERAMMEEET, R
Pl R A PRA ] FlexA-200 BEFRL, ATM
BRAIR A IR A A s HLBRE & S5 B TR i 54X ICP-
MS (iCAP RQ, Thermo Fisher Scientific, &),

(EPES ROS BREX S o #r ik Al &) (s
202501, AEEAEMRHARARD . G
SOD JEHERERAFED) (5 10125081150, Jtni&T
A TRHEARAFD . GHENERE CAT MR
ED S 10125061420, AL & A TREAABRARD
€ MeH Bk GSH 3% M A8 Wl X ) & ) (Ht 5
101250728100, b &4 TR RA D (Y4
JEBRER 1 MT B /Al (s 202505, &

FAEMRRAPRA T . Trizol Z4#W, g KLY
BHE AR AT cDNA 25— & adma. g
W& KEE S ORERE. REIPENDIEE A T4 4
B, = HEAEMBARGRAR: Bk MR,
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(diethyl pyrocarbonate, DEPC), Fit%I4H 7 (_ifg)
RO RAT]; DNA Al il &, Jbnd #iE L
BARER AT Mix By, #aliHER AR IR
N SC A SD/-Ura 15773k, Lt BRI RHL A IR
AW EAKE, BUBHRHEA R A
2 &
2.1 BEREREMERESH

HARFER PnTIPI;3 FFIRHEHE Copen reading
frame, ORF) 4K J¥ %l ik NCBI ORF Finder
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P 45 T 00 538 5= TMHMM 2.0 7E 28 M 3 Chttps:/
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HEAT TR o B PR AL A7 AU 2> A8 id NetPhos 3.1
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msa/clustalo?stype=protein) 5E%, FEAEH Jalview
211 B g RdHEAT AT R AL . RER EWAEH]
MEGA 11 BAFBAL AR, A 1000 U551 &
{ERIEE, JFiEid iTOL (https://itol.embl.de/help.cgi)
TEL A AT A . RTEEF 20 MR A MEME
Suite Chttps://meme-suite.org/meme/), £ [ 45 #4385
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nih.gov/Structure/ cdd/ wrpsb.cgi) FE%, P BRI FAL
il it TBtools-THER 5L B . 3T S 4 $ s o A
NCBI FRHCH iR & KRR R 3 151 G2k
¥ EF 2 000 bp 4b), FIH] PlantCARE #dfs
Chttps://bioinformatics. psb.ugent.be/webtools/plantcare/
html/) S0 HREAE FH 74T 500, IF5did TBtools-
I B BEAT AT AL 2 T
22 BHERERTE

KH Trizol IEHEH =LA S RNA, LA R
BRSO 2 % cDNA, BAAZ %5 H AR
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AR A AR & (6120A) BEEAAS.

HIEEE PaTIPL3 4K 57 515 51 R
PnTIPI;3 F  5°-ATGCCGAGAATTGCTGTC-3* #l
PnTIP1;3 R 5’-TTAGTAATCCGTAATTGG-3>, ik
WEHER AP ARAR G K. T HERA:
PrimeSTAR Max Premix (2X) 12.5uL. 1E. &34
% 1 pL. ¢cDNA 1 pL. /il ddH2O %% 25 pL. PCR
YRR N AP 98 ‘C. 10s; Bk 58 ‘C. 15s;
FEAH 72 °CL 1min; 35 . A IENERERER LK
Kl & 4% ) PCR =it 47 B W, f A Hieff
Clone®Zero TOPO-TA Cloning Kit Z# £t TOPO-TA
SRR G AT I N, HERGE TR = N K
F B8 DHSo /B2 54000 FAb s s, PREFA M5
Bk 2 A6 R AE YRR BR 2 w34 T I 26k
2.3 H1LF TPaTIPI;3 HIHIE

L ZH SR PR ) 32 R0 7 A T R 1 2% 2 5 el A
SGUNFTR T EEAT o 4R B A5 2k NI 24 o bt
pYES2 A7 pif5 B, #itIFA BGI A EcoRIF Xbalf
DIfr s 519, 4y %1~ PnTIP1;3 F: 5-GCGA-
ATTCATGCCGAGAATTGCTGCT-3’ 1 PuTIPI;3 R:
5-CGTCTAGATTAGTAATCCGTAATTGG-3’; {# [
B EcoRUH XbalB§IAT 55 1 5 03447 PCR 73,
FHRIFIX 2 PP A Il B (3R PaTIPI; 3
MRIBHAR pYES2 AT WG] . BRI~ 2ttt )a,
7E T4 DNA ZEFRER FEL 3 0 1 s & CH
MR B L Bk BO i TiE:, IRRIER YA
2 KM DHSa ™, MG A4 g o 2 5 kL
pYES2_PnTIP1;3. BE/5, 18 H RB0K 1% H H BTk
AN 3 PR E £ R I B 1 BE R AR B AR INVSel
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DU N33 pYES2 4k INVScl::pYES2 1EH
=Pl
2.4 FEALTFRAE As FBERIRE RO E

BUR T X HAEKI (4do0o=1.7) BIHAL TR
TPnTIP1;3 73R E PR INVScl::pYES2 Bl
%100 pL, 23 HEEME 10 mL &SRR IR £
(0. 1. 2+ 4. 6. 8 mmol/L) HJ SG/-Ura R4 E; I
B CF 2% 38, 1ERESAD . 55535 240 J5
ME BB Asooo B JG AR ShyA FE R AR AR,
FHI Agoo AINARFRL T AW -As W FE RN Hh 28,
IFEET M 24005 45 R o3 vk A A AL T B R
BN K E (median effect concentration, ECso)o

2.5 As BMB TR TR K HhZ A9 E

BUR T XK (Aso=1.7) HIFALF IR
TPnTIP1;3 JZHAHE K INVScl::pYES2 B &
200 pL, ZrHHfh 4 200 mL & 5 mmol/L AHiZ £ ()
SG/-Ura {ifAssF7E Q%A ., DASHERER
BRIV NREFRNT R, BR% 3 h e 1 IR (Aeoo)
B, HEREHENR, ehliieriaaKiigk. @
I As MBS TPnTIPI; 3 Ak TERERF MK M 4%
BfR INVScl:pYES2 AEKHHZREFIEESE, AT As )
1R IR FAL PrTIPI 3 X A KA
2.6 As BT TS As I HALEST As
EENE

BUAL T X EAEKI (do0o=1.7) HIHAL T B
TPnTIPI1;3 J 7S #0 MBI FR INVScl::pYES2 Bl &
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8 000 r/min £5.0» 5 min, WEEREARSH . BTN
o153 B S IR E TR AR Zhang S0 A3 T,
T ZE R OVENS L A B R A R R 2 2 G
M. D). BERFIIE As SR AANIIALS) As
BB R E SR P RREORE S S R AT I R
(inductively coupled plasma mass spectrometry, ICP-
MS) BHATIE, FACKTI (BFRE) .
2.7 As B A FEKREAREHNE

B AL T W bk TPaTIPI:3 T 25 # 0 WR B Ak
INVScl::pYES2 A6 B2 ot 7% 1 %0 Creactive
oxygen species, ROS). 158 A0 B A A B AL B
(superoxide dismutase, SOD) ., i S AL E i ( catalase,
CAD) Je 4@ 4 & 545 HE H ik (glutathione, GSH)
@RS H (metallothionein, MT) FJll 52 32 3% AR
&5
2.8 HIELEBS A

AR gt 4 B 5 bR 4 8 ik WPS Office
(12.1.00 71 Excel 1 SPSS 27.0 #AF 58 . 45
WK =3 i, XA SPSS 27.0 HIFRI KT £ 54T
H1[1) Turkey HSD #3847 % 5 b 1E5
P2 AR ZE e, WA HAMSIREA T fde . BITE
2 fE B Origin 2021 #AF 56 s AHIGME S # Ao i
AL AT R 48 5 M2 ST (RStudio) 17K
HMAH G RBUHAT S AT AT AL
3 ER55%H
3.1 BEREREMFEREMEEESHT
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BN BT CAURE AR, RIERS—
KM As i i 3E BRI TIP RN, 57
As 4bFE (—As) FHEL, HMIZERLE As rE (+As)
TEELE, LEGMEON 1346 (- 1D, HuEidt
N H R BATIRANF T, 0N PnTIPI;3.

61 ool
5.
£ o
g
S 2r
1k
0
—As +As

H-As #itL: **P<0.001.
P <0.001 vs —As.

1 As BT =tiRBRNEZBEE PnTIPI;3 183
RILE
Fig. 1 Relative expression of P. notoginseng tonoplast

intrinsic protein gene PnTIPI1;3 under As stress
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(1D N 2549, ARREGKEED. HigER
B (pD) =5.61, MR SE CRARR+
BA N1, EEARE S ORER + )
N7, ZEEFURA R, IR, A
HIAEE N 551 FHES el IE Loy A5 T AR T &5
REIR, ZHERAREEANTHE TGN B
SERIE NG RN, ZEASE 7 ME R,
& T MRS IR G . WAL R SR, B
HH PnTIP1;3 ENAL TN F.

3.3 BEERALAL S HT BEER LA A5 A — b EE 2
PR GBI, ES5EMAEKEE. 4l
JE A BT RAR Bt s e )8 4 AR i i FR R B O
BV AE FHUS), BRER AL p T AR N 72 R 115
PR A I FE PR A T S AR AR TR, A
BE— R A E A PaTIPL;3 WA ThEE, FH
NetPhos 3.1 XJ 2 PnTIP1;3 #EATWERRAL AL F5

(F2), ZRE/REHA PaTIPL3 7 16 MRk
frrs, B2 g 124, AR 440, RRIFEE
FRAL P o IXEUT 5 v 4 7 PR (R R A S

3 5l 9 B R I 05 %) B U PKC PRI i 7
MR B (1B PKA . 2 i o) A0 60 1 2 11 g
cde2 DNA 14 2 0 156 2 H 0 CKIL CKII
Al p38 LR FIENE Y. B A CKI Rl
CKIVWE R ) 2 AFAE s BEARSF I Ser/Thr 28
R, ERYIPUR . RS Ra N MRS S
i SR I RR R R R FUO-210,

R

AR
MR —
i M

X 1

~

8 | |

| | |
0 :
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e 5k E/op

E 2 %A PnTIP1;3 BAER L AL TN 4347
Fig.2 Prediction of phosphorylation sites in Pn'TIP1;3 protein

3.1.4  FIERR T Y [EVR LA & R GRE W AT
H A PnTIP1;3 L PP 51 R Lok 45 SR A0 & 3 f
s 5 H BB I AR R TIP & A5
BN RIE T H MW Camellia sinensis (L.) Kuntze
CsTIP1;2 (86.9%) AIMNIHEN Coffea arabica L.
CaTIP1;2 ( 85.66% ), i & M ¥ Nicotiana
attenuate Torr. ex S.Watson NaTIP1;3 (84.13%),
HIX e B 75 A m R, B8H 2
AR AT G -T2 R -T2 FR Asn-Pro-Ala(NPA)”
TRAFIEFT , AR ST T 2 /KB TE E EH AQP KM
BT R ST G5 4 122

¥ HIWIER PuTIPI;3 Jmhs i) BmR 7 515 H
fl A o3 RN REAE XS B B MIP B X (BFE
TIP. SIP. PIP. XIP Fil NIP &) &I FF AT
Eoxt, M@ERGHAK . REKEMERER (E
4), TIP FKRAE A EAALH) TIPL, TIP2. TIP3,
TIP4 F1 TIPS 5 /ML, HEH PoTIP1;3 5% M
5 R W 3 MY 5L Heracleum sosnowskyi Manden.
HsTIP1;2 BOM#EE, RA—30, A TIP FIKRTH
TIP1 W%
315 RFETFHEARGHIRS T NELFH T
fi#EE A PnTIP1;3 Z5RAIEAL, FIH MEME 7EZ5
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CaTIP1;2/1-251

-—-

1 LKAALAE

1 1 L LKAALAE.

1 I KAALAE l
1 1 I-KAAI‘- AEFI
Conservation

Quality

Consensus

u. LEVA 1
LEVA NI

x. va 1

wuu LEVAVSVAANT

MPISRIAVGS PAEASQPDALKAALAEFISMLIFVFAGEGSGMAFSKLTD+GS+TPAGL +

+AA+AHAFALFVAVSVGANISGGHVNPAVIFG

Occuoancy
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ASMN H" A

1 249
TAAL 11F1 252
TAAL LIFI 252
TAAT 1 AEN 251

CaTIP1,;2/1-251 83 !tn.
Conservation
Quality =
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Occuoancy

LIHEN “RABEIE-ITEARR-TIEIR (NPA)” {7 2T

THEQLPT+DY

RO RN B M

The red box indicates the conserved “asparagine-proline-alanine (NPA)” motif; black underlining indicates transmembrane domains.

3 ZEA PnTIP1;3 SEEFYISH

L7 TIP SEBRFEIRIELE X AR

Fig.3 Homology comparison of amino acid sequence of PnTIP1;3 with TIP amino acids from different species
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Fig. 4 Phylogenetic tree of PnTIP1;3 amino acid sequence with members of MIP superfamily from other species
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Fig. 5 Analysis of conserved motifs (a) and protein domains (b) in target protein PnTIP1;3 and its homologous TIP proteins

from other species
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Fig. 6 Prediction analysis of cis-acting elements in promoters of PnTIP1;3 and its homologous genes
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W5 B BT - AT-% 5 DNA 45448 14 (ATBP-
1) Mg547 5 (binding site of AT-rich DNA binding
protein ATBP-1, AT-rich element) [/l Jilpies i 5157
AAMEH o (cis-acting element involved in defense
and stress responsiveness, TC-rich repeats); &%
MR Te . IR S0 7 AT o Ceis-
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in the MeJA-responsiveness », TGACG/CGTCA-
motif); DL KB A P IR T 42
JufF (cis-acting regulatory element involved in zein
metabolism regulation, O2-site). 54342021 K LM
M= A FH % 704 (cis-acting regulatory element
related to meristem expression, CAT-box). MYB %%
G, Z5REMEY S (MYB binding site
involved in flavonoid biosynthetic genes regulation,
MBSDD. MYB #i& s, Z5ampirt (MYB
binding site involved in light responsiveness, MRE).
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Fig. 7 Agarose gel electrophoresis of PnTIP1;3 PCR
amplification product (a) and recombinant expression
plasmid (b)
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Fig. 8 Fitting curves and regression equations for As
concentration-biomass relationship of INVSc1::pYES2 (a)
and TPnTIPI;3 (b) under As stress
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Fig. 9 Growth curves (a) and analysis of degree of growth damage to yeast cells by As (b) of transgenic yeast strain

TPnTIP1;3 and empty vector strain INVScl::pYES2, in presence or absence of As stress
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Fig. 10 Effect of heterologous expression of PrTIPI;3 on total As content (a) and subcellular distribution (b) in yeast
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Fig. 11 Effects of As stress on transgenic yeast strain TPnTIP1;3 and INVScl::pYES2 ROS concentration (a), MT content
(b), GSH level (c), SOD activit y(d), and CAT activity (e)
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Correlation analysis of oxidative stress markers with total As and subcellular As distribution
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