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MEIFTAIFTCD-L 2 5 1R Zr Ml B 135 3% SC I RO AL

WmE, wRLY, kiR, 2ak ETH BRE AKE" TRR°
WEBH R A R S TSR, CTAWAT A EEWER S AR LA EALE, HH 110044
2k BH AL K 2 A B R 2B, JEFT 110866

WE  BYRAEA KR E R R S M, TR, B4R, . A, WCURAERMERES b L
PR B I 50 P A AR R M2 K5 T, RO (AP B, 5/ SO 90 3 5 5 AR 2R 1 2 K D v A A
O . BRI, B /R S B T 2 5 B 2R b S BSR4 . AT 92 R B4 7 (Arabidopsis thaliana)
AFTCD-L e I £ 8 4k 21K S i (trans Golgi network, TGN) |, 2 5 JEM0 {10 4 e AI/SR 5708, 115 AR5 4 40 e (92
I ERTIIITILHIEAD L, B A KA, WLEE R & A IAPINS-GRPAAL £ AR S b e, B B K
FHIKHE S, RIAFTCD-LS¢As fohR 2R L B ARSI S ) b 40 A R Sebbbl 7R AR 0 b 9 T BF A R SR, 36
AR A TR R % . 0 PINSAR SRR 7 90Ok 5 20, RIS bk h PINT (R FA SR ik . 25 %09,
AUFTCD-LAE 0\ S PR 2% P e 15 PINT [ 40 A SR O L M SR 1 9 4 SR A8 LW R 0 M 5

o R E ML SR T B TR

XKBIA  AFTCD-L, B2, M, R, PIN7

XITHER, BRI, JKiFng, 2N, T8, ER, XIKE, TEH (2025). MEIFAFTCD-LS 51 Z i 4358 % se i

WLl Y24 60, 551-561.

RARAEY . WU AR ik 185 LR
HERAMA RN EEEREE, SRFHEKEKKE
(Lynch and Brown, 2012; Kolb et al., 2017; Shekhar
etal., 2019). YR RAEKE . Ko BE. &
HE DA R i 2% S5 TR 3R % V) A 0% (Petricka, 2012). fE4)4H
Jif i IR B A 2 5 R AR Z 40 M BE (4 G S 2, TRTAE
W R PR 0 T R A Y SR Bk A,
SRR R AR 1) A K 5 T A il (Baskin, 2005;
Yan et al., 2021). E/RIEEARMESCH) 2 52 5
VIaH B BE RS R AME I, 3 — Pl EEVIE i
WA B 2 BE (Sampedro et al., 2012). Ziflizfi = %
Z 54 R NG 200 W5 R DR A RS
I B 2 5 A R T RS AR, T R
Wi AR AR 22 2F K (Reiter, 2008; Drakakaki et al.,
2011; Gendre et al., 2011). #lFg FFAtFTCD-L & 7 7F
/R K44 ) H (trans Golgi network, TGN) |-, 2 5%

Wk H 39: 2024-10-13; #2252 H #1: 2025-01-20

TR 43 3 AN E oy Wk, T R RS A 4 A ) B R R
53(Cao et al., 2022). #R1M, %5 H7E I8 KSR )
B8R W 2 SR A K HLHI A E

LI (Arabidopsis thaliana) i & BT 75 % 261
o502 il B B B B AR 20 #R ' (Dinneny et al.,
2008). MRHRARDAEHNLGURF IR, HYEEIR
RO HEHRLEFF RIE L FIEH, EKE(AA), kiR
(ABA). 75 F(GA). ISR ATE(BRs). 4 s 2
F(CTK)HI 205 (ET) 45 36 Jek 1815 40 i 73 LA Ko
] = M2 4= K (Blilou et al., 2005; Hu et al., 2022;
Waadt et al., 2022; Ma et al., 2024). H, AK =%
AR R RIS E R A KR
JEE R B R4 R AR K FR I Y T2 S B AR AUX T ILAX 5 i 4k
¥ AAPIN (PIN-FORMED)J ] i %% (Adamowski
and Friml, 2015), Hr, A=K FHIZEAPINEAK
BN FEKRNRERZ, EEDEKRE P RER

EEWH: 2024F L TEHE T HEARPIH (No.LJ212411035019) . 2024 4F 7k FH K 25 A B K 2 A A 37 AL I 25 7RI T H - 18 % 4%

(N0.202411035017)
* JEiRfE# . E-mail: caojiang2010@126.com



552 fHYEI 60(4) 2025

R EAE L o A4 T E i PR ke A . AR K 2R K
P AR AL R P R R A K (Luo et al., 2018).

VIR FAE A K B b B2 v 37 4% =l A2 ) iy
B, AFETER. 5EE. A G SRR
2% (Bakker et al., 2018; L5 1£%%, 2019; Williams
and de Vries, 2020; Xiong et al., 2020; Xu et al.,
2023). APRUEEY) = RE =, PR R H E +
EARLNFy, BFELIEAA K, . SHED
WY FE IR (Akula et al., 2024). 1R & X 1% EA
BRI, AR L IBK > SRR FE BRI BIR R, AT
Xof 35 1) i FE O e 5 AR TR it R L g 5 A 1 BRR
TIEEHUR S 2= RERD> B T B, LR 54
AUE B 25 BB AE LR KK E R K E
48 (Uchida et al., 2024)., 387K ) it & 5] ke 145
RS R M EE RN R —, TRhia ) g s
JEE TR - S A e - 4 2 A BE ), i H R AR R
BT IR 4 R ICGE mAR 1) A KA B (Jin et al,
2013). 3RS I AR R AR KB —E
EH, SBURREKHE S, FIIREZ R A
PR AN, fmaE 7550 5K 5 s, ik
s /EY) P~ & (Clark et al., 2001; Whitmore and
Whalley, 2009; Bengough et al., 2011). K, EA
R fife 98 B S FE O AR AR AR K B FL A B T S AR A Y 5
We, X T A E A LI E A RO A R
HEr) KRR R B R EAS B S S A, AR
YVIEMEEE NS EME.

1 MEERZE

1.1 SEIeHR

AHEFE T AE 3L 77 Ws (Arabidopsis thaliana L.
Wassile wskija). {7+ Col-0 (Arabidopsis thaliana
L. Columbia). A% #F 1 DH5a M TOP10. A< HF
GV3101. iy GUSHk & 2 I pCAMBIA1391. £
€ 35 % /A pCAMBIA1300 A1 pCAMBIA1300-221 13
FH A S0 AR AT

12 SWHE

121 SLRESTEEFERECH]

FEA2MS 15 77 2 1 73 AN %-2%-3%  (m/v) B i
o, il BB B R [ AR IR, . RS TR G BRI

TEW FARTI v ¥ 1285 F2 3 AEE 3 KU 25, Fo) AR50
3 FIATE et 5% S22 ] 4R % 77 6 DABADLAR 28 A6 K Y e B
TI3E

1.2.2 ftcdREBFHLE

H# M TAIR A 35 1) S (1) AtFTCD-L % X T-DNATH A\ 28
TARFLAG_348H021 4 Mfted, FIHLP. RPFIBP—
ANBIYITPCRX N, % e ali & RAA . Kol & RAR
bk RIEHURNA, K B 5350 G H RNA U 5%
JNCDNA, @I PCRY 1Y 5 14 A R A 4l A iR 58
AR o

1.2.3 HEFtERESESREFHRBERL

# pCAMBIA1300-AtFTCD-L 5 pCAMBIA1300-221-
AtFTCD-LEM 7 Bl AL AR AT B GV3101 . FI AR AT B
12 G40 B I+ A6 75 73 R bl BE AR B AR e B AR
5 RARRERIAE T, J5 ISR M 1247 o o
i, K PEYE T S 2R SRS 2 N A A I R IA S
5] 52 2 ¥k & (Logemann et al., 2006).

124 FFHER, ftcdRES SPINS-GFPHEBR L
Xof B AR B RN frod SEAR PR S5 A R DL RS A AR id i AR
KR 12 R PINs-GFPHI MR A BLBEAT A PRI 5E, illF
Fric JE OGRFE T, 0% %%

125 MRRENUBLSKENE

P K T F 25 3 75 A0 B S B4R T AT AR 2
BiFRETI R UIO B, FRZE RS R e [ 44
B grdkh . R R AR LA T B IR L E T4 CIRIR AR
AbFE2-3K A M N B GIR B IR A h, BERT R At
AT RIUNEE 5 A &I+ 5P 2 ME

12.6 GUS$}E5WE
FER EHR AEGUS T, 37°Cil )t G 1.8 /N
JE L KBS A RHBONT0% B R AR 77, R
ML OB W S R AR AR AR I A R

1.2.7 SERZEXEEPCREMAFTCD-LHRIEE

e A K AE12MS BS 77 5 b 580 B Bt fig 1% 9% 3 vh 1)
B A R R TR, FREUAH [H) 3 )5, A Trizolisk 711
PEELRNA. 2% O sk A S FH B 5, FRNAKR
2 5% cDNA. IR R bR 51 kA7 e ek e
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#PCR, flAtFTCD-LE:FTEA [FIBH ) 4 4F T 1R
DL, DAACtin8 AN S5 . 5175 0% 1. RH
Excel#f ab B Sz B Kol SR 27Tk 40 M i A ) A
X214 & (Livak and Schmittgen, 2001).

+£1 qRT-PCRE|I¥F4
Table 1 Primer sequences for gqRT-PCR

Forward primer Reverse primer

Gene name (5'-3") (5'-3")
AtActin 8 ATTGTGTTGGACT- CTGCTGGAAAGTG-
CTGGTGAT CTGAGGG
At2g20830 ATGAGGCAGACC- GTTGGGTCCTTCT-
(AtFTCD-L) GTTGCT TGT

1.2.8 FM4-646 555 ME

B AT m B 85 R A R S AR R R R U, i
A5 pmol-L™" FM4-64 4 41035 . gt
PIPLRE TR A BB b, SO R R B
Bi(Confocal) M £ 4R 42 LA S AR I 4 i A K A48 T4 e
B,

1.2.9 PINTERRHTARIED

W ha e RILPINT-GFPHI Y A Y . AR 5 [ & 8 AF
A S5 R ) A R 43 Sl AR B B B B B o 2R R
12MSHE IR b o 0B B 5 R B v AR K7 R AL S I
RRFATREME 55001, M1/2MSE 7= FAEKS
KA T MR 2 3547 Confocal WL 2, 41t 43 HTPINT
RIS A1 Do

1.2.10 it

X HGraphPad Prism 8 F1E K. K H Students’ tis
6 2% EU BB 18] 2 R (1) 3 M, P<0.05K R £ R
%, P<OOTRRERMBE. * M5 LR
0.05. 0.01/10.001 /K FER B,

2 HERE59DH

2.1 AtFTCD-LEMREFFALPHIRIEER

NEYIAFTCD-LI D RE, & Sexf HAE U g I & H 21
R R IE BT M. TAIRME R R EIR, %23
HTELRE T I SR B M Z AN AR T h s
Fik, UHAIE . HRARAR Rk B (K1A-E),
R AFTCD-LIERLFE I AN AR B I AN [F) 41 285

B RIL .

2.2 WEFRREILMSE BESER NSRS

4 KEIAFTCD-LRFRIEE

BT RIS T, AFTCD-LIE R 7EAE . I 5HR
Ao Rk B E (E1A-E). A B1i% 3 R ZEAR o 4
H, A% GUS-AtFTCD-LF 1 S £ 1/2MSH; F7 5
FM, DS ABE U, e 39 % S B A KA B P R 3t i
FREer, Xf HeAUl B S AR A TE TEBH S 86 B BH T 264 R
AtFTCD-LIJRIATE I . 45 R B, Bl G B A PR
BERH A I, SRR T GUS L iz inik, BRI
AtFTCD-L [ 3R ik 5 i 1 & (K1 2A); SERT 5% % 8 &
PCRAGII &5 BoR, RARHAFTCD-LIF R IA SR E
A BE D RS R TR AT i (K12B) . BA B SREG S5 R
B, AtFTCD-L ] i 2 5 AR M B =y R S BE R 77

2.3 WEFRRENSEERANDPEKERRE
N T W E AtFTCD-L 2 (R 75 AR S0 BH 77 2% 44 /IAE
AT R AR TR B TRAR R DL o SR Is AR
o3 0l R BB i BE B R A, WERAR AR AR KA
o TEERRIR B NN % IR FRIE (1 %5 97 3L ), -AR
AR A T B A2 1 20%; 7E2% 3597k, RAEK
AR A T 8 A4 A 45%; 7E3% 8577 A b, SRARR I
RE S T ER55% (KEI3A, B), BIMRAIEAEK S
K R EE AR T BB 18, 0 L AR AR AR
e B SR SR A T N URR, R IR (R 2 e B K S
BH 3. TE2% 85 7 B, Ik ik i ) A AR A A B A 2 K
4%; 1E3%$5FRHE A, I FRIAM B AR A B BT A Y 3
hn10% (KI3C, D), RPN REMEIIR R K
THARIM AR, 25 EFRY, AFTCD-Li i i 3 5y 5 52
FERR 2 5 E IR I A K

24 WEFRRESEIEENEKFHTHH
A

N B AT CD- L2k D] 753 76 2 A 7K T g 7 1 458 55
SEREMpIE, BATIE T T A5 B AR R R G A ) K
i XABEMA K. DUEKTER R 7RI PR R
5 B BB AL R A B, DA X3 525/ 4 g O [l
(1K FEAE B AR A A (1P A K . FM4-
64 YL M S I, 1 BH TR B T SR AR A AR 2 (1 4 1)
B KT B A A AR (E4A) . Giit 45 R E R, £1%
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Figure1 Expression patterns of AtFTCD-L in Arabidopsis thaliana
(A) Seed germination; (B) Root; (C) Leaf; (D) Flower; (E) Seed; (F) Silique; (G) Seed and silique. SAM: Shoot apical meristem.
The numbers in (A), (D), (F) indicate different development stages.
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Figure 2 Expression of AtFTCD-L in Arabidopsis thaliana root tip in 1/2MS media and gradient agar media
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(A) GUS histological staining of the root tips of A. thaliana in 1/2MS media and gradient agar media; (B) Expression of AtFTCD-L
in the roots of A. thaliana. **, and *** indicate significant differences at the 0.01, and 0.001 levels, respectively. Bars=20 uym
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Figure 3 Root growth phenotypes and statistical analysis of the wild type (WT), mutant, overexpression (OE) and comple-
mentary (Comp) lines of Arabidopsis thaliana in gradient agar media

(A) Root growth of the WT, mutant and complementary lines; (B) Statistical results of 7-day root length for figure (A); (C) Root
growth of the WT and OE lines; (D) Statistical result of 7-day root length for figure (C). * P<0.05; ** P<0.01. Bars=5 mm

Fr R b A I, TRAR A L B A R AR S 1) FE 6% A
iy FE2%FRIE T AN, AR LI AR AR S 1)
FE15% i AT, (E3%IEIRIE T AR, AR A LBy A= 7Y
HRAMH [ 9 36% /7 £ (E14B) . WAk, TE1%KEFREE L
IR, RARIRLLEFAE BRI R 2%; 2% 775
A, RARIR LB A AR R 6% /i A5 7E3%
FREE PRI, RAK BT A RUAR R A0 M R 15% /e 47
(K14D). EARSERRY], EEBHIL I IZWHE K, R
PRHRIRA 171 T E AN R T 174 L AN 38

BE 25 ALK T RS0 R I AR AR AE A ABLEH /)

FAF T RIAERAE DL, KITRAZAE MR G 7 A X DL
TR DX T 2 B 6 5« B B R R B A P
3G, A %—3% BB 3 I (3R 58~ , B A A
MR HE T 25 A K A2 B B o A8, H 2 RA AR AR 40
T2 7 1 UK SRR ™ L, TR TE BRI 18
N HA A 5 B S AR AR SR A A 1 (B14C). B
SERRW, B AtFTCD-LIE K 1400 TR R AR AR 2R
LA 53 A2 X DA R X R4l R S B B R, R
A R 8 AR R R AR 2 0o 1y % S B BHL D BBURE, i — 28 N
YA 7K P IE S AtFTCD-L 3 K 2 550 o7 5 52 B B AT o
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Figure 4 Comparison of the cell morphology of Arabidopsis thaliana root tips between the mutant and wild-type (WT) plants in

high-compactness resistance media

(A) Root growth of the mutant and WT lines in gradient agar media; (B) Statistical results of apical width of the root tip cells on
the 7" day in figure (A); (C) Cell morphology of the root tips for mutant and WT in high-compactness resistance media (3%); (D)
Statistical results of the root tip cell length of the mutant and WT plants on the 7" day in figure (A). * P<0.05. Bars=20 um

2.5 PIN7-GFPEAtFTCD-LiEEE# R ZEHN
KR

FERTIAEAT 2O B E SE I, R ILER R AtFTCD-
L= 520 20 it w5 AR 12 2 T RLKI 23 b o N T i g
AT BRI PIN SR 1 72 75 52 AtFTCD-L 2 [ ik 25 52 1]
Fikitmiz 5EATRARLEK, ROHEKREZEHERN
WIS B0 R4 GFPIIPINT. PIN2. PIN3. PIN7A
DR BFA M, GeAR (A 5 [a] 53 AR FP T AT A58

Wt A GFPARZE R B RIAF T, FiRERI2% B0
PR R:FREE R, DAPINT AARR SRR AL, RIFER
1L PIN7-GFP 725 1) JE AR AR K AL /5 58 S FEBRL )
A KSR R TR R T B AR AL 5 (B B SR RH(EL5) -

WT-PIN7-GFP

fted-PIN7-GFP ~ Comp-PIN7-GFP

El5 FGFPHRZEMPINT R MR SHFAE RS (WT), 54, [H]
2 RAZR(Comp) LA ik FR T 5 S8 BH R 77 58 AR ) AR KA i

Bar=5 mm

Figure 5 Growth of the wild type (WT), mutant, and com-
plementary (Comp) plants crossed with the PIN7-GFP
marker line in compactness resistance medium

Bar=5 mm
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2.6 PIN-GFP5AtFTCD-LiEE R L3R

FIH Confocal W 2 MR A 4l i, K IR AB{AFPINT-
GFPHI{E 5 1 255 T 4 B (K 7A-D). ¥ 1E1/2MSE;

%9 7 W AFTCD-LIE B S PINR IS b, Ay O AR IRSRIORA M RIIF AL AR BT FMA-64 5%

0 oA A AT K, FIConfocalnge TR, SURRILTURIE SRR RIRIANRTD & 1
MRS 2. 25 RBIPING . PINSRIDRGS: 0 R EMTTPINT-GFPHIS G IO (S 5 55 sl A+

2 g . y KA (EITE, F). EiRgEHEH, BRICAIFTCD-L
() S B e A A BTN, SR
YOI G TR TSI AL, TR Eﬁumplmmawéma@q:aﬁmuﬁmmﬁwu&m

22 HI M AL 25 HIT A S 6A-C
IR TS 5B AR T B ZE 5 (K )o G AU
2.7 BESEPM/ITPINTE D s
Ry HAFTCD-LIE K 5PIN7 AR IS, AT 3 Wik
A KA 1 % B A 15 77 2 v 1) S8 AR AR 42 1R AT A N, AT LRI, AR T fted 9848 44 5 B A= RUAR
A PIN1-fted PIN1-WT PIN1-fted PIN1-WT
B PIN3-ftcd PIN3-WT ' PIN3-ftcd PIN3-WT
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El6 T GFPHRZZPINT. PIN3FIDRE L JE A ME AR 5 7 A= B (WT )R 5825 R 4 2 bk RAE1/2MSHE 772 5 LA K
(A) PIN1S5ftcd 58 A8 A B A B A A8 bk RAE R S 4 F F I s (B) PIN3Sfted 58 A8 (4 B A B A A8 bk RAE R S A % 1F
THIE J; (C) DRSS fted S8R F AT A= B AC MR REE VO S I %4 T IE F . Bars=20 um

Figure 6 Growth of the wild type (WT) and mutant plants crossed with PIN1/3- and DR5-GFP marker lines in 1/2MS medium
(A) Images of the WT and ftcd mutant plants crossed with PIN1 under fluorescence and bright field; (B) Images of the WT and
ftcd mutant plants crossed with PIN3 under fluorescence and bright field; (C) Images of the WT and ftcd mutant plants crossed
with DR5 under fluorescence and bright field. Bars=20 ym
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Figure 7 Distribution of PIN7 tagged with GFP in the mutant and wild type (WT) plants
(A)-(D) Fluorescence distribution and expression of PIN7-GFP in the mutant and WT plants (A and C for mutant, B and D for
WT); (E), (F) FM4-64 in the mutant (E) and WT (F) plants crossed with PIN7-GFP. Bars=50 pm

TEA2MSHEE 773k AR K TG R 22 7, T AE A B B g 35
FrHE A K RARR K B AT TP AR, Rk s
B B RN R . EGHIAKCT |, RBRIRKAE S
MR 43 A X AR 5 B S A2 P DA B B 9 R B R VR 5 2 1E
AR o WARA 73 AR X 5 K X 2 i R TR A5 1R A7 WL 8%,
DA KR X B0 A B AT I 2 Gk, R
BRI R B 3G v, RABRAR A T S R AR
ST HI GO, K X A0 B K R B R T
A TR T A0 B R K T BT AR T . S R B R IR A N B
REMREESG N, AH T3 K T PR AR KR ). i
UL 498 vy R SR PH ) AR K S A, TR AR AR LX)
2SR I SR, 25 UL R T AR SR AR K R AR AN A i T
A, UESEAtFTCD-LZ 5 RIS B 5 5 L EFH 7
TR BENS 73 WA R IR RGO, o A e i 2
TG R, AP AR 5o ik 3B 1 A K (Hawes et al.,
2016; Wang et al., 2017). 4fE#kAE K AR B sral & 6t
KR, RS EHN S RAEBN, BN
PRI R P A R A S8, X P A BRI G AR ) I A
F IR 0 B B M % ) M (Okamoto et al., 2008; Ger-
ttula et al., 2015). HHFFLEY, 7EEFRRELME,
MRAEBRAR 3 v (1) A KA SZ 52 ), T A s B2 K L

b A4 K2 (Pan et al., 2004). ARfR4 %R S
WL —8, B fted RALARARAE I IR FE TR s 7 4t
AR SR AR I R R, AR AR g vy R S
FEBR TR T, RAR IR S A e 4 9
R TE A,

A KR — T A 4H i 2R R R K, 5
— 7 T 3@ 3k 3L 43 A7 (1 94 55 0 P58 O 1 R A0 Ak B 28
LA B . FEL R AR I, PINGR 1 A AR K 3l
12 B 4 R AR AR SR 1 AR K R A 2 (Marhava et al.,
2018). M FFIFPINGE AFKE D N2 WK R, —He
ENLT FIEHIPINTI—4. PINGFIPIN7, 57— 8 At
F M AIPINSHIPING, X240 5 i3 [F 4 R Ha 4
AR EIFL(Su et al., 2022). FATRT LW 7T KN,
AtFTCD-LjE {7 7 fm AR HE A4 s b, 3E— 2B F 96k
EAWMEHAMEZEATRSERELN W SiE
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INTRODUCTION: Plant roots respond to various abiotic stresses, including drought stress, heavy metal stress, salt
stress, and deficiencies in essential nutrients, during their growth and development. Among these factors, soil structure,
especially soil compaction, significantly affects root growth and morphology, ultimately influencing crop yield.

RATIONALE: The Golgi apparatus plays a role in root growth and responds to abiotic stress through vesicle secretion.
However, the mechanisms by which the Golgi apparatus contributes to the response of the root system to soil compaction
remain unclear. Previous studies have demonstrated that AtFTCD-L in Arabidopsis is located on the trans-Golgi network
(TGN) opposite the Golgi apparatus, and plays a role in vesicle sorting and/or secretion regulation of mucin components
in the peripheral cells of the root cap.

RESULTS: Compared with those of the wild type, the root tips and root tip cells of the ftcd mutant are shorter in the longitu-
dinal direction, but wider in the transverse direction, indicating abnormal cell morphology. Analysis of fluorescent signals from
PIN-GFP plants revealed that PIN7 was either not expressed or expressed at very low levels in mutants. This study provides
theoretical insights into the adaptive mechanisms of plant roots in response to abiotic stress induced by soil compaction.

CONCLUSION: In summary, AtFTCD-L responds to soil compaction in the roots of Arabidopsis by regulating the distri-
bution or expression of PIN7.
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Phenotypic differences in the effects of soil compaction on AtFTCD-L (WT)-, and mutant (ftcd)-mediated PIN7
regulation of root cell growth. The growth phenotypes of the root tips of the Arabidopsis lines on the 7" day.
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