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BRI -

M EHRE R B RRNHE G AR
B KA HE, EAY

bRk A Rl R, JbR 100871; b RO BARK 28R, bR 100871; *EE kS S LR, B 650500

gEg", B

TE T RO BT TR Y20 N B R A K 5 7 2 B SRR T B, R PR il ) A R IR AT T SRS T A
TEBE AR WOK GO RIS i, AR TR B 454 5 ThBE X S R S ae A e, (BRI RE I R i P AR BDIRS T e 2 5
BEJRRE A AR ], HME ASRAF ISR BORAS N I8k 8 5 7 ) B I B8 - % SC LU (Nicotiana tabacum) {64 & 44
Bl WA E SR 0 AR it ] 2 AL I T AT A, SR [ A5 IR 2 i R AR Ak A 5 R R I R B R, A8k AE
HA RN A R I 58 5 FE RO BT . 5 % A T 1R- R KGE R L, DRAC RV RS, PTEVUARIA S N B, ER4
AT ERACEE, G T TR ROK R O B IS K T S A4 5 0 A P TR, RN SR A P 2R DI TR A8k i A0 M B SR AL
(e 0 R T 0 R B I A o 205 9T L A R B AN R RS AR ) SR 0 S B

X@iF AT RMEL ERE, M, AL s

BHEF, T, KR, HE, BHFE (2024). 100 IR T 7 AN B S iE L. MR 59, 783-791.

VE T AN PRI REAE ME S5 7, N B BEAE R AR K
RELSERIEEW N EZR MG, BT AEDELE
MUBSCRE . 4ERFGEMTEAS 5 MO A Fba 2 4k, H)
EVEFIC A K S S EZ AT
(Zhang et al., 2021a). TERE A L7 AR P A= K 4
i, AMEEAMKER, AKX AR 7R TG (Dumais,
2021). ek R 500 B AR R 3 TR A T A5
ISCERIRTT, TEMTEAE Sk B R FF K ek &, 168
B I I TV AR P AR K TR R AR BE T, HEAIRER
58 XL K5 (Nezhad and Geitmann, 2013; Cameron
and Geitmann, 2018). 7E%/AN IR A1, T8y 5 41 Bk
() 775 T B s ek B R AER B K DL sz
ok R H A6 R B 2 22 2 T B B R 40 i A 3 R
T2, PRV AR A O B (B S, 2023).

T4 L B 5 K (R R 5 R AE T B, B 7O
e S E N BT B S AR, T
{345 (atomic force microscope, AFM). ik 245
1 i EOGTE DL A AR R AT A SRR R
FAEVAMBESE Ry . oy BRI EE TR (G AL
2 2018; kMM SE, 2023; k245, 2023). HA, R

Woke H 39: 2024-04-26; 252 H #1: 2024-06-21

T 11 B4 K B T 19864 (Binnig et al., 1986), @it
o I R 5 A5 o 3% T 2 1) PR A ELAE FH 70 SR SR EURE i
KMPEHE BS 15 HER, BA PRI 2 6 5
HEAR 5 B A= 1 BN RABUEE - AFMZ AT 78 B 2 i
TR R Tk (Krieg et al., 2019; ZRfii
&, 2021), 5ZAH, Mgk EIR(Qian and Zhao,
2018) 14 iy /7 &5 #3 B% (Routier-Kierzkowska et al.,
2012) 55 40 il 7 27 11 o7 R AE 2R R BB IRAF 43 HF 2R 4L
R B0 77 i 28 0 B K, i AFMIAT 3] B SR 45 B ot 2 T
09 2K 25 ) P RG A 45 48 DL K 22 Ff ) 2 4 5T (n 4 TR
BAIRE 77), SEELRR S5 K5 T 5 1 i 2 R R )
L R L (ZE S, 2018). Xt T AW FE A
W, AFMA & MURF A0 35, Fol ke 5 A I i A2 0+
an G4, HL AR 8 L AE U RO B R AT R A A
TRFFAEDIRE B0 AR BIRAS, SRR 0 PR R 5 i R
Fr s o Fr e R M AN 54 5 07 5 1 (O R A 5%,
2020).

AFM 32 BT 5501 RIS sh i 45
ANTE) R /INFNAS [F) Y () A= 0 it WL (Dufréne et al.,
2017), HAE R P 00350 1) B 2% 52 D% 3 (HH o I 4
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2006). HFEM TR E L, M SHLUEE &R, M
mn R/NES BEROR, BOM I AR AN AR TR, ol FH Y
AFMRL I ) FE R, T R I 9 8 0T3R4 ) SE 1)
AFML I EHE 28 0 s B, WK E . T8, B AY)
v G A I AR 2 S M A o V) ) 541 B (Majda et al,
2017; Vaz Dias et al., 2019; Zhang et al., 2019),
AHC Y P 00 S5 AS HOR 0  AE  E ft AR VDR S0 ek A9 )
B o R T 20K 22 HOK 0 AL i, R IRl (Wu et al.,
2020). M Fr(Zheng et al., 2023). {£#f(Zhang et al.,
2021b)FIHR Z£(Qi et al., 2017; Kozlova et al., 2019;
Zhang et al., 2021c; Wang et al., 2022; Xiao et al.,
2023), AT EFEMS T, BRAER 5 o T ROR S0
FORESD, TR BB T RAE, Rl — LR
ANREB IR TR FR B, T EAE R AT SRR
V) PR R0 P [ o, 45 o v DA CR A ot PR3 1 A
RS . DMER I, KHEB 73 STHRR FH 18- K%
(Zerzour et al., 2009; %5, 2011; Leszczuk et
al., 2019), Rk B EMRIAR IRIE PR fG, R8I
A BT ERIUNST R TUR, R KK TR LR b A
BN b, FRRINVEECGEIAT AFMAT R, BE AT
PR R AE S S T HHATARME R . T8-S /K5
PEARXS fRIMEE, fH pb T a8 J5 2 91 RS R T30 A )
SR A, HT LR ERAS A AFMOULIN H 40 A BE S
BRI VEAE BRZS F B LB I o I3 BRI B T2
B BB FE N TR T — B A6k 0 5 1 o e il
LIS B 5 4% (Vogler et al., 2013; Shamsudhin
et al., 2016; Burri et al., 2019), {HiZJ5 i W&
PRECR m, RS SRI0 =  J . AR N 18k
B AR HARDTRE, R 2 SO IR 55 R B R A B S
s s b, Bl TemE 2 KRR, H5REERK
FPHTHIRDS, 25 I AEH B 5 R RS A R S 2 R i
HEWRCR, FEAFMIT R Wk S a3 ik, &
VBT S B A

AHF 5T LA L (Nicotiana tabacum) 7683 & 5
Somrek, SR H AR5 7 2 SR N R B7), E10k &
PER A AR A R [R] IR 285 B2 VR AT [ A s 9 2 1 2
W b, AR THRMEKELITR, BERARK
IRBE R 0V PE AR K B E AT AFMOULIN, 38 i O A o
M7, 3R B AR E PR B A6k i 4 i BE TG
i SR Him MR R3S .

1 MR5ERE

1.1 SEIEMR

VIR 9 B3 5 W #1K326 (Nicotiana tabacum
L. cv. ‘K326") K HoAf 7 i 1 25 B (F1 75 $2.0-10 mm)
i, BF28°CHBHRAZEKEIHE, BEHE
25°Cin =, 1R EE1-21R H KoK . A4 1836 205 2 =] 1)
20-20-20-TE#%1:1 000 (V/Vv)JIn 7K Fs B AR BE, 4
AT, BIR50 mLo £ AL 5 SRS 211
7y, BT HRRNTRIT, 572 T1.5 mLEL
B, R T—-20°CUKAE % FH o

1.2 {UEFRE
AR T B (%Y 5 Bruker BioScope Resolve),
P43 T8 B B8 (225 Nikon Eclipse Ti) .

1.3 KW

1.3.1 EFEECH
WA KBS 95 0 10% FE B . 0.01% B B2 A1 0.025%
Ca(NO3),'4H,0. [fil A1 7755 10% 15 . 0.01 %R
1.5%F5 fIE#10.025% Ca(NOs), 4H,0. & % K B JE i
B T4°CokFE &

1.3.2 THHREAFMILEIRE: R TEME
T 26 B2 LB AR B T o o A 37 I P P T
RES, HU5—10 pLifg T3 b e X3k, H 35 3 14
GG 12 pm R E, 2 3-8 N
JZERE . HBKE(EC ) EE BHE T35 i (BE1C
)R U A B R, DA R SRR B TR
NN o B L [ A 35 7 i R A T R e 6 PR Ak
R, &G I R B B TR AE /NI A

H{200 pL%0.08%5 fig v k55 77 2 T1.56 mL
BOE R, BONA-2RIIE ), 8 RS A RIRIR AT,
SRAFAEH B - BLB0-50 pLAE M =i i hn 22 [ 44 45 55
FEE b BT AN 28°CHi 9:4-6/M . AFMIL
DT, AE A & B 0 90 A 8 77 4% 22 ik 3-58,
NS0 pLA & B IR BB 72 5 T 2 b, BT
HEATAF LI o

1.3.3 EHEAFMILNEIRE: FR-8k%
T2 K BB R E . HU30-50 plLAeH 2
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Figure 1

Schematic diagram of pollen tube atomic force microscope (AFM) preparation and detection

(A) Liquid-attaching preparation method; (B) Drying-rehydration preparation method; (C) Test areas of glass slides (bar=1 cm);
(D) Optical bright field image of AFM probe at work (bar=100 uym); (E) AFM detection under aqueous conditions

TN I A X, B TR R N 28°CHE IR
4—6/PIN o KB T B2 AR IR IR IR T, B AR
DRV TR ORI AN B0 (R AR s 9 2k
BRMYEI-51 5, 50 uLAE IR AR 5 77
AT AFMBL N .

1.3.4 AFM¥Rm

PR%F 1%k I ScanAsyst Fluid (Bruker, 0.7 N-m™, %42
F 4220 nm) o 5 B A v R A R B (B AL
nm-V )58 25 (A N'mT') (Thermal tune’s
). % K18 % 1 NanoScope 9.4 Feak Force
QNM in FluidfjScanti i, MG E: =i
40.5 Hz, H##EH15 um x 15 pm; 9454k 256;
L RFF 1N256; WEAH T BIE 95 nN. AFMWLII 7
M 5oR = E W EMD, E.

1.3.5 AFMILE RS

fii F B £k #FNanoScope Analysis1.8%} AFMXL %t
A HEAT 3BT Ak B, spm3C{F i Height Sensoridi i
ORI SR ) S = R, S AR
T EE N B R RCR O EW(Hu et al., 2020).
Modulus il i 71 1% 3% Roughness it 1€ ¥ & 1 [ A5 &
IR #ITHit. Height SensorifiiE f1i% £ Sectionil]
A E I E AT G pfesCfF R 3R AN
M-I sk

2 ZR5iTe

2.1 FREFMITEEHEFHARIRN
AWFFCLCEL T R- R K ST B A AR e
AFMBLI I T2 0 For, T8 BKE e & R P
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P, AE RO AL TR S SR B R INAE Y . 1T
TR R AR TE R & RN LU B BUIS, A b 3
FRATE R0 B R, Dy AT R B I 38 4 38 ek
IR BE LASRAT BE 2 MRS IER . TIR-RKVERT I
AR, RN IREEZn, VA S R INeh &
SRERE, IR AE /N YR e B .

22 AFEFMAGEMNEHEMHBEHRIESMN
Al

¥ KA & (Young’s modulus), 75 #3141 & (elastic
modulus, E), FTRAEMEHINIEE (stiffness), 7] Sk
TEHTY O 0L (A, Al A 0 B B 52 ) i R A v
AT I XE 5 FEE (Mirabet et al., 2011; Krieg et al.,
2019). fEAFMERIIFEY, LLEHEIMENHAER
NEERRRE M, FRTEERE 15 ym x 15 um,
S A RETEA B T (B SR 115 um AP )5 b B
B (HF 25 T 40—-80 pumAd) . ALK 8 1 = 70 — 4k T
5 P (BT 2A0) 7 2 A0 A 1 T i T v B3R THD 30 R
R LR 2R 5K, R BER T A 2. SIh
PR it B B2 ok 1) o0 = 4R TR 3 I (KB12B), oR
TER R4 LB I B2 35 5T 0 B2 M, A6k Tl oy
S B T I BE /N, H BRI BE R OK, B AR 4

A

Apical dome

B (R P s L ) AN — 1 o A o

TER & Ty 5 v B X Sl A e i 5 G 1 45
RWEIFTR. E3A-DAA A A 772 R 77-
PR M2k, B4k 770 B M 28 6 5 JE 3 (approach) i
2 5 [ElHf(retract) it 22, 43 Al AR SR B IR T 5 0 B FF
R FE . i Hertz 422 A 74 xof il 263k 47 04,
13 B Z AT B 1 b PO 2 T 3R A5 A0 R 45 T 5+ B
ks IR & (BIBE, F). Gitai &M, TR-52K%
HRE A AE R B, T A0 B A B A B S 24 43 A1)
“40.88 MPafl11.59 MPa, i T %k Fi ik il FE iR 1E 2,
LT s A B A B ST 2 {E 4 N 2.29 MPaAll
3.2 MPa (KEI3G). A L= K2 I Ji ik R Xt 4
K B D1 R — s R, G AR B 00 ) 5
M B K

2.3 AREFM7TTER LM EEIE S E R

N T 0 AT - BRI S T BRI PR
ERACH B ISR, 1R E IAFME 2 #HE
SR SR HAEA 4 T 5 v B 4R v B R, I AE
oy T e 7] (R4 ARE 26 BT ) 5 b BU 42 7 (14D
HE 2 I s )Se B v FEAS U2, A8k A T i ) 48K T v 32
PRESRIG10 pm i B 5 JE R 2 18] 1 i P 22 (14 BT S

Distal region

Drying-rehydration Liquid-attaching

Drying-rehydration Liquid-attaching

B2 THE-ERKES T RMNERACR S 5T 0 B (AFM) LN Btk (T 5 b BB Ar)
(A) e E =TSR (IR L), (B) Bl BB EHEE TR i =4 R (Bt 3R B B ). Bars=3 pm

Figure 2 Pollen tube atomic force microscope (AFM) imaging data of drying-rehydration and liquid-attaching preparation

methods (apical dome and distal region)

(A) AFM-mapping of three-dimensional topography of pollen tubes (colors represent the height); (B) Three-dimensional topo-
graphy of pollen tubes overlaid with Young’s modulus (colors represent the elasticity). Bars=3 pm
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B3 AR T AR T 5 vh B B A A

(A)-(D) TH-E AR ML E T (A) s T E(C) ST R MHE AR & T (B) . h B (D)KL ) -BR RS h £ (E) 12 Tl )
P IR, (F) 180 h BUOW ISR B (B n i IRB R, B THE(L 3.5 um) NGt # IRBLE T ME I X3K); (G) T4&-
SRS WS REBHVE RIAE0 B T 5 vh B BB R G TS5 2R (R AN R AL HL A 7EP<0.001 K P 22 A R 8. ). Bars=3 um

Figure 3 Effects of different preparation methods on the Young’s modulus of pollen tube apical dome and distal region
(A)—(D) Typical force-distance curves obtained from apical dome (A) and distal region (C) of drying-rehydration method, apical
dome (B) and distal region (D) of liquid-attaching method; (E) Young’s modulus of pollen tube apical dome; (F) Young’'s mod-
ulus of pollen tube distal region (colors represent the elasticity, dashed boxes (side length 3.5 um) are the areas for calculating
the average Young’'s modulus); (G) The statistical results of Young’s modulus of pollen tube apical dome and distal region using
drying-rehydration and liquid-attaching preparation methods (*** represent extremely significant differences among different
treatments at P<0.001). Bars=3 ym

AR, 1eM BB s O iR s S SRR UK, O T SO AR AR VAR BUIRES TR AT AFM

() v E 22 (RIAE i A B ). Giit 4 R W, TH-EK
WRARE RN, L T R rp BT = T S
B81.82 umA2.3 um, BT Zh LSRR TR
JFC T s AN o B A T e E ST 384 43 i 9 3.67 um A
3.46 um (E4C, F). mILTER-EKER TR R
Wi 7 AEN B AR T v BB, LN T T 48 4 T AR )
FEFE K

24 g

FEADIRE i T AFMABLI b PR AR A2 VDR i R 1 A
FRAS DA SRR AR R AN 2 o, 23R8
BES B B R . RS R R R
PERER, AFEHLE T ERBIEER T 54K
RE AR T AFMALI IR 7 58 o 168 8 A ek 2 51
IR 7 B T PR E W, X B 358 48 (a0 P88 R 58 ) W

S (3 A5, A OO AR AR AT Ak, SRR
B [ A 1 TR AR A ARG RN, ZEAE R BT R AN
B AR R 52 B 5 BRI BB o [ R 7R R 2
A —E N ERE, W DU a7 [ 5 fE A A, RO Hb$E =
TACK B B BCR, BRI B N AER B 7R s T
AR N R H 4 PR AFMALI .
5B AEAR G, T B B2 RS 0 EdE vT
8 G BT TR R AR 45 5 R R3S ) 5 R,
7 33K 6 5038 ] g 2 PR AG H 2 75 S 30 21 5 e R 2
F] 1 22 57, B0 E SR AR M0 1) AL 0 b s Bt . A
AFMAREF R AR SR T, QSRR AR, IR NIRBE
ML S 7R &, SEHESHOT IR EE
i/ o VN R BRI AE R B4 S 3038 B IR A 4 fi,
PRAEFENIRBEACEFE i AR S AR Fr g ke, 5 - ek
W CAER i B A L R 1 7 7% (Riglet et al., 2020)#f L,
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Figure 4 Effects of different preparation methods on the cross-section height of pollen tube apical dome and distal region
(A), (D) The height images of pollen tube apical dome (A) and distal region (D) (colors represent the height, and dashed lines
represent the position of the cross-section); (B), (E) The cross-section height of pollen tube apical dome (B) and distal region
(E) using different preparation methods (the arrows indicate the position of cross-section height); (C), (F) The statistical results of
cross-section height (Z) of pollen tube apical dome (C) and distal region (F) using different preparation methods (*** represent
extremely significant differences among different treatments at P<0.001). Bars=3 ym

AR B B TR S I B s 2R . [K12B 5 KIBEAIF
b Tt 5 v BT Az 1) A B B 4l S 30 Jm) P
B RHIBLR, 7T/ B TR AT IR AR 28 B\ 40 i B
% IH 177 32 A ik ) S AR T B H SR B IR A (i
7, BRI R A R e @ 54T 45 1E (Rou-
tier-Kierzkowska et al., 2012).

Tk & AR A AR K A B, e Ah, BB
2 BEFBRBME L4 MORES A4
i (Adhikari et al., 2020)t 4k 5 AR A KR 58 B35 b
A G Bl o YA L EE NI B S S SR R g T R4
JH9 1 AE K 38 % R0 7 1H] (Boudaoud, 2010; Uyttewaal et
al., 2010). AHTFERY], 1008 T i FAs & L
BOAL BN, H IS ARG SO BURK, T AEA B T
I AR K MR AL B, HEN A0 B BE 1 R 5
HefaAR, X—4 R 50 ANRHT 78R —
(Geitmann and Parre, 2004; Zerzour et al., 2009;
Vogler et al., 2013; Shamsudhin et al., 2016
Leszczuk et al., 2019). {&K5 " T vty 24 Ffa B 1) 47 ERAR

B NERE Z RN R E R E A S R
AR, R TR R A 23 RF AR AR ORI, S A
RS A K o TR 8 A LR g 2 P T Y 9 mT 4 Bl e
B WA K S SRS I R R NAANT, Q020 B 2 4
M 5EEBZW I E A 5T )Y Re % (Landrein and
Ingram, 2019), ATl 467~ FEA) RS2 A R/ E FH L3 .

g5 1, A FURT A A A B BE 1Y AF MO I 1l
Ji AT AL, R [ AR 7Rk R AR N R 7, 4
ko AT WA ORI A A [ ) B 58 A R R 1 R B, TR
A9 T A IR S TR A6 K0 4 B BE AL = 4y R T
TEH5 D15 s, ] R T AS R 2 A [J) RS
TR, itk — 2048 7 AL 20 B AR A T 45 L
BO5E T LA

{EE Ak SR

BB M BIF B SIR, SRS, T EE, B
FRI; P e, o EdE; SR SCIRER
Bl S50, R eflER, REESORSR,; &
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Abstract Atomic force microscopy (AFM) is a powerful tool for studying the ultrastructure and mechanical properties of
plant cell walls, while good sample preparation is essential for AFM data acquisition. As micron-scale plant samples,
pollen tubes are typical experimental materials for studying the structure and function of cell walls. Due to the difficulty in
sample preparation, it is hard to obtain in situ AFM data in physiological state of pollen tubes as pollen tubes are hard to
attach to the substrate firmly in fluid. In this study, the AFM preparation and detection methods are optimized using Nico-
tiana tabacum pollen tubes as the experimental materials. Thin solid medium is used as the adhesive, thereby pollen
tubes are attached to the glass slide during germination and elongation in fluidic environment. Compared with the con-
ventional drying-rehydration method, the optimized liquid-attaching method allows observation directly in fluid without
drying treatment, which avoids the shrinkage and denaturation of pollen tubes caused by drying-rehydration process.
Accordingly, liquid-attaching method can be applied for pollen tubes of different species and sizes, providing support to
obtain high-resolution in situ AFM data of pollen tube cell walls in native physiological state under aqueous conditions.
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