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BWE  WRHNEES I RAME SR POSE M FR RO R P REREEER, P ARERE NIEENFI RS L
JH % (Nicotiana tabacum)k% 5l i 48100 A8k, i#530.1—4.0 mmol-L ™ 4y B B 5 /K 8 S8, H) HEER 7K TSR 9 2 2
AR B 50 7 AR B AL . 25 R, R4 (0.1 mmol-L™") B 4 i py B AR AL 58 Ak AL X sk 2 %)
KX R I0-2 ecmiE K 524-6 cm, AHXT (5 A 0-15.0%F2 T 25 33.2%—44.3%, 3 B AN 10 A2 00 51 Jo7 A 440 Fip 38 174) S
TEAIE ML) Z — o REPTEIR, ML MHE NERR R MEED R TR, Hh EMSRAME 758 R RES L, K
BTG I AT B T IS H A PR . PRI S A R I, AT e e e A R N UR B T R B, R IR SR AN SR
RS E B, TR R R T 4 . B SRHBR I — DR AR AR AL R E 1 FEER, AR & S Fe s A DGR B (T
CYP86. GPATHABCG) M H: i IE M I EIMYB36/41/92/93 % 3% LRIk, &b, %W 701 B 7R A hia T B

VRN RS SRR TR, T E A e E LRI SO T A A .

X8R Rk, B, RNEE, MR

YEnkE, %D, W, BULE, Madan Lal Kolhi, 3k, K%, XM (2025). RRESHKT FHEER K £ EARBLT

R RE 2 5. MYEHRk 60, 914-930.

KGRI 5 77 43 I A AR 2R A5 DA s Al
FIH, IR Z 22 Mg AR, RN R Z 4 R7ER
WNAR AT A ER R R EE .
Y o B B 2 W B T 4y ) R T (lignin) Al
A K2 5 (suberin) #4) B 1 9L K 47 (Casparian  strip) F1 A
¥eJi Fr 2 (suberin lamella) # R4 i [ 45 # (Naseer
et al., 2012; Andersen et al., 2015). A& fAIH
IR A 53, SR 5 KB 7t A AL KAt o 41
1A ¢ B ) RE BB 2845 R esb1-1 (enhanced suberinl-
1) I HH A A Jo TR Y iR (R R A 46 ) I 5% (Baxter
et al., 2009), [F £ 520 5E A £ WM B E AR BT
A Z: 5 AR LI o7 S B B T e 22 il (Naseer
etal.,, 2012). [, X AR = RAPLIKT, A
Fa o GO B B A AE AL K D e
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YR B ARG S 5. 588
FNFEr Wi 55 2 PR BE . N BE 2 AR i B R i
Ao B EL RS 5 1 (C ™) FE MR 2R P9 B2 J2 40 L ) S5 A/
5 2 L 2 32 PR AR R P 0 R 1 A 2 (Tao et al., 2022;
Liu et al., 2022; Chen et al., 2023); i i BHAF44 1
(Na™) P 9 5 80 5 1 (KT) A HE Sk #8480 = 36 it (Waing
et al., 2020); i i i& NV K e N IR E IR 4 AR,
W TR o 1 BT A MA 5 4 i 5 12 (Pfister et al., 2014;
Barberon et al., 2016; Melino et al., 2021; Zhang et
al., 2024; Kr%, 2024). AkS5K 2 a7 AE |
YE: EfL T (Arabidopsis thaliana)tr, fL3E4R7E N
2 Pl R Z 2% S AL A & (Barberon et al.,
2016), [FIET PR E AR R B GG 2 5 SR R R
& k/>(Baxter et al., 2009; Pfister et al., 2014;
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Barberon et al., 2016).

RN BB Z R TR . VA RS
S NN R E AR K B BT 7 (Barberon et al.,
2016; Tao et al., 2019). M55 HEg N 2 LB AL
R B BE (R C R B AR B TR [ % (Barberon
etal., 2016; Liu et al., 2021, 2022). LI LAWK
SR ATL H B2 5 1) Rz A0 84 B T A B TR (Wei
etal., 2023, 2024b). il FiRHEY) IR R A
B4 Bh A W AR AR UK BRI . 2206088 (Fluorol
Yellow 088, FY 088)/& — =g gt £ 3 I7 ke A HLGLEL,
R IR 70 3 B e — Al R A A A B O S 5 571
(Lux et al., 2005; Baxter et al., 2009; Naseer et al.,
2012; Barberon et al., 2016), MJHFY 0884 fi-2)
AR EAR BERE SRS A KA R B BT FE IR AE B

I % (Nicotiana tabacum) & it 7 /1) 5.4 & 41 /F
Y, BRER SR B SR ER . B,
TE7 8 U BT, AR N 2 I AR A OB ) 77 TR
B A& 6B 1 T 4205 R A AR P R A v 6 e )
BRI 7-, S 1 5 4 M 203 e A< fLis 3h B DG
HRE, TR FEE =P AR R (W 85145, 2002).
FLUR, RSSO R T, AR i s ik A AR B
AANH B A B K> I B A, SR R IR AR Ny
THAPERIITERL, RS & ORI B AT A
i Bt 7 R B AR IR AR T 0 A e 1 fiE 28 %—
35%, FEAFIRAIS [E]40F0 LA L, A6 2 i 7 el
N 15%-20%, I 5. 2 B AR AR R TR 12%-15%
() RRIE5E, 2013). IXLE P [F) RN KB, B3R K-P o ok
SE AR 2R Tl AT PR AZ O R o R
FRTTIAPR 25 B o 3 v MR s A ) Y 0 M L
RIEKIFWTTIA) . RN BRI & B2 IR = EY)
PRIEAH R BN R, DR, B 5T AN [R) R P A Ab B
AR A B B AR AR T 2 TR 20 1 e OB R
AR, SR E ET AR AT MR A AR
1 SRR AR R I ST IE

BT ERER, ROFTIRS T A F R Ak
PR AR R RTEA Mk B TR A
AR B S & SPR R NWIRIER & & DR
W R E AR ARG DL, [FII BEAT AT e B
el orr, IRFAFFIRE T N R EAREAK E 1)
e, W s R LA B AR R & AR,
e R HH A 7 A A i R R L S

1 #R5ERZE

1.1 R

PR ) Ry 58 AL 2T AR M 2 5 R R H 100 (Nicotiana
tabacum L. ‘Zhongyan100°). -1 Hi [ S 0 R 7%
Y5 S P (7 B ) B gt

1.2 REMERFE

I T-202446:6 H 75 A Bl ML R Be Ml FL R 58 Bir A L
AR IR R K EE 7 P . 1537 26°C/20°C
(B1R), AR 70%/85% (B1), 6 JE #9107
I R4/ SRS, IR E 9280 umol-ms™,
B IRREES R 1IR, BERR2/NT [ 7K 3 R4S
0.5/]Mi

W Bl b B T 4% T-50FL 3L 5 /4 P AE K 25K
b, EEKB—-HWH— O E Y, A
1200 BIREM 2B R E TR, REBNIERE
FEWAT A . SR ARER EE R TN
2 mmol-L™" Ca(NO;),. 0.25 mmol-L™" NaH,PO,.
1 mmol-L™ K,SO; « 0.25 mmol-L”" MgSO, .
10 ymol-L™" Fe-EDTA . 184 pmol-L™" H;BO; .
36 pmol-L™" MnCl,. 3.2 pmol-L™' ZnSO;4. 1.2 pmol-L™
CuSOy. 2 umol-L™" Na,MoO,. FINaOH 15 75
pH%6.0£0.1.

it F 5 — 1 IR KoS Oy, 1B 5 A [F] 181 B ik
BEALEE, 43 31590.1. 0.5, 1. 2F14 mmol-L™ K*. LA
TEH B IR A R (KR EE S92 mmol-L™") i 7 A xet
HE o AR T 0 HE LS 7K 1SR FH B R (N @S Oq) BLER 78
EFRWT S0, . AFR15K EUR S P ML .

1.3 HEFREMERRARSERUNE
B A PR IR, FHWROKARE T, fEMRZES AV,
FH 93 H1 R AREOF 1 SRR PRt 1 P /AR A o g A
JRNHBEAE T T-105°C A & 3070 B, J5 A BE L AR IR P
NTS CHRFE MM AR E, Ja AR C SR iR - 5/
WATE. URATHEM EMTE R,
B — S 8, T 14 7 SRt B R L
PRI AR 2 T AR 2R (9 K B I E % (FG 1 2
0.1 cm). BORIAMAR R 5, HE T A BALAF R MAR AT
DL B $9 4,  FHAR 2 49948 I (Expression  11000XL,
Epson, JPN)#Hii& (R, 725 E RS IRER TR,
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1.4 HEHM LA TS ERAKREBGRATS
FIREME

P OB R AR AR b B/ R SRR BB, SR A HLSO,-
Ho O 18 fift J5 BT 45 1B FH TS DU R 85 19 B o Aot 58
15 B 2 25 Lius (2023) (77 1 « B S B i g
5 B R 2 (my); U ERAERE, /NG R K
AR K PP AR R N B SRS TR 50 mLES O
B, SRS TEMEAR 5 2205 AL UL F2-3 emib DI,
TVIE A 258 K, SRS FWOK 4R V) B R
ZBRUI OB A . FBIRRS ELEY) O b3 R 5 [
€, AR TG IR B IR IR A W s N RERE Y, &
B8 2 o R 27N 5 PR B 548 45 Tl g
i BB (myp) o I 22 FE 9 (mp—my ) 3R A5 AR 5 5 473 i TR
W o ST A AT B I e V% R B IR R — 1B 7E
25 mLELEE R RRE, BUE BRI IFE T HRETE
Bb A0 v s IR R - B DA IE G FE T (Model
410, Sherwood, UK I A 57 35 17 7L S AE At -/
MR AR, WARER .

1.5 REAARERSENE

K _E i B A 0 R ) (Plant) % 2 i 75 1R (ABA)
ELISAKE M5 & HE4 (Plant) 2% F1 . F 5 (MeJA)
ELISAK I 77 & BA K& B iR S M) 2 0% (ETH)
ELISARG 5% b 7 73 A ik ) &0, 30 AT Bl 16 G 128 TR B iz
5o IR AR — 25 Je U iE BRI S IR B, 203
I T4 9l 3R (ABA . ETHRIMeJA) LA 1 B 4 i L
R KIINFRAS . ARdE b L HRPARIC AR I Pk, £
R E MRS . HIKYTMBE &, TMBTE S &1k
VB IHEAL F A B E (8, JRERR IUME R 50 il
KA. PUE IR SRR3R (ABA. ETH
A MeJA) & & &2 IE M %o H B b5 1X (Infinite F50,
TECAB, CH)7E450 nmi K T il 2 Wt {E (OD1H),
SRAFFE SR FERD AT 23 7 v AR 3R VR B3 R . 24 AN
KA RS &, WSIRES.

1.6 RAKEABRUKLAELENE

KRBT FRANWEH SR, BRSO &K
HIAR, AR FARIEVEE HIEA s £ 2K, F
FY 0884y 70°CH:tt60 /N 5 F 22 88 T 7K e 4

T HTRARE AT G O T RS 77
Table 1 Preparation methods for the reagents required for
suberization fluorescence staining of tobacco root

Reagent Configuration method
0.01% (w/v) Dissolve 0.01 g of FY 088 powder in
FY 088 100 mL of distilled water, mix well, and

heat to 70°C before using

0.05% (w/v) Dissolve 0.05 g of toluidine blue O
toluidine Blue O powder in 100 mL of distilled water,
mix well and store away from light

4% (w/v) agar  Dissolve 4 g of agar powder in 100 mL
of distilled water, mix well and heat in a
microwave oven over medium heat for
3 min

50% (v/v) Mix absolute ethanol 1:1 with glycerol
glycerol-ethanol well

T I AR 72 2 P R i g Y S TR R e .30
ol AR TKGEE . Getse BAIREAR D 5 AR
I A UL 9 MR

(1) BB ERMEZIFENGAR, H 4Lt )a RAE
BT LT IAT TR, F1H50% (viv)i)H -
LBERATPUIOCHERA, MB BT E A I E R 2 R
WAHE A FMEEY] Fr, WIREE .

4.6.8. 104112 cmAL i F i AR BL, HDIK£10.5 cm
WRE 4% (wiv)ifig e, Eou SR TR B2 T V)
i, AR R HL(VT1200, Leica, DE)X LR &
P, BURS Y 1% PBSJG T4°C. 100%AH*¢
MRE T IRAE, W 150% (vIv)H - 28 KX A ot
PERFNE P, MAEROIEE, SIS m KA Fr b
A%, FIIE 3 & — 6 5% 0t & il 52 (RVL-100-G, Echo,
USA)IL%E, WLFFFITCIEIE, R4l #B Lk
AR 2 FE G AR SR

1.7 RNA-seq#f

%+0.1412.0 mmol-L™" K™ 43 15K J5 (fHH BH R IURE,
F 28 K& T 5 oK AR R W b %2 4K 43, (5
FARBTY) FHAE(>0.3 g), TELEBACLS R N
WA . 1/ RS S A BN T UKk &,
TEGUMN R EAEYIRHA R A A o AWZHZRFE &
FEUERNA, il FINanodrop200046: I RNA [ 3 &£ Al
gl R, e I By R A F K R I RNASE B P, SR
Agilent53007 72 RQNAE . K4 & 4% T RNAFF i 1t
ITMRNAE 4. F Bk, WEHEECDNAG il & #
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adaptor. J Bk #1 3 FE & &, F F NovaSeq X
Plus/DNBSEQ-T7-1- & _ENLZEAT e e 4Hill /7« 2555,
[Fl4H NtaSR1 (Wang et al., 2024). A#f5TiEE
BTPMIESRRAE H MR RIAZ R DL ER3IRAE
Y EE,

1.8 Geitath

SIS ¥R FMicrosoft Office Excel 2019 5 GNU PSPP
2.0.08 AT GE vt o3 b, T3 28 53 BT S 3 ME K I P<
0.05. M Origin 2021 ProfICNSknowall & 4H-1E &

2 &ERSSH
21 TREREHLEEEE KRRARSLE

g

TR S5 Ak T S AR AR KR T PR A R R, A
I AR B IR KR B A T PR AR R A (3R
2). 0.1 mmol-L™" K"hHE T, bk 13T, @
et R 5 4 5 A B 5 108 (0.30. 6.89. 0.06
#10.70 g); 4 mmol-L™" K" &L P43 il 4 [ 35+, fep =R
1% 3 % K AE(0.60F116.03 g), 2 mmol-L™" K4k 2 1) 43
A R Ek 3 4 K AE (0.08F11.09 g). 1R
jb Lb 2 N A IR B KT AR 6 3 B, Bl A B R 0P KT
VP A, MU HART BT, 0.1 mmol-L™" K' L3R
A et LU 1A 1) 5 KA (0.19) 6

HR T AR 2R T 25 I 4% A B % % VB IR FE I AN [+]
KA TENIERE (B1A). B, BEE &L EEE IR
K iR B R A, AR K sk 2B K A (F1B). 2.
4 mmol-L™" K™ 42 TR K34 R /N4 (12,6 cm),
BEE T HE A, 0.1 mmol-L™ K b3 F KM

W2 A[FEIR AR BT R ARG L 22 7

R FE(E(19.4 cm), BEKTHEAMA,; &b
1, {22, 4 mmol-L™" K" b B AR K T0 B3 2 5

FAE AR IR TR AR SRR AR 22204
Titetr 51 BEEAYERRN B0 ES —, b
R IR KT IR P R A S BRI 35 (B 1C-F) .
0.1 mmol-L™" K"b 3 T, BARK . HEmHL. Hak
FUMIAR 2R %5050 35 5 5K E(156.96 cm.. 20.63 cm®,
0.22 cm>#1534.757); 2 mmol-L™" K43 FARJS0A
F A1 561.257), 4 mmol-L™" K b T s ARK:
R 2 AR AR S AR A Ik B f KB (43771 9600.76 cm.
79.46 cm?/%0.839 cm®). KWKk T2 mmol-L"K,
ESMRE, BRI AR SABAIR R E 4045 b
PIREFIEE 2T, 245 7K A S22 mmol-L 5
IR A T A4k, 2. 4 mmol-L™ KM EE R, HRkk )
SR AR R AR S AR 3T HE bR F(H 35 2 25 K
F0.1. 0.5f11 mmol-L™" K* b ¥ 4H, [IiF4 mmol-L™
K 4b 38 R 336 K578 2 2 K T2 mmol-L™" K b #1140 .

2.2 FREIREHFLCESIAERK KRR GRE
IR E AR
Kot 0 R Rt /S T R S A R R
B, SRRV, BREAESFIK SRS S EE
R ERER IR AR R R R IEAROG, HOBE K R
AL B (B2A, C). fEHh B3, Hu R SBATAR
ZIRBERIIF, 0.1 mmol-L™" Kb B R 43 Sl i 31 5%
/M (50.51F141.06 mg-g™"), 1. 2#14 mmol-L™" K" izt
BEE), h EER. MR EOER B R 2 e, R %
AR L R S R R A B S e T M R

B IR B TR BT R RS TS R S5 45 T TR
[y 8 S FLAR B R S IE AL, 0.1 mmol-L™ K™ b B R

Table 2 Differences in tobacco biomass and the root/shoot ratio under different concentrations of potassium

Treatmgnts+ Sho_ot fresh Roc_)t fresh Sh_oot dry Rqot dry Root-shoot ratio
(mmol-L™" K") weight (g) weight (g) weight (g) weight (g)
0.1 7.32+0.96 c 0.70+0.08 b 0.30+0.04 b 0.06+0 b 0.19+0.02 a
0.5 10.514£2.25 bc 0.8410.08 ab 0.47+0.09 a 0.0610 b 0.14+0.03 bc
1.0 12.3322.43 b 0.9340.07 ab 0.53+0.10 a 0.06+0.01 ab 0.1240.03 ¢
2.0 13.2412.51 ab 1.09+0.41 ab 0.5410.13 a 0.084+0.02 a 0.16+0.01 b
4.0 16.03+2.76 a 1.03+0.26 a 0.60+0.10 a 0.08+0.02 a 0.1410.01 bc

FFAN RN P REROR BB A 235 22 57 (P<0.05), Hulli A P brifl 2.

Different lowercase letters indicate significant differences in the values (P<0.05) of the same column, data are means+SD.
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0.1 mmol-L~" 0.5 mmol-L~"! 1 mmol-L™" 2 mmol-L™"!
B 25- C 750+ D 1004
204 ~ 600+ 804
— £ &
£ e G
S 15+ £ 450+ < 60-
£ 2 o
2 10 S 300 & 404
o — )
| 8 8
5 2 1504 £ 20-
@
0 0 0
01 05 1 2 4 01 05 1 2 4 01 05 1 2 4
Treatment(mmoI-L'1) Treatment(mmol-L‘1) Treatment(mmoI-L'1)
E 1.27 F 2100+ ]
_ 101 1800
£ 0.81 S 1500 b ab
~ Qo
2 06 E 1200 b
= S -
S 0.4 % 9007y
£ 6004
0.2 =
300
0 0
01 05 1 2 1 4 01 05 1 2 4
Treatment (mmol-L™") Treatment (mmol-L~")

B N EIR AL R R A K AR RIS K E R

(A) ISR EHER . MRt (bars=10 cm); (B) KR (C) SARLK; (D) REHAR; (E) HEAEFR; (F) MRIH. RN EE
oA [FI AL BE ) 22 53 18 % (P<0.05).

Figure 1 Growth and root morphological development of tobacco plants under different potassium concentrations

(A) Root and leaf conditions of tobacco seedlings after 15 days of treatment (bars=10 cm); (B) Length of the longest root; (C)

Total root length; (D) Root surface area; (E) Root volume; (F) Number of root tips. Different lowercase letters indicate significant
differences among different treatments (P<0.05).

AR AR B M%) 0.82 mL, &34 T He kb DR HeEkE KA E R AT, EEFE
O H e KA R G R 3 2 7 (K 2B). 0.1. 0.5 All IS, R A B0 A 5 350 0 VA Y A A B T T 7 R T A
1 mmol-L™" K™ b B[] A J5 350445 3 060 85 9R B A7 1E EFIRE (K 2D).
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A

R Aboveground part

o Underground part

¢ a

£ 100- a a
H 1 |
g 80 b bc

o]

2 ] cd bed
% 601 de de | [
5 he

5 401 4

k=

8 201

9

5]

¢ 0

0.1 0.5 1 2 4
Treatment (mmol-L-")

C

_ Aboveground part

g 80 1 Underground part

S a
2 60+ a a

E

=1

Q

[&]

T 40 A b l

= l

2

8 201 ¢

2 i g
: ¢ Be B B I
§ %01 05 1 2 4
[

Treatment (mmol-L~")

B2 A [ A Ak T AR SR A B AR 5 L A

Xylem sap (mL)

0.1 0.5 1 2 4
Treatment (mmol-L-")

} [ Xylem sap
400 [ Nutrient solution a

350
300 ab
250+
200+
150 1 cd
1009 4

50 -

bc

K* concentration of xylem sap (mg-g™') O

0.1 0.5 1 2 4
Treatment (mmol-L-")

(A) Mo EFRA0 T AR TR, (B) ARBUEBORIREE R (C) M EMAL T HM R RE; (D) ATEREINHE TIRE. AR/

B RN AN R AL HL N 2 7 2 3 (P<0.05).

Figure 2 Potassium concentration in tobacco plants and xylem sap under different potassium concentration treatments

(A) Potassium ion concentrations of the aboveground and underground parts; (B) Xylem sap collection volume; (C) Potassium
accumulation in the aboveground and underground parts; (D) Potassium ion concentration in the xylem sap. Different lowercase
letters indicate significant differences among different treatments (P<0.05).

2.3 FRREHLCEMNAERRIFVAREREN
=AU

o WA [ P 0 A B R AR R N YR I TR TR L4 RS
R e & i, RIVE FRIREIRE S IR & R AT
TER R IAH G . BEAE BE TR BE IO RIS, VR IR
GEREEE, M5 RFIIR NN B 2 B
(EI3A-C). #&A4b¥Err, 0.1 mmol-L™" K™ F T Py Y5
VAR S IR TI(794.27 ngrg); LRI R £
BIRAE, 4 9i%35.15 ng-g ' #14.02 pmol-g™'. X,
FEA AL, 4 mmol- L K AL 3] R Y5 7& R A B R
BN /ME, Y18 455.08 ng-g™'; PV 24 FIZE #i
T2 F TG & B U AL T 8t (2 W N 74.72 ng-gT Al
9.22 pmol-g™"). & Kb HE [F] P 5 I 7 TR f A 0 445 B o
254 mmol-L™" K 4B 0] A AEAE B E 2R, Wi

ZA ORI 5 LA 152 mmol-L™" K A4b 3 41 7]
AFAE L 22 58, AR AT 8 FAO A I 45 SR 00 52 7
0.1. 112 mmol-L™" K 4bFIAMfEE R EER. (HiF
R, 5XEE mmol-L KYAHEEL, 0.1 mmol-L™
Kb 3 R 3 WM R KT ER ST TH)kEE
Ko

24 FRKEHLETHERARBEARLELE
YRR

FY 0882 A#e i L M58 G, o R R 78 7
FRIEARRA R BRI AT, W AFEI A FEA
1) 2% 't AR v 5% 31 25 48L T~ Melino %5 (2021) 1 45 2R,
FY 088% GEM M &4, KREUEFEIF AR
(E14), RIPY R 220 B 18] 5% 6 Bz AN B RS . SR 6Ah
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A C
1000 ~ 12 -
~— 800 - T 10+
[, b 8
&> 600 - g
< 400 s &
2 3 4
200 = 5
0 0
01 05 1 2 4 01 05 1 2 4 01 05 1 2 4
Treatment(mmol-L‘1) Treatment(mmol-L‘1) Treatment(mmoI-L_1)

B3 K AL T AR HLR PR K T2 5
(A) HRLR 1 ISR ABAVKIE; (B) MR MIRZHKBETHRIE (C) HR MK HIRT B(MeJAWRIE, FRNS 3 Bt R b
] 22 57t 3 % (P<0.05).0

Figure 3 Differences in the levels of endogenous hormones in tobacco roots under different potassium concentrations

(A) Root endogenous abscisic acid (ABA) concentration; (B) Root endogenous ethylene (ETH) concentration; (C) Root endogenous
methyl jasmonate (MeJA) concentration. Different lowercase letters indicate significant differences among different treatments
(P<0.05).

Non-suberization Incomplete suberization Complete suberization

B4 PRk R BRSO RAR SR E
Bars=130 um

Figure 4 Imaging and schematic diagram of the three types of suberin development stages
Bars=130 um

TIRFIES AR AR T ENADIRS; 200 B8040 mmolL™ K4k 2 R £ K (9 12.57 cm),
Rk RERRIKRE . Rt REU LTS 4mmolL™ K4k ¥ R Jy & /N H (5.67 cm); 0.5 0
Aefb R ERE. 1 mmol-L™" K*4b (7] B % 2514 mmol-L™" K" kb 2 ]
WA 3R AR R BRI A, 5 BRFBES. A SOHEE R KR AER XK
W3R T3P ARAIRE IR X AR P 4t K B (B B, RIRR AL AR K B RGO R 20 K B
SAVRIFIA K BE(EI5B). 45 R M, IRAHarEF SR LREER.
K3 F % 5 W 2R R E, sEaki ik & XSS B S, R IR e ) S5 e
WRE AAELARAREERRESAEREOKES KT ERAROIRHRNAKRE, FRED> T RRE
B n, 0.1 mmol-L™" K b FE F 9O SRS AXIRK AR (EI5B). —J7if, 0.1, 0.5, 1,
FEBIE B R (7.73 cm); 2 mmol-L™" KMbFL Fye4Ak 2814 mmol-L™ KRB R, 58 4 AR A X I8k (A K
Al X 4K P 5N (493.80 em); 14 2F14 mmol-L™' KY E4371939.8%. 38.4%. 32.34%. 30.2%#133.3%,
ANFEIATE S Z 25 T70.1410.5 mmol-L™" K4, 0.1510.5 mmol-L™" K" 4b# i) &% 1. 2F14 mmol-L™" K*
SRR KT B E KT, 2f14 mmolL™ K AFELEEXESR, F0.1/10.5 mmol-L™" K ib#
WEFR, AEGAMA R RGO SIEREN K EREELE 1, SEARAXEMKEHEZRT1. 2/
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Length (cm)

0.1 0.5 1 2 4
Treatment (mmol-L-")

[ Non-suberization

BE5 AFEWREZHAEEL R A B R IS F AR LA BRI

1 Incomplete suberization

0

20

40 4

60

Relative length (%)
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Figure 5 Developmental status of three suberized regions in the endodermis of tobacco roots under different potassium con-

centration treatments

(A) Absolute lengths; (B) Relative lengths. Different lowercase letters indicate significant differences among different treatments

(P<0.05).
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15.0%; FHEAK AU B AR K B K
JE(GE AR 5 AN LA IR E 2 ) 53 5 K
55.3%—66.4% . 23.4%—35.1%#115.0%—-30.0%, %

SR LU

2.6 {XK{FEME FTHIRNA-seq D #T

26.1 WFREHERERFRIEERSH
725 Frp B FEA Q20 Q30MIGCH =47 kT
98.75%. 95.97%#142.52%, HFAAREIIKT0.012%,
RSN T R =R, fFEHAR ST ER. AR
525 H R AW LR 35 1586.36% LA I, Xt 4h 3k
W, BeBEHEAT 5 S AR R D Ry B A A AT

%$0.152 mmol-L™" K* 4B 40 BR324 2EAT
Z R RILIEE A, SR ERMEET2 mmolLl” K
AFE, 0.1 mmol-L™" K" Ab¥E S50 470 3L 2 7 %
ik, Hrp847ANE R B, 615 FIE(KT7).

26.2 ERFEEFENKEGGHMGOEE S

72 530K K 7E KE G GHUHE i Hh i B 3188 26 AR i@
% (KEGG pathway) I, §iiik 2’ 5 F 105608 %
KEETIHN4KERKIK8). Fifigmd, Kk
A &2 (map00940) 7= A 75 75 e A AR T A BRI
B AL A WA R 12 (map00902) 77 A8 fit V& B2 i 44 ;
FAIR . AR5 A 5 A R& 42 (map0007 3) A 23 4
P B B AR A I K], ABCHE1E 2 4 (map02010) %
WA AEH (map04 144 )38 FOAR K 5t S 44 (13 5, H
FEAR i (map00561) 1] fE 2 5 A [T K 70 1 45 14 1A
BOFRIFE AR . LbAh, o0 B 45 5 WoR 28 e IR AR 1 i 12
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Figure 6 Fluorescence images of transverse sections of endodermis development in tobacco roots at three potassium con-
centrations

(A) Schematic diagram of the suberization development in the endodermis of tobacco roots at three potassium concentrations;
(B) FY 088 fluorescence imaging of different root segment cross-sections of tobacco at three potassium concentrations
(bars=130 uym); (C) Absolute length and relative length of suberization development in the endodermis of tobacco roots at three
potassium concentrations
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0.1 mmol-L-" vs 2 mmol-L~" volcano
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Figure 7 Differential expression of genes response to

0.1 mmol-L™' K* treatment
FC: Fold change
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Up-regulated KEGGs in the 0.1 mmol-L-" K*

Glutathione metabolism - ‘ Number
Phenylpropanoid biosynthesis - . ; ?O
Monoterpenoid biosynthesis - @) . 20
Cutin, suberine and wax biosynthesis - O . 30
Zeatin biosynthesis - (@)
Plant-pathogen interaction - . . 40
ABC transporters - 0} Padjust
Endocytosis - @) 82
Glycerolipid metabolism - @) 8%
Alpha-linolenic acid metabolism -|Q 8%

0.03 0.06 009 012 015 0.18

RichFactor Number
e 4
Down-regulated KEGGs in the 0.1 mmol-L-' K* : 10.5
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Protein processing in endoplasmic reticulum - O . 235
Biosynthesis of various plant secondary metabolites - @) . 30
MAPK signaling pathway-plant - @) Padjust
Plant-pathogen interaction 4 @ 882
T T T T T 0.04
0.033 0.036 0.039 0.042 0.045 883
RichFactor 0.01
GO analyse in the 0.1 mmol-L-" K*
Glutathione transferase activity 35
Oxidoreductase activity, acting on peroxide as acceptor 38 LEL
Transmembrane transporter activity 117
Extracellular region 97
Plant-type cell wall biogenesis 10 8
Apoplast 22
Glutathione metabolic process
Regulation of abscisic acid biosynthetic process 2
Suberin biosynthetic process 6
Phloem or xylem histogenesis 10
Response to oxidative stress 61 o
Potassium ion transport 6 (=2
Inorganic ion transmembrane transport 6
Hormone-mediated signaling pathway 78
Phenylpropanoid biosynthetic process 26
0 5 10 15 20 25 29
Percent of genes (%)

E8 7£0.1 mmol-L™ KA H F 2 R ik 5 K HIKEGG & # /0 7 K GO & 5401
MF: 2> T-IifRE; CC: 4Hiusisy; BP: A¥idis

Figure 8 KEGG and GO enrichment analyses of differentially expressed genes (DEGs) under 0.1 mmol-L™" K" treatment
MF: Molecular function; CC: Cellular component; BP: Biological process

REZBIFRRIAT T KREPT, KIMHR ST B ihskorfl B T B AR W AL ZRAE T Rketl
W E AR [BAFAE IR . BRI B Z KT e s Ji#A(Barberon et al., 2016; Barberon, 2017). H i #
EHSMEIARLME T, ANUEIFK EEIGR RN A fE ARG D, WA 7T
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Expression of suberization-

Description Gene ID related genes
Cytochrome P450 86A1 (CYP86A1)  Nta11g17320 [N
Cytochrome P450 86A1 (CYP86A1)  Nta12g16270 [
Cytochrome P450 86B1 (CYP86B1)  Nta07g11660
Cytochrome P450 86B1 (CYP86B1)  Nta08g09330
Cytochrome P450 94A1 (CYP94A1)  Nta14g22060
Cytochrome P450 94A2 (CYP94A2)  Nta12g25460 _
Cytochrome P450 94A5 (CYP94A5)  Nta02g03630 _
Cytochrome P450 94A5 (CYP94A5)  Nta13g22820 _
Glycerol-3-phosphate acyltransferase 4 (GPAT4)  Nta01g08660 _
Glycerol-3-phosphate acyltransferase 4 (GPAT4)  Nta02g18940 _ 32.11
Glycerol-3-phosphate acyltransferase 5 (GPAT5)  Nta07g02640 _
Glycerol-3-phosphate acyltransferase 5 (GPAT5)  Nta16923610
Fatty acyl-CoA reductase (FAR)  Nta14g06790 _
Fatty acyl-CoA reductase (FAR) Nta13g07670.6
3-ketoacyl-CoA synthase 6 (KCS6)  Nta03g16990
3-ketoacyl-CoA synthase 6 (KCS6)  Nta04g31980
3-ketoacyl-CoA synthase 20 (KCS20) Nta01g30670 _
3-ketoacyl-CoA synthase 20 (KCS20) Nta22g16210 _ 1.68
3-ketoacyl-CoA synthase 20 (KCS20)  Nta22g00600 _—
ABC transporter G family member 2 (ABCG2)  Nta07g11830 _—
ABC transporter G family member 6 (ABCG6)  Nta07g03250
ABC transporter G family member 20 (ABCG20) Nta18g03090
Omega-hydroxypalmitate O-feruloyl transferase (HHT)  Nta06g16320 _—
Caleosin-related family protein (CFP)  Nta07g09720
0.1 mmol-L-'K* 2 mmol-L-' K*
Expression of transfactor (MYBs)
Transcription factor MYB36 (MYB36)  Nta12g14560 | NGNS
Transcription factor MYB36 (MYB36)  Nta13go6470 [ T
Transcription factor MYB41 (MYB41) Nta18g18480
Transcription factor MYB92 (MYB92)  Nta24g02240
Transcription factor MYB93 (MYB93)  Ntaosg15360 [
0.1 mmol-L-"K* 2 mmol-L-" K*
0.03
Expression of potassium
transport-related genes 151.67
Potassium channel KAT3-like (KAT3)  Nta13g10380
High affinity K* transporter 5-like (HAK5)  Nta13g10390
High affinity K* transporter 5-like (HAK5) ~ Nta14g09530
High affinity K* transporter 5-like (HAK5) Nta14909530.1
High affinity K* transporter 5-like (HAK5) ~ Nta21g12960 [N
High affinity K* transporter 5-like (HAKS) Nta21912960.1 ||| |
0.1 mmol-L-' K* 2 mmol-L-'K* 1.08

B9 0.1 mmol-L™" Kbl T 2 5 Rk IA h iy R A AR GEEIA . MY BRI - B e 12 M R JE IR 363 K P

Figure 9 Expression levels of endodermal suberization-related genes, MYB transcription factors, and potassium transpor-
ter-related genes among the differentially expressed genes under 0.1 mmol-L™" K* treatment

ER R AN T 3 B K A B K 5 A R AR (I FY 088 3% AR5 W) B RS 38 A SR 2k TR 1) R KPR
OFOCRME, KO E PRI EE SRA R TR TEREARRR B IR AR A RS TR
EARBRA KB IILS FERAG L AN T ARG BRI AE AT
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LEZNEARIRE, ZAMEG RS, H AT
AR AR E IS EZ 2 Pl T (5K bR 55,
2023), H i &0 55 fE L -CoA S 1l (LACSs) Al i
i B2 -CoAE 122l (FACLs ) 1 4% K% i 0 R (1035 1L, B-
il i e -C oA & i (KC S ) M 2 il i I ik 4k K 5 &1l &
W G HEE I AR BE-CoAIR R B (FARS) A 5 R 1 R B
RAEIE G R SIAS BIRE AR T B0k B 57 % 4 L R
IS 1) 4 i €5, 2 P450s 42 Bl 1 1) CYP86 HICYP94 X
B IE T w-F2 SR Bl w-FR IR a, w-RIX2F
X AAE: o 5 R4 5 1) B R PR B A o H T -3-TE BRI L 4 7%
fil (GPATs)Z: 5 3-f B2 H ith 5 9t FL AL g 107 R 2R 5 15 2
Ny FEREMWIR ML e, ARRERRAR SN 15K
MR IE N 2 HATP-Z &5 G EIZ2EAKG
WK REABCG)&H . Hi AEFHIRIR B F ALK E
[RIAFE 5T H R DL b 2R R ) 3R 0K 1 3R 4T R AE (Melino et
al., 2021; Chen et al., 2023; Zhang et al., 2024), A&
T 70 A5 38 i RNA-seq X} [ i 5 4 J5E K i3k 4T R I8 &4y
T, fEZERFRILFEAPIFERICYPS6. CYP94. GPAT.
FAR. KCS. ABCG. HHT L} CFP X Jk % [X 1£
0.1 mmol-L™" K™ 4bH F i S ik, S5IA T 78
et WL BN AR A K B RBUAH— 2L

3.3 HES5FEKEREITR

HAl, CAMARVINIER. CAMAKFRPERES
B 5REBEARRTR . MERE) 28RS
KA H BT R, %3 i (Solanum lycoper-
sicum) (Leide et al., 2012)F1 5% (S. tuberosum)
PeZE(Lulai et al., 2008)FMEE NI KR fe, AR (i -
JoR B B FH AN ' e B 29 B 350 R L A 2 2R I R
bk B #58; BarberonZ(2016)W1 22 5] 415 i & g Ak
H 53/, GPATS-GUSI % i B iR 1 5 AR 4L
TIEW MM, K& KR kaba2. abi3. abidfll
abisIARAL K B WRILERFG . T 2060 5 A1 K
B, CIHTAR1-Z I A R R (1-aminocyclo-
propanecarboxylic acid, ACC)jifi [l 5128 5 2.4
B B AR GRS Rk etr LN ein3AH [R] (1) 2082 LRI N B2
EARRNK B IR, CIFRIES AR T 5E
FEAAE, NN &0 4l 75 0 e A 52 2% Y (Barberon et
al., 2016). 53 H W7 K IN, CAALHE T N B2 R AR 5T 5t
e PR URR 7 2 d i 0] 20 1A R B2 3 (Liu et al,,
2021, 2022). B FEARIL, FHEL H S Be e BENUAAR

Ja1l1Z4(Dioscorea opposita) ik (Actinidia chinen-
sis) @ 4L 4L AR R ITR (Wei et al., 2023, 2024a,
2024b), 1H v A WK F1 1R H EE X A R ARG R B
5] (1) A SGHRTE

HHT, A RHE A A B E AR AL 7 AL i
R TRAM B, MGRASH; &K TFSHORT-ROOT
5T MYBH 5 K - 1 R7 53 M AR (SHR/MYBs)
LR L TR BRI N R JE AR R B ) B AL
Wi H %5, 2024). RIEIT ALK B 1 D6,
MYBs 1] 43 M IE i ¥ F Al fof 35 1. IE S 7
MYB36 /& iff 78 i -« e BEA R 7% 7, MYB39 &
SHR/MYB36i# % 1 ABA{S 5 ¥ 5 i 3t [7) K v i 12
T; MYB41. MYB53. MYB925MYB93E.A & =i
[FYR M, B AEE T RETU A ; MYB68. MYB74
MYB84 H #: 45 & N Dy se B 5 3h 7, JFEA
ABA(E 55 SR Bz 2 oy A AE ELAE AR AL, Ak,
MYB107 FIMYBOth 2 5 A #&6 k & 1 1E 7] 1 4% .
MYB6. MYB122F1MYB70 /2 A A2 4k i 47 i 45 [ 1,
MYBG6:# it #7 i] iE i 4% K F-MYB52 MIMYB93 & 51
F; MYB122##HIMYBOFIMYB39; MYB70 17 145
Tk S5 A 0 Bl G ) 35 R RN A A T A2 0 A 1A G S R 1)
RIE, WAOARBRFRMUR. A, IEEER T M% T
AT AR R B AR RSSO LA
WORIEAE L, (R TR 45 DR B A AR 2% 1Y) EL A%
KFR. KRG 58T FIF S5 > AHG3
(PP2CAKE ) 5MYB68AIMYB74 7% 4 H AFE (Xu et
al., 2019), 5 — MRS 50 SnRK3.15tH 1] &
HE5MYB74454 . IS IRE I HEMYB74FIMYB68
S EEAMYBs R #E 2%, BEimIEEARL R E &4
REEHM)FRIL, 142 H AT R A SR T A
JI K53 F S5 A AR B A 2 R, LI B A
LI Py L AA G 5 75 SR PR 2 o 5

AW AT T AR LB AR HE R I AR 2 PRI
FKPMZES, daARtRENRNZERRE, 5
T EE R RBUHIE . ARG T N R EAMR E 1
AR S AR REYY WG, R RNV TE R & =
BT, WIR M5 RAR & 2B K. [H
i, BT EEEI0.1 mmol-L™ Kb # FMYBs iF
[ 2% R IMYB36. MYB41. MYB92FIMYB93 %
ik B, MTVCIE T 3R RS N E AR R E 1A
5, FAEHE AT 1A OCH 7T
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34 HMEEARUZEMNHRSENRIY
FEXHUL A I 1K) 22 THURIE 90 o R IAR N B R R R B
ROE RS BRI X LT JiT ZMA Dy 5 Bk e
[F) B A A% Joft S 0 AR i (CRR £ K A 4 ) 1 R AR A
esb1-178 /3 #HA7HE M, ROK S ERE T =02 —
PL_I-(Baxter et al., 2009); J&4EHIsgn3RARKRTE R I
SR A 8 A SR B 1 TR R A R KT B B A (Pfister et
al., 2014). R —PIIE AR 5 2505 77 70 R ) 5
e, Barberon&s(2016)7E3 A A (I SLE % . 3FPAN [
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Differences in the Adaptive Development of Suberin in the
Tobacco Root Endothelial Layer under Different Potassium Levels

Yunxiang Xu"?, Liwen Zhang1 2 Peng Wang Ylngchen Gu"?, Madan Lal Kolhi" 2
Biao Zhang , Yingying Zhu', Haiwei Liu"

'Key Laboratory of Tobacco Biology and Processing, Ministry of Agriculture and Rural Affairs/Institute of Tobacco Research
of CAAS, Qingdao 266101, China; *Graduate School of Chinese Academy of
Agricultural Sciences, Beijing 100081, China

INTRODUCTION: Apoplastic barriers differentiated from the root endoderm play important roles in plant stress resistance
and nutrient uptake, and the development of suberin lamellae has become a popular research topic in recent years.

RATIONALE: Hydroponic experiments with potassium concentrations ranging from 0.1 to 4.0 mmol-L™" were conducted,
using the cultivated tobacco variety Zhongyan 100 as the experimental material, to explore the effects of different potas-
sium supplies on the endodermal suberization and its physiological and molecular mechanisms.

RESULTS: Low potassium (0.1 mmol-L™") stress significantly enhanced the endodermal suberization: the absolute length
of the fully suberized region ranged from 0-2 cm in the control to 4-6 cm, and the relative proportion increased from
0-15.0% to 33.2%—44.3%. These findings indicate that suberization is one of the key morphological adaptation mechan-
isms in tobacco under low potassium stress. Phenotypic analysis revealed that under low potassium stress, root elonga-
tion increased while plant biomass decreased, and the potassium ion content and accumulation in both the aboveground
and root parts decreased. Additionally, the flow rate and potassium ion concentration in the xylem sap decreased, indi-
cating reduced transport efficiency. Endogenous hormone analysis revealed that low potassium stress increased the
abscisic acid (ABA) content in roots while suppressing ethylene and methyl jasmonate levels, forming a specific hormonal
regulatory network. The transcriptome data further supported the molecular basis of suberization development, showing
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significant upregulation of genes related to suberin synthesis and transport (e.g., CYP86, GPAT, and ABCG) and their
upstream positive regulatory factors (MYB36, MYB41, MYB92, and MYB93).

CONCLUSION: This study is the first to reveal that low potassium stress regulates the suberization developmental pro-
gram of tobacco roots through ABA-mediated hormonal signaling reprogramming, providing a novel perspective for un-
derstanding the adaptation mechanisms of plants to potassium stress.
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Fluorescence imaging of transverse sections of the endodermis development in tobacco roots under three potassium
concentrations (bars=130 uym)
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