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1 ZHEERANXRRIE

=4 EEEARF R ENL R M BRI B AR,
AN AR 1 B A B A 1) LA 3 41
fE, MRS ITHENIRIE. H TR =4E0 REE
BEAL AT S I = 4E(5 1 E 2 (Zhu, 2023). IXHCN
T I R A SR RAE B WAFAE M EZF B . Roberts
(1963)4 5 1 — I n] K [y Ab HR R4 5 B, 2k 2% 18
oy =R T B NURR Y, T S AT AT A 2
BN EBRFTE BRI I = 4454 . Cooley 1 Tukey
(1965) 4 Hi i) R ik {8 5L it 4 4 (fast Fourier trans-
form, FET)EVEM R 3 | 4715 5 A BRI K
Ji& o B2 AT i R B e L AR 4 (discrete
Fourier transform, DFT), K5 5 M 2 5] 45 5 45 21 40
RA, ANFESEAE R B A F EURRRE, il &
HRSEEAKCYE. FRTHEIEMN A, (RATHENA 4
ARIFUEHAT EUGOS E B e R AE B S5 B AT 55,
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TN T 8 B PR A 355 A A AR U R R DL R R
F M AL I B AAPERE RO . BE S,
David MarrJ-19824E 3 T 427 | fie A B2 A AL
B 55528, T OIPE I S8 H — R AR LA
W H i (Stevens, 2012). IS5 R FHALSEEAT = 4 g 15
BN TR . E201H 22804, B L 4R I Y
JCEHEATICECAT 7T, I tiBeslfIMcaky (1992)#2H T
LA G i (iterative closest point, ICP)%&i%, %4
RASETE . VOR. BUE. X, REEEME/ML
GOPIR. DA =4EE B R G, 8 S SIAHN
BRI B BARAESE, P 5L TR € A0 A S A 2 2.5D
PG Bt (BP0 m O 2 ) B R ), sdid
B axX 6 2. 5D H 4 ST = 4E AR B (R T IR,
2015).
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AP IR R R, FEERE Y R AT AR 2
R 5. Xy s iGa B e, KR E R
M HLER . FEP R ERERAT I . A B bR M)
B0 A 3D H ARG EL (K1), 2P0tk g AN
Z A R RS, IR i AN B OV I 22 AN 52
Ifl. HAT IR T B AR 2R G0 8 Rk A
% P T 18 4 3D H# ## 1) 5 72 (Montenegro-Johnson
et al., 2015; Gao et al., 2021; Ovecka et al., 2022).
K & CT % AR (micro-computed tomography,
Micro-CT) 8% X 5} £& W7 J2 3 4 £ R (X-ray computed

tomography, X-CT)3k15 1 2 10 A1 B A 2408 FH T
4 B 4H 2K ST 5 R 2R B I — 4 H#(Wang et al.,
2017; Qi et al., 2022; Trueba et al., 2022); K #
o 3t 3 B 1 6 B B R (laser scanning confocall
microscopy, LSCM)HIt Fr 2 it & i K (light sheet
fluorescence microscopy, LSFM)n] i B fE 41 2H 21
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Figure 1 Trends in the application scenarios of 3D reconstruction technology in botanical research
The node represents the application scenarios of 3D reconstruction technology in the field of botany, and the flow data is derived
from 484 articles on plant 3D reconstruction published from 2011 to 2024, with the diversions indicating shifts in application

scenarios over time.
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VAN ) i = 4 G AR VAR AN R R (B 8
A ALRN AN B )BIE 7T A B N (R 1) LR 6 R AL 1Y) = 4
G TR PL Bk 1L (2).

21 ETHAHBREITMEMN=HEZRIE

T GE I T B BE AR G 1 ST BN BB,
FAZIX B BIRE R RSO, A B GRS e R
FAZX MR, R SCERALES A dh K BT
SHE S, SBOR BT NS SOk B AR T

F+1 HEYAEREEE . ALUNA0) =4 8 g 57 5 8

1007

M55 = E T, JLHAE R A b, EURAER i
RRSE NS o O TR AR S A e U)K FH O R AR
N CTREORFE S, RSN TR X, BRIK T A
ARRES RIS 5 B P, BeAh, LSCMIE L 78 K I 25 fif
L HE A7 B 3£ L (pinhole), 1Y o ¥4 8 F T & 5
Wi, AR T AR E RS ES, a7 E
BIE L

NT 3RS, LSCMAFIXYZ4 R4 ok
PLZ SR (4, 2015; ZEEAE, 2020; B I04E,
2023). it H B G I Zi# 5, LSCMA] #ET %2
DI, 3RE— R A HEs. w4
B . XEEBALSCMER AL B 5, AT HET =48
H, WS IR A I SRS R DA RO A0 i 485 4 11
[F] 73 A K F o

Table 1 Three-dimensional reconstruction imaging methods and applications of plants at different scales (organ, tissue, and cell)

REZ TPl Jiik 8% s SR

#8'E  /KFE(Oryza sativa) Micro-CT = i, 2019
A (Ginkgo biloba). #1F§7r(Arabi- Micro-CT.LSFM. fh+ R E, 2021; $8BE4r, 2022; Ma et al.,
dopsis thaliana) #1 iy # (UImus pu- Auto CUTS-SEM 2024
mila) RIX-CT
i (Citrus reticulata ‘Bu Zhi Huo’).  X-CT R Herremans et al., 2014; Nugraha et al.,
#¥ 5 (Malus pumila). F(Pyrus spp.)- 2019; Janssen et al., 2020; Van de Loo-
#i ¥ (Solanum melongena). # verbosch et al., 2020; #{#7%R%%, 2024
(Raphanus sativus) fil %] %j (Vitis
vinifera)
U FEIF (A. thaliana)f1 K Z (Hordeum  X-CT 1 ljiri et al., 2014; Tracy et al., 2017; Xiao et
vulgare) al., 2021

M4l FH L (Cedrus deodara). R (M. FIB-SEMFIX-CT  fiis:4H4! Herppich et al., 2015; Herremans et al.,
pumila)fl 5 Z=(Rosa hybrida) 2015; Nugraha et al., 2019; Ei4F, 2022
UFTF(A. thaliana) CLSM Iy Gomez-Felipe and de Folter, 2019
%M (Quercus palustris) X-CT fdr 4 41 Morisset et al., 2012
% #(Q. palustris) CLSMAIX-CT H IR Fink, 2006; Morisset et al., 2012

AL WFEIF(A. thaliana), fi % (Setaria  ODT . ssTEM. W P4iffl. /£ Jacksonetal., 2017; Kim et al., 2018; Cui
viridis). 5 #F(Picea wilsonii). £LF2 FIB-SEMHAICLSM  ¥rkigilfl. elt alz-,0 221%; Whang et alt., ?O%%;zszllvgra e:
Pinus densiflora)fl1 £ FA(P. thunber- R b p A @l » £echmann et al., , Buo e
;“) PRI s 2l 2023; Yamakawa et al., 2023; Colle-

vatti et al., 2024; Hu et al., 2024

Auto CUTS-SEM: FELLMIM ) R E AR HR; LSFM: SR 36 B AR, LSCM/CLSM: UL AR BMER; X-CT:
XS LR Z A BOR; Micro-CT: BMCTREEAR; ODT: St ATH W E SR, FIB-SEM: R 7R B 1 B A,

TEM: ZE4 7 BAEAR,; ssTEM: L)@ 5 7 kR

Auto CUTS-SEM: Auto CUTS scanning electron microscopy; LSFM: Light sheet fluorescence microscopy; LSCM/CLSM: Laser
scanning confocal microscopy; X-CT: X-ray computed tomography; Micro-CT: Micro-computed tomography; ODT: Optical
diffraction tomography; FIB-SEM: Scanning electron microscope-focused ion beam; TEM: Transmission electron microscope;

ssTEM: Serial section transmission electron microscopy
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Table 2 Comparative analysis of six common 3D reconstruction imaging methods in plants

WAR/A Iy R G E FE it ol 45 TE L IKF 22 3Lk
LSCM 200-500 nm  FLu/orek, th THIARICHEIIL  AiM . WANRAIY T ZENEEE, 2015; 2R ROHAE,
by K 2020; P, 2023
X-CT 250 ymBL T AR, Bk T RaE R E sy A, YIMEAT Du et al, 2019; Piove-
I 41 7K san et al., 2021; Kara-
hara et al., 2023
Micro-CT =~ 50 umUAF  ZpZk//hid 2k, Beth, RAWGE:EE 85, A4, gf  Wang et al, 2018; Ka-
R S L A 40 g K rahara et al., 2023
OoDT 200-600 nm  FB4i/5r2%, R TdEwdebiic, B0  8E. M4, QA He et al, 2023; Zhou et
U5 T 41 a7k al., 2023
FIB-SEM  1-10 nm NI Fla ik A, W A0 R AT K Heymann et al., 2006;
WA VE. BIE Wei et al., 2012; =54,
R v R 2022
TEM 0.1-2nm NI, R e CHERBK. @R, B4, 5T Drummy et al., 2004; 7

B, P Gt

Mg

- 7KF 3}, 2004

LSCM. X-CT. Micro-CT. ODT. FIB-SEMFMTEM[[%1.

LSCM, X-CT, Micro-CT, ODT, FIB-SEM, and TEM are the same as shown in Table 1.

22 ETXSFEEEIHEMEMCTH=44=EmM&K
XU 2T BT E 4 B % R 1 275 M 5 v 25 ] 43
HEAR, AEPIER R K 22 g0 K A A P S AR 45 44 1)
VEYH 7 8] Je 45 04 5 A4S 2.(Du et al., 2019; Piove-
san et al., 2021). {ECTHUGIEFEH, X Z&I5 A& 1)
WERFENARE, HEWHANEMHERRES
(Davies et al., 2011). T FEA &AL XH 280 i
B, XEAE S LT RN LT HE, Ry E
Wi Z A% . W SIS R RS, BT R
=SB

T EALWZ R B AR BN BACT . sk S
CTElFHMALCT . &M H S fOXE 2O BRE F i1 b
PSS E T, PRI BOE S X 28, 5 HAR K
AL AT ARG S, BB TS
5, REHIFENEZEE . Micro-CTAMURHE LT
R SE S RFUR A [ AL BR), 3 6 3K H 45 A4 Sl
GO CEIRAA . %5 B 2 FLI S AR 45 ) (Wang et
al., 2018; Karahara et al., 2023).

CT AR H AR 1) IR g B AN I 8 3 05 1 5 T
19174, CTHE B & 511k T Radon 8 4t 5 101 45 e
A, B0E | CTIRIMGE d r £ 244l 1971-1974
S, BRI AR TR T EAGORS B E R
F#(Masters et al., 2009); 19804F, FDKE. 5 T 1K

1% =4 F @ 20T, 20024, Katsevich (2002)fi# H
TOHETE AR e CT G ORS A T 1 il ) 6 I8 ) A
20044, JA% s DB I VA MR e T R A v A A )
(F5c5, 2006); 20194, HT N LR RERA /IR 2
SIHER IR e 7 A HES) T CTHE @# LR (B H
2 2023).

23 ETAETFHBERARN=4HERE

T AT I E AT RS A A JEL 3R U A4 4R i 5 AR
i, AN [F G BE AR R R BRI, &2 &
o, R EEPEE S, BRI, ZAEE3Y
1A = Y47 5t £ (refractive index, RI). 755 AR AT,
X T 55 HUE RE S B AL A, BT i I AR A [ R
M 2 A i B K, HEE =T R0 i
I Z U EE 2507 AR S RIS 1 IR AR R B, SRAF A
FEAR R R B R A XS R G Al , %
LTI R =Y A B . WEVEAERE, ODT
[ E g VR R Ay AT R S E R, S H N
B AR, DXTE T 0 AT S RE e 1 2% & . — MR T
ODTR AT I Sk B i = 4ERIE S . BT —Setf 748
BBk T 40 i (Jin et al., 2017). W40l A
B A, ST BLRIC N B2, RIAT I BRAE
Ko b5 AR



24 ETHTFREMANZHER

H, 1~ ¥ 1445 (electron microscope, EM)fL#E £ fil 1
K, KE 5 R H BT BB (scanning electron
microscopy, SEM)F1i% &t L+ B 1l 3

241 ETREBTFRAMBTFEMBAN=4#EFZ
REBTHRAKB T RUELS S T REEE T AM
R TR AR e, BORHRRT TR
B, WIS BRI XA, i RS R R AR I, T
SIH L5 A0 M REAE; B & E PR A L U) r
HTES T RS, AfBEEARL TSR
FIFAH FRBE, RE PTG X 48, PR RO 4
GAE—R, FIB-SEMRE A5 28U FE it 1Y) v 5 7]
PALEEAE(Wei et al., 2012), SREU&R A L5/ 1) =
YE R .

EAEYIH L F, FIB-SEME ZAG 25 v H 7 .
(1) fEHFIB-SEMX & XA it AT N U FAS
(Heymann et al., 2006); (2) fEX:EEH T, FIFHFIB
el & TEMEUR 1w B &1 v (Wei et al., 2012).
H I, FIB-SEMCT) 32 B T 2 M AR i i AR,
1 55 3 ¥ 40 ffl (Bushby et al., 2011). # W
(Heymann et al., 2006; Wei et al., 2012). fE¥41
o B UE K Uk (Crumpton-Taylor et al., 2012)F14E %)
ZHHfd(House and Balkwill, 2013).

242 ETESHBETFEMEAN=4EZ
3% 555 T SR AR BE (TE M) 0 T A BRI ) o e T 3R
TEERERIRE S, TR SRR A AR, BT
7~ HARE il PN 0 485 4 PR RS ZH R AE (Kim- et al., 2015;
Masyutin et al., 2023). H T HFH 9K HaT 16
MRS R 2, HBEFRIBEKS RS TR
FL RSP 5 AR R EE, R TEMEAE % LUK 0 1 20 9 =R
B o

TEM = 4 5 2 i) B 7 Ji 3 L - o oo 48 1D e 3
BV A 438 52 1 A EEL o 28 8 S A7 T A e L vt 3 i) o
e EL T L A7 [ kT I SRR K E AN E 7
IFa) 1R RBURE 43¢ 5 (B RURL 73 AT ) 5 [ — ) A AN [ it £ 1) 4%
ST 2 AR ) SEIL = 4E A . G, W RERBE )
B g Aepgy, R S 2k B RS LIS vk . B,
Wk BO AT AR i, JARAE I H R B =
2 L AEE Ny S N D ) Y S T S S e P o = et

S AR REE =4 BRI T H B A R XN 1009

M =2 ks AR . fm, HEAT S0l BL AR A
FVIIR I = e S5 1 (K PLEE, 2010; PLE I, 2021).

3 ZHEBRRAEEYARREMRH
HIRN

31 ZHBFERAEEYSREPHIRA

S EBRARTZ R T YA B, RN
EWAEKEERME TN LA, FH=4EgHEA
MY BEEN R IR BIRSRHE, CRefn E RS HH
AR L B B 1% (Serral et al., 2022). LSFM
FEARTIR TG SRR BB R R, SeBl 7%
HMA 2O =4, oA TR AR
A KA (Maizel et al., 2011).

TRV R, w0 PR = 4E RN TR 5T
HAAK . U vE A )Rt 2 50 E 2 . Micro-CT
a5 4 B 0 A R R T 4% (generative  adversarial
networks, GAN)A] = %te i /K FE(Oryza sativa)%)j i
ZEFTIO =HEREY, A AU PRI S50 B AR (SR 1, 2019)

R4 &, AP 00N RSB TR T — 48 D)
Fr, B EEEEEARRRAERHNER. BRE
(2021)f# I Micro-CT. LSFMAIE S i 1) 1 4131
Bipif% (Auto CUTS-SEM)BEIARLE & fFor i, BT
R4 (Ginkgo biloba) f1{il /5 7+ (Arabidopsis thaliana)f
THI=YESE M, FRRNIRIT T PR B o3l s 1) = 4
BHidfE. HAh, FRBEL(2022)% Micro-CT 5 LSFM%:
SYEEEEOR . R AN ST BB ARES &, R
THk (Uimus pumila) 7 ARG . FEIFRIE AR
U Z [A]ROG 2R o PR 4 2 AT A A FH e G €877 2%
[FIMicro-CTH AR Tt 1 Wi K B 1 F v (R 45 i) A
BN, NIRRT RIR . B RNE R LR R T
R (S R K55, 2022; Ma et al., 2024).,

& 48 77 VLR F A IR0 SR S AR AR bR, TIX-CT
FOR P TR IRAT SRS AR BRFR AR, 87 SR 52 A SRR A A0
AR . BAHERFHZE AR5 T3 % (Malus
pumila). #(Pyrus spp.). fii(Solanum melongena)
F1% N (Raphanus sativus)+L 5 % 1) 48 1k (Nugraha
et al., 2019; Janssen et al., 2020), LLAG I 5 sz
R EREG, WAL #574% (Van de Looverbosch et al.,
2020)F13E 17K # (Herremans et al., 2014). 1Ak,
Bt SoF A 4 1) T A5 AS  52 R M DA SE = 4 T VR R T A
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(Citrus reticulata ‘Bu Zhi Huo’)m] £ il /B, #fi
SRAE(2024) I AT T2 e XSRS 22 AR AN — 4 7 A 4
AR B B A AR T & A I 7V

CTHEARW) VZ N H TV =R 5, FF
] o T G 555 5 A (L 3 T ) A 20 R SR SR 9 SR ) ) T
AL . jiri%5 (2014) 45 & X-CTHI LB FEFRAE A, H K
HER X A B (20 ) = 4E s 7, BERE T
—YEEFENIREE . Xiao%E(2021)F] H Micro-CTHE 51 4
%] (Vitis vinifera) % B %245 B H A 3 725 B 3 A7 1) 57 o
P, IRAL o0 A AR TR AR E S5 R RN D RE I B A . LA,
Micro-CTEAE Y = St Fu b A S E N, w24t
AR =R BE B, HTHEH £k & (Tracy
et al., 2017), 4l 7+ A1k Z (Hordeum vulgare)ft]
TEIAHE KA BE A N RIFERs K B 07T

32 =ZHBEERAREEMELNTHNA

SR AR AN AT ST SR A B TG,
B AN ZH 2R )2 1T 43 AT 22 Pl o8 IX 3 75 () g6 4 22 e, I
RN RN H R AENLEE . B an, R X-CT #7214
(Quercus palustris)is 77 42388 5 R L 4UR B 3= 5
Z A R AH S, FEEANR KR E BIA [F B B (Mori-
sset et al., 2012). &AW Fi & FHX-CTM %3 R
SEN RS S AL U AL R 4R 1 = 4RI, it T H R
B i FE b B Ss F 57 R (Herremans et al., 2015;
Nugraha et al., 2019). It4), Herppich%(2015)5
[ 25 8 55 Xk 2 v S5 WL I 2 45 45 52 R (synchrotron
radiation X-ray computed tomography, SXCT)#f 51
T HZ(Rosa hybrida) 3/ Ffi(Akito. MilvafiRed
Giant) el % 2220 A A5 2 7, JFIR T H 25 3
BURMENLH] . FIB-SEM&S 5 Imaris B mT sSE L &5
(Cedrus deodara) A it #5 B 2 S0 FLA AN 45 14 B G
B, B T ARBRK T TR T E LA
I 55 HLERI, AR TR AR B4 T R KA (i
%,2022), CLSME AL GHLUE L 20 RE gL
FER LS KIZE Fr, $em T YA L (4l w7+ e 4
20 %A% 5 5 (Goémez-Felipe and de Folter, 2019).
FIRTEER I, mar R S AR AR RIR A AR
IREMHL S M Redft 7 A 71 T A,

3.3 ZHERRAEEVAEPHER
FEARRE E, B BB T W R RE A S (it

21 i R 4 R 45 6 T 28 B 53 % 26 (1) 3D 45 AL 4R
WA S B A R AERRIRN R A R AR AR AR SR
R FLIR S FE L FLIRR | il 3T 2 SOz PR 56 ) 2 [B] B (Cui
et al., 2019; Wang et al., 2020; Guo et al., 2023).
AL Y) B 5 T B U8 (serial section transmis-
sion electron microscopy, ssTEM). FIB-SEM #l
CLSMH] K JE) v e A B ko671, TR A4
S AT 3D FRANMAFREE A, DAR/R AR RN HiE
120 P 2% 2H R 1 % 5 (Zechmann et al., 2022),
Yamakawa=5(2023) %} 41 & % (Setaria viridis)i P4
JOFN 284K K 3D H 2 Ak T HAE R LB 3 il 5 45
MEHRL N AL E, R RN B S i AR R Bk T
IR, HHSGAREIZINHTE AR S TRIR . Kim&E
(2018)f# FHAuto CUTS-SEM & T 7 #T (Picea wil-
sonii)fE 8 kL 1 A A A . itk Ak, flATTR FHODT
X — Tobn i PR = 4 R R, 3R EUAL Fa (Pinus
densiflora) 1 2 44 (P. thunbergii) £ % ) = 4E 37 5
B RICEFFE, FHXASFDL S5 FEAT 1 IF MW X 45 A
IR, RERTAER LA B ESR A OB LA - Collevatti
£5(2024)45 5 CLSMECR . BB Hr i A AL a8 7 2],
WOFFE AT 7 AR TR R, Gl i TR A i1
ERNENSE, R T KB HEEA R,

T ) A AN A I 52 0 78 — B HE 4 2% Ak
W TR HME S5, {H 20 R = 4 AR HR I B A48 7R
Z A0 R B LT RE T AT 707 1) . kT3t
R RSSO M =4 @R T T Ak
P 1) 9 41 B AR SR K B )4 T E AR AL, T T
IR AR S R E R A i A K Bl 7 2 (Jack-
son et al., 2017; Silveira et al., 2022). T KiAF 4
H 241 i 5 22 (large-volume full automated cell re-
construction, LVACR)HEZSE, I8t AE Y 4 1) =4k 41 i
SRR AN M, A T A [E A A 4H 2 1 4 i
T, MR 2 AR AE RS I 5 (R HE BRI A0 AT
HETHA A (Hu et al., 2024).,

4 BHESRE

T 1R 22 ]RORE = 4 B 0 T IR N B L B 2% 5 g A
DiRE =R HE (K2). /N1 AR T. T
MRy, ZApEit. HISRE L RGREMEANR
R R TR, XA A RUE e AR &R, B
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Figure 2 Flow chart of 3D reconstruction of samples at different scales (Jackson et al., 2017; Tracy et al., 2017; Gémez-Felipe
and de Folter, 2019)

The 3D reconstruction based on micro-computed tomography (Micro-CT) imaging technology is used as an example at the organ
scale, and the 3D reconstruction based on confocal microscopy is used as an example at the tissue and cell scales.
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Development and Application of 3D Reconstruction Technology
at Different Scales in Plant Research

Mengsha Huang, Lingdie Kong, Miao Yu, Chang Liu, Sigin Wang, Ruohan Wang*

State Key Laboratory of Tree Genetics and Breeding, College of Biological Science and Technology, Beijing
Forestry University, Beijing 100083, China

Abstract 3D reconstruction technology involves using computer graphics and image processing technologies to extract
the geometric and topological information of the target object from the two-dimensional image data. This information is
then used to create a three-dimensional mathematical model that can be processed by a computer, enabling the virtual
reconstruction of the target object. In plant science research, the construction of three-dimensional models has become
an effective way to study plant growth and development, morphological structure and functional mechanism. These
models provide robust support for multi-scale imaging, measurement and analysis, demonstrating significant application
potential in the field of agriculture and forestry. In recent years, advancements in plant 3D reconstruction technology have
led to diverse applications in botanical research, covering plant morphological structure modeling, growth and develop-
ment dynamic monitoring, and plant breeding. In this paper, we summarize the development process of 3D reconstruction
technology and its application in plant studies across different scales (from organs and tissues to cells). We focus on the
basic principles and applications of these technologies, aiming to provide theoretical and technical support for multimodal
cross-scale imaging and plant phenotypic and functional research. Additionally, this work offers a novel approach to un-
derstand the principles of plant growth and development and the mechanisms underlying their responses to environ-
mental changes.

Key words 3D reconstruction, different scales, imaging techniques, models, plants
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