FrRERMBAAZ{E{:E (DSLT) & REfHEESE
FILTdYXLIZEKBAEN=ZREEDOHE & &H

FHERFRE BRI AR R
R0 55 TSR A 5
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W, ZWROTEED B LIS T — # Ofili & B R LD BEEMENHE LT
ETCWD. BN OFEMEET — 2 2 L, E&bT 57olci3getarn &
(2 & DAk & R OISR BN LEART R THD. L, EWOED LD
R R BEE T 24T, JBIrREOAR—HT L0 LB S v — P — B
LT B & CHRR B AL ZENHE LV E WO RER S 72, AHF
JETIE, ZOMEEMRIT H72DICF ANV Ly RV a— 23 A VR E
TeeE kAR Lo, oYL aiRIIMiE & 22K MR A [AIRFIC 5L 70 5 T Rl AL
THLIENTEE, WWE~ORBEL/NSKMADZENTEL. SHIT,
MO LT DL LK 2T AR EDOZ A 5T T AREIZH I LT,
E 72, I ORI E & 72 2 $AEPIE T SN Hi(signal-to-noise ratio) DX
FICKHST 27280, Fii-7e Rt Mk O —FETd 5 J7 iR /T —Eik
(direction-selective local thresholding [DSLT]) & SAE GBI /&I 7 /L =TV X A
BR%E U7z, IKAESEI B 7 L Y X ATIIEE Z N3 5 7o olchix 2 ik %
WD Z N TE DN, AWFFETix DSLT Z#:&EH o 7= ORI Lz, A
JE ORI LIz Yetaik LRI EI T L2 ) XA EHWD Z LI L o TRERIEL Y
BT RS E CAZ T 3ED = RouBE B ) HAifE & 22K EIR O IR 2 i35 2 &
IR LT, 51T, BRUZEBSEIT VY ALEZRH L7 — & Wi %
WhT 270127 T 7 4 hva—P—( 2 —7x—2 (GUD %Mzl 7
My =7 HBRRL, ABLT.



Frim

(AR 22 BB B D MRS SV T 1-4 22

A S L — =B Z O FBIMER 72 & D =Rt A A — 2 T AR
o - KK - R OEET — 2 ARG T 5 ETIERICEE THD. HoioHiE

T2 EEENT DI LIk o TIRIEHI R CIERET 5 2 L D TE 220
RERAZRECTEDHLIICRD. ZHUT L0 MRS ORI E T S0
THODOFTRNY LD, BEOREIZOWTUIEITHRICL Y, BEELE
D BAF 5 RGTEE > HHIRS RO ST, MRONME, ERER OB -
fRHT 2372 23 TU 5 (Donnelly et al. 1999). X 0 & LWMIENT A2 1T 9 121X =R It
IRFRAT IS LT T2 o T 2708, £ DORRRE & 72 5 D ZEKRIRR & Miaz 00 %
FETH D, WK K D AL FE TR ORI N b SN s Z &%
V. ZO X RGEAE, TR TOZEKMBREMEE DTS Z ENTIEETH
LL<72%. > T, WRONIIEDHIET — X 2§ 51213072 < & b ilao
B #0721 TR < ZEKHBR S KB T & DRETRIFULT 2 M ER”H D . £z,
A DN IE T N\ HERRERINT —F 2 BGT 512 OICEL A S E FMl
WA LT A EBMETHD.

EHED ORI 221 T — & 2 BUGT 2 -OIC T m B R e BB SN L e D
ZO1=, BEBRESOGIEIFEFICEECTHD. T, #Ex sk ol
B8N, BAMEE, FUBOIREZ CEIBITSIZ )0 Dk 2 T Bl R & <
45 L TV % (Shaw and Ehrhardt 2013). fE#FAICB O T, #fko =%t
B A BG4 5 72 DI R L — P — BRI TSN KL< W BT



V5 (Feijé and Moreno 2004, Hepler and Gunning 1998). 1R 72 & D225 Ik &
B ETE D A O IR R U 21T 70 < Th T D OBAMEE T dh
B =WotEB G T2 2 LN TE L0, ZRAMRE & 0REEDONE TILEG:
OREIFELIETLTLE Y. ZIUFEXERDFET 2 & MIENE & O
PO —FIZ LV FHEYECE AN EEL - BE L T L% 9 72 Th 5 (Feijé and
Moreno 2004, Cheng 2006). ZZ5HEIBRIC & 2 JEHTE O AR —BUI MR 2 K Tlifs
T e THIBETELDN, —EENIZANTAKZIRVERS 2L FEHLL, X
R RKRE a7 LTLEY. 2oL RfEELT IO L LTIE
perfluorodecalin (PFD) & perfluoroperhydrophenanthrene (PP11)73#45 & 41
T % (Littlejohn et al. 2010, 2014). PFD & PP11 13/R{b/KFEDKFZEFR %9
T 7 v #RIFRFICEH L7 perfluorocarbon O —FETH 5. Zh b OWEILFETE
BRADIIEF AR b, AKITEWEFTFR L RO/, FEX2RTIET THEBICRA

BT RO —HEMHETE 5. £z, PFD & PP11 (3Rt mHW 2o
BIEZIE L TR 2T THEFFEONIZEN LI R d. Lo, Ml
DOARIITE I Z X7 e EZ W THREIT 5 LENRH D .

T — 2 BRI 2I01E, BRSO Z Ei{g0> 5 %] - fhit L7
FER BV 20X D ZRAPIFEE ] & FHER T\ D sEiE O B IS
M OFERERTH Y, BEE TITHEA 2 FIENREFE S LT 5 (Zanella et
al. 2010, Bellaiche et al. 2011, Indhumathi et al. 2011, Mikula et al. 2011).

, TR OR - KTA SR - B30 250/ 72 £ OEMFERL D =K Tl
xR & U= Ei 0 EIE b BR%E & Cu S (Marcuzzo et al. 2009, Fernandez et
al. 2010, Liu et al. 2011, Schmidt et al. 2014). Fernandez et al (2010) I
Arabidopsis thaliana DRSS ZSE Mk D =R oTHEIg Z SElE L CEMT 3% 2

Z=
LIk o T, A= UHEOREN G - O TS T — DT R



L2345 2 & 12akzh L7z, Schmidt et al. (2014) 1% Arabidopsis thaliana
DAEEF 3 FSERE DIRHTIZ K o T, FEF TR D WIHIBRE TOMMA DR N2 —
ZHGNC LIz, Lo, RSV —BMBIOZ L FBMEE R Sl ko T

13 BT & T2 FEO =R IG 2 IERE 2R SIS B 24T O IIZE R ST
L. 7, BiLoE@BEMEWED, BIRTLHSDIRS 2D & TV
ENRMIZHEDLTLE Y. 3612, ZHm ERmEICx UTEE S W) OGS E
MRN8, SIS TEAT 2 D > 7 v sk Lz < VW (Inoué 2006, Pawley
2006). 7z, MlELZEKHROIEOEMES by E 2 N5 — K& ko
TW5.

b

ARHFFETIE, HEO ZRTEBEZRIG L, #iET—4 2T 5720, FAu
Uy RV a— A VR 2 Lo e talk & 7 mn@iRe Jmpr i kis
(direction-selective local thresholding [DSLT]), SiHGEHm/YEI T /LT Y X A%
BRFE L7z (X1 5). BH%E L7zYefikic ko T2k MR & N4 2 Eh e 55
HTRIFFC AT 2 Z L ZAlRBIC L7z, F70, QiR OEEIC R iR O
Wy a— A A NVEEATHZEICLY, BEERTIET CRERENTIZR
% SETIETROR —HE MG T 5 Z LIS bash Lz, DSLT 138 S/ %
TNAAY AL THIEZAN T 5 72OCHH Lz ZfifkiETH 5. DSLT & v
HZETYTFIABRED LT & I OMMEE DK S OB Z I 2 DO IEHEIC
g2 a4 5 2 LI Lic, RO EI 7 L =) X L3k & 723 T A —
Z—TIELLHDEISNDETHRY ELFEEIE L T &0 DT, DSLT
THIETERWEZEE D T LITRBEICRERENDR D LEB TH EWIFE T
TS E ZITH) ZENTE D L HIckhoT-.



ik & E 5%

TED AL & 22X RO AT AL

PEASEE CHRSZ L TR O D BB 0O SEITRR O AL FIBIC KR & <{RfFT 5.
BEDOMIML & 2R MR D =TGR T — & BT 5 720I121%, ZiEh i X5l
TEXLRETATUET H2MERH H. £z, ZERMERZKITEWYE Tz 7
ZETHETBOAR—EEME LTI R 67220, ZhbORMETTZ 3720,
WA THDLTFT AN Ly RET U a— 0 A VIR S B 72 I & A T Y
BaiTole. YV a—rAANVORERNI/NE WD, E2RBTIEIFTYY
I— 2 FANEEONIMEASE TCERMREZRM-T 2N TE. e,
ER LIz ) a—r A VOJEITERIT 1.382 Th  KDJEITH 1.333 (2D >
eled, BITROARA—HICLLZBEBOMEDRTIIA L ol EHIT, ¥
U a— A AV EROEITIER I - OMmoE A2 BT 5 EToEEIC
TR o7 hole. UEOWEHEEZ LDV Y a— A V@ RETH LT 1L
Uy RIS mK e REICHWD 2 8T, ERNOYE & B rRoR—E
DFFHEZRIFHZAT Y 2N TE 2 (K6).

22 5RIBR & e 22 X1 C & DHRBE THIHAL T2 72 DIZiT T A v by Rt
AT PIPEBIZ L > TRES BT OMEEZFIA L. 2ok s F AL
Ly ROMWEITR EIZ#HE 4 CTU % (Greenspan et al. 1985). FEFEIZH# A~
7 MEREHILIZEZA, YIa—rFANFOF Ay ROELBAE R
1% 533 nm 725 727, FE MR ONEE T OHOER R IE 587 nm 72 - 7
(X 7). 2B, YVa—rFANLFDOF ALy ROWIEART "UITatsy

JtItEEE LS50-B(PerkinElmer) 2 FIVWCEHAI L, HE¥fila O IEE — gt o



ANy ROEHARY F L LSM780META @ A E— R&2MHEH L CHI L 7=,
ERRZ, FA Ly RIS a—2 A A VEIRIC Nicotiana glauca & Spirodela
polyrhiza DIEEZ L TYT 5 Z L2k - T, Z25MIR &2 B 58906 T
LT 22N TER (K8). ZDZ ennd, ZOYBKITENST T/
EDOBIFEAPEHTERWET MEMLSOFETHIR EWHARETH 5 &
Bzbhb.

WIZ, ZOFA Ny RV a— A VIR E RT3t 280 - LT -
THA LT T AREEToT72. —BIOREDOFIUILLTOLEBY TH 5.

(1) ¥EZx 50T ALy BRIV a—r A MVERRIZIRT.

(2) A LER L —F M TIRE T 2

(B) FEE Y a—rAANT2REWEETS.

DU A=A A VTR SO THEHFERINE L TR 2 TEANDL &~
Va—UAANERETHZENTES,. FIE (1) & (3) DRt PiE)
WIRDEBIZE ORREHEE 5 2 20 57290\, Arabidopsis thaliana
OfEWRZ FIE (1), (3) Ol IR L-%, FEomfaitlL: (K9).
et L Pl AT 72 o TR IR DZEDIERE & AT H B Z L TWOZR VW E IR D ZED
A & OFIITITAEZEITRD O ole. - T, BRI Y a—rF A
N FWTHREEITRZIET A VL BRIV Y a— 2 A VERIRIZ X 5 Yol 3hl
MIKRDAEBITEHEL RIEFI RN EBZ HNL. FEBRIZ ERO 3 DOFIEEZHRY
WLATH Z & T5 HMLLEICH 72 - T Nicotiana glauca DIED X A 1T 7 A
AT L= (M 10). Arabidopsis thaliana %5 OB AR T8 AN DBE S Al GER
BT UM TIE, #obX X7 e ECHiflaE ATk L7z B¢ PFD £7-1% PP11
TZERMR 2w LT 21772 21, EXERO AR TE WD FEEED
BA LT T A BN THDH. LrL, BRFEARELY, FidEsT



BADITENETLEML SN TV RWIEWFETIX, ALy R a—rFA
NEEIR % IO FIEUSN CHED L 9 2 IR 2 R Os B2 N E TH A LT
TR T D LI ICNEETH D, F, MIROLE R EESIE R LS
2 W F 7 (TN A 92 22 SRR 2 YR T 72 L TR AT =R D A — Bz fig
HT 25 L RIFFCYE AT ) FIEFFIBIN /2. £ D 7=, Nicotiana glauca ®
L0 RBIEFEAPKG TRUVEDIEDRY 21T 9 ETIX, A4 L7 7 2R
TRWEE THMMICHR DR B2/ NS TD7DIT AV by R =
— VA NERE AN O MR b5 L 52 5.

J7 ALER A BT —E{kiE(Direction-Selective Local Thresholding [DSLT])
D ZWRTHEE N D EENET — X 2 BIS T 5720121%, H\iE &2 Min s
TR BB T 2 7 A MBI L TENENEZHE T A20LERH L. &

T A N OEZET 572 9I121% H-minima transform & FEZIL 5 HiEDS R <
I 51TV % (Wahlby et al. 2004, Jierong and Rajapakse 2009, Fernandez
et al. 2010). 7o, RMEMIRE T A MOARIE, M SN EE LI LTH
K%EIE(Watershed 7 /0 2Y X A8) 7 BI2 Ko TITbiLd. 20 XL 5 72 H-minima
transform % FIJJH L 72 S ENE I 200 7SR TR L 724637 0 &Rk o =
WICEBIZHRT UL B 72 R 2 7% L T\ % (Fernandez et al. 2010). L7 L,
TRESIZ 72 21 ERIC > 7T AV REDME T 230 =otEfg (K 11a) 120
WREZRSFNELECIETLED ZENED -7 (X 18a). Z4LiE h-minima
transform 233 7 FABREOENIZHB CTH LD TH D B2 LD (K
11b).
I FRE OB E I IS WHEE LTRITZEIERZET 6N D.
JPT ZAEAGYE T, EFREE O E A 2 ool LTl 2 & ICBE 2 ik E T



SRITCEEOSENL, SR EIFRROEEEEN IS AL,
ENBROLE, FERIFROKXUHE> T fHbEInD.

dm@%@={1 if src(x,y,z) > T(x,y,2z) + C
0 otherwise
T(x,y, DAy, 2) DFEHEHEEOMETF TH Y, C 1E2—F—EHOEHKT

HD. FTm, srcidmEif, dstlTEZOEBERL TS, mlx,y )BT
HHEMEIXT(x,y,2) + CTH 5. 2 OHEITMIBORmER S 2 A (DZF NN O
oA RO E LTHRIL, alshzRBofEgsehthtr Ay e LTH
D UL, ZOHFETIE, B8O 7T ADRE IR 7V NIEET
HGAEICTN T T VBRI TE 20 E WIS RENAE T 5. FHEERIZED =Kot
W% UL RO IR &2 W 2 BT (LB 21T -7 & 24, Flf
TERWESAZ L b7z (K 11c).
AR TIXTZ OMBEE RS 272D J7 MR R IT — EAk ik
(direction-selective local thresholding [DSLT])% % L7=. [ 122 DSLT @
AR Z 7R L7z, DSLT TIIERO Rt ~Efbik & RERICHE Z & I BfE %
RIRT 20, *G L7 D W5 &2 T RIS b DRk& 2207 10 O R4 R FE A BIE O
BT HArEEE & UCHA Lz, INEESIE 1 5 mORIRER Z &
AR L, BERBEROHBEITEOR/NMEEZBEMEOFFIZMA L7, H-minima
transform & 375 (IR BRI 2 i FH U 72 SR —iEfkiks & b L€ DSLT (3 &
D ERECHEE A RIS D 2 &N TE R (K 11d). DSLT TRk, y, )BT 5
1 7 ORI O E A TIZIR ORI > THEA SN D.

T(x,y,2,0,¢) = z f(k)src(x + k cos@ cosy,y + k cosO siny, z + k sinf),

—R<k<R

TR TR D K, Q1T EIO Y Y T4, Ylda—ATH 5. fITIMETE
BERDODIZDDOH =)V THD. BOMEBOME T %KD DB, Tl



D EREDEERL T2\ S OB VT 72 28556 1TSS K o O %
HEE L CNE S 2 3R LTz,

— R, ER L — P BB L O T B TIRE L =Tl o Z
i DR EE 1% XY J7 18 DG E & TR, D72, ¥ 7 F Vs S
KLU THATICEL 2D Z EBENMETLTLEY, MET 200 L b.
ZDZLIZEY, BT AL FOGEINAFSITRY, EEOMARZE KR A
EENTBTAVIPELCTLE) ZERHD (X 18a, ix). Z ORIEEfiER
LI, DX D IRMIEHEEZEANLT.

C(Omin) = Ceonst (1 — |26 /m|]) (0<a < 1),
a & Coonstl TZNTN 2 —VF —EROFMEREE EHTHD. 72, Omin Y1
Ry, DICBNWTRNDT 2 52 50Oy FALI—HTHD.
B4 AL DSLT Tlds(x, y, 2) DE TR ORI > T Al SN 5.
1 if src(x,y,2) >=(eygszA{T(x,y,Z.H.do}-+ C(Omin)

dst(x,y,z) = {

0 otherwise

w(x,y, z) DEFE T ORIE i mm {T(x v,2,0,P)}+ C0,,) THDH. 72, A

AT 2MaEEOE y FHAOL I —MYDMDEETH L. BRD T 7 F LR
HERIRNIZRT U CPATICEL 72 D128, 2OV 7TV EO S TR/ANDT % 5 % % #t
Sy SEIOFE RIS R L CIREICEL 72 5. FT, fHEHECOmnp) 1T H/NDOT % 5
R DM RN R R Sk U CEREL (Z Tkt U CAT) [ 2213 E/h &<
20, RERRBEN TR D. 6o 7T, BRS 7 F AR Esmicxt L TETIC
TVIEERER ERVRIHLST 2D, 20X R9RE 720 T HER
COmIT &V, EAmEITE L TOHTIZEWERD > 7 s L BT
L X9 7o7 (K11d).
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PO EN T )V A Y XL K 5 RO MY & 225K B O il
A L — Y = BB LT BRERIC Ko TR B U TED Z Rt g Tl

AT UZERBICY 7T VBEMETLCLE . £D7®, DSLT #H
WCHG AL LT, BEERAECRE L SEESHEZIT) 2 L3 Ly, o
OIS T D720, HiEE it 5700 ZfEbAs (DSLT) OES -
A BN HE0IE LERSEZITOE L gREl SNzt A FERFLT
W REREAEI T L2 ) R A EBFE L (X 13).

FEEROMFLTIL, FLELE LT/ A XKD TD DT T T 7 4 )V ZIT K
DAL= T ERENDDORS LIl LTCHEERE 21T o7, £0%, K&
TEIREI T LTV XN Ko TEi &M & KM R OERICE L. )8

tl

HI A EN T VY XL TIIIROLFEZ IR LEITT 5.

:ﬂ)

(1) Witg%a DSLT IZ X > Tl T 2. B2 ONMELLT O TOHKRED

R% 7= DSLT OB R A REEFICER T 5. Ziud, GHEREENEEL
TWAEAIZIE, EWESMERZ W= DSLT ClidtEdE 2 i c& 20 igan
HHT-DTHD.

2 7 AXRECLD/NSRRERD D0, fEb Sz mEIcx LTER
TE DR 1E3E3E % i € Closing ALFE(Soille 2003) 2179 (X 4).

(3) Flood fil (VW S HEL) 7T/ TY ZAEZFIHLTE I AL F&hiHT 5.
(4) szt 7 Ay FOIERRHEEITY (KM 14). ZEINELAThi
Rinol- LHEEN T 7 AL ORI HOWTIE, DSLT ORE % LT 724k
BT LE DAV IR LITY. 77005, Conse ZRIEIONIR LY /hE <
LT DSLT &z 75, ELLSmpElSnz i/t 2 MIREFEL
ZDOR T A N OEA~ORBITK T 5.
ELLIGEIENTWeWEZ A FEiE, 200 LofMilaRnEGEnds b, £7-

11



T & BRI Om S 2 G b D THDHE L. ZOXH7%ES A MIK
14 TRULIZE D RIKEORE WNHEE ZFD. ZONEMGE LML L,
ZEME L T 5 2 L T@WOR 7 A FOERHEEI T 7. BARIZIE
O _fli#ifg & Closing MWHLINT=E T A v hOGmEEEZRDD Z LITE>TH
MG A R L, WEHEEOARRENRE L7ZBE L Y RETIER 728 7 2
YR, NS NEFEELWEZ A R EHBTT D X DI Lz, IERRHE DR,
Closing ALFEDREIEEA O FRIINEEE DIEA & TE LRV T LT
IRBIRV DN ST E D LENEREIE % Closing (2 & - TH®O L7202
NEEEZ R TE R RD. WIZRETELLHIEEEZ A FOAMIG
Closing IZ X > CTH®O BT L EVINROME A NEMEEE L THRIHLTLE
5. ORI BRBIGUIREMIR EAENRRKESBIHL TND D THELRT
<72%. Closing ALPROMEE R O 72 2 OHEEIZIX Opening ALFE A Fi| ]
L7z (X4 15). A#FFE Tl Closing JLEL DA EEFE O U] 72 13T D 2 fEHE 4
(Z Opening ALFE AT 72 o T RFIC KOG NHE T 2R L B 2 2. BRI
HEEDFIHITRDOEY THDH. £7, 00O AEEEIZFEE 1 T Opening ALH %
TV, o TV DS (AW OFRBEEFHIIL.. £0%, FRICEEL 1
T O ST d fEEEIZ Opening LERZ1T72 - 7214125 > TV HHEE D
REEAFHIIL, JCOMEDERRED 5L EDSHEAT 2 88 % IERRHE OBRIZAT
9 Closing LPROREIEZHR DAL L L7z,

RAEREIAE T L T AAFTETOE T A FBNE LS SE ST & S
VDD, Coonse VEXTE SAVTC FRRABICE L7 CRIBABZ K T3 H L 512l
7=. ZDt%, ZRREROMML, NSTELHE87 AL FORE, LRETHIILS
TFAF RIZHYT 287 AL FOBREZIToT-. ZXMEBROREIZIEL, ~ U=
—UAANFDOT ANy FOENENMT 5. BRI, BZ7 A Mho

12



SEEPREE DR E LB E T DHEICE0| 7 A M ZESUbR & Hlr
% HEVHIBIRSEE A S22 L7z, Z OMREIZ MR BEAIIZ L 5 D TH D720,
OOREFIEETCOBENLETHS. FIT7AF NITHYT LB A FOk
B R AR L, ZRER OGS L REOFIE TR EZT 7. Lk
DT RTCOTREBKET Lcth, &7 A MNEOSRMERZ 9 5 72 9125 /K58
ETRHE 2TV, B Ram7o (X 16).

BR%E U7 RE SR I 7 L 3 Y X ADOREE R REET 572, g B & T
N Y ZALEHNTHH LB AV N EERICFHTHMH LZEZ AV RO
e a21TV, ELLS B SN 7 AL bOBEZFHIILZ. ZORBETTH
72 ®I\Z Arabidopsis thaliana D2t v b « JERKEEDOER & EHO = KITEE %2 H
7o, £, RENLOOEIN 0~45 pm OFEIKZ I OxtG & Lz (K 17). B
U BRI E T L TY XA > TIELL — 2oyl shit s
AV ME91.3% 7~ 7-(X 18b EEY). X GIZFEHMARRAEETT 9 72012, XIEHE
W EIT LAY A AEROCCTHE L7 A b EESICTFH Tl LS
A2 b OREWIm O ZFH L, fifiSh/zct 7 A b ORWrimfE ORE L K
H72(K 18b TE). BAMrmAEDREAED AL 2.5%, HHERAT 2.0%7E 7.
EHIT, EROFIEE OREEOILE BT o7, BICHWIERIEL, KIEMHE
oy BT L 2 ) X AO ZfELALEE A h-minina transform (CEEHZ - O &
Automated Cell Morphology Extractor (ACME) (Mosaliganti et al. 2012) C&
% (K 18). HEO#ES, DSLT % f\ 7= S E Sy 7 v =) X L3 o Fik
L0 BWEE CEEEZMHTE 2 2 LW LN 572, ACME 1% DSLT & [
C kol HEAL—F—BEMEEZ AWV T L =Rt CAREFNIC 2 5
T ENZWEREICKR U O TISEVIERO > 7S e b i & 5 K9 I2B%
EN7-FETHSD. £72, ACME IT tensor voting & V> 9 £l & VTV 5 (Guy

13



|7

s

and Medioni 1996). Tensor voting (ZIZFEH ICEMHTERE I N H 5720,
A RMERS L. LinL, BEOZROTHE) HREE L HEOME %4175 =
LT TE ol THTEMRIE 2RO REOML 2 i 3 5 B IXZ o
FHFERENNC L > THEIRDFNZAE L SO ThHL LB BNS.

WIZ, BHZE Lo FEOEMMEOREELZ AT, KILEE & REMHT D2 [H
bR D B Z AT L 7= (X 19) . EBRIZ 1% Arabidopsis thaliana 47 (Col-0)
& STOMAGEN o it |58 BLkk & Bk 2 7=, STOMAGEN (%
Arabidopsis thaliana (23 CRALOEE Z EICHITEHS 5 X7 F RR/LELT
& % (Sugano et al. 2010). LR L —F—BEAMEIZ W TEH 1- 2 ZEORM D =
WICH 2R L, MmO O S D 9~31 pm OREIK O =5 B A2 i L7-.
SALEED @V STOMAGEN B RIFEBUK TIT R AR & T2 M B O AR
AEICHER L TWe, KALRFIHINE X ALII REHIE O R AL CHE M & D457 23
NED L. LTedio T, KALEE PR IUIR B & TR OHE HFE N D
THZ LIRS, ZUChZ T, STOMAGEN iBRIFEHIMROKILIN Y T AL —
WIZHEE > TV BEMMEAREZ OO LY L o TN Z 22 EET D
&, TORERIIRETHLEBEZLND. LinL, —F T STOMAGEN %#Ei#0
filfk & AR CIIERMBRORBICABEEZTIR bR ol ZhickD,
Arabidopsis thaliana D¥EDFAN I TIE, BAR X 0 KILEENHD L TH
KIGFHEORERFAROMEE T ER RS Z e ahl. B2 56
NDHEERE LTI, BAERE STOMAGEN #EBUMGIRR DR D /3% — o DZENR
SN EnEFeND. OFED, [ALEE TIREAM E STOMAGEN R 3L)
RO MICIIR E RENMFET DD, ZOESOKILOHEREITR L 2EO T T
TSN, RO NS — NI E 52 5 ETITEEL RN LS
ZHbD.

14



o o

AN K o THIY OB 4 [ E I 2R IR & M4 27 2 @0 TIRIREIC
AL TE DT ANV Ly RV a— A A VRIS L D BIEE LT D 2 L
(CHRE LT, Z OREIRIIEME~ORE L /NS <, REFOZ A LT 7 2k
ELERRTholz. F, TTVEMICRL T ZEMIc L TEATE %
DT, ISHAEHIZIANEZZ DN,

7z, WCREEZBADREZ O =Ty 7 v 2 Y XLDRFEI S AL
U7z, BA%E L7z ME B 7 L Y XA &> TED Z R TGS &
FEEE CHlML & BRI A 32 2 E R FREIC R o 72, Z O KE A EI T v
=Y R LITIIARFE THIZICBASE L7 R —ffifkiE Téd 5 DSLT 58 L7-.
PERIEO RIS ZTUAR L7z DSLT (2 X~ C, X 0 IEME»OFEKICHE 2 DIk
A TE D K 9T o72. DSLT 13D =WonEig 721 Tid/e <, foEf

LA TEDIHANRFIETH D20, MIRGE#Ee Efx 733 TR T
LAREMED B 5. fRHTY — & L CHRMET 572912, DSLT 258 L7 KiE
WAEIT ) AL EFEL, GUIL ZFx /=Y 7 by =7 208 L7z (K 20).
DY TN 2T DETANET 7 AN, Y—AXa—F, v=z27 /X

https://github.com/nslab2000/DSLT x5 X 7 > o — RA[EETH B .
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FEEE D5 iE

P
FRIZREIR L WIGE, T4 7 A7 H LITMEMETENGEALLZD
D% .

EZL 7R

Arabidopsis thaliana =~ =% A 7 Col-0 #/N\w 7 77T K& L, FIPERKIZ
JRTE L CREBEDE AR T DG % /37 Th 5 GFP-LTI6b #3884 5 WE
#ifx (Somerville line) % M\ 7=(Cutler et al, 2000). F7=, Rtk A
7 Col-0 &Ny 7 7Ty RETDH STOMAGEN @ i % % Bk
(STOMAGEN-0X10) & B £ (STOMAGEN-RNAi10) & £ H L 7z (Sugano

et al, 2010; Tanaka et al, 2013).

/NN ID % ek
Arabidopsis thaliana ¥ E LT, 57 V5 - A7 — 7B IR A A,

voabE (RAIRE 1 %), MessKOH (pH =5.7) (&I 0.06%) %, 77
T (BHERE05%) LIRGELTCHHLIZLT VS « 27— Hiia v,

Arabidopsis thaliana D113 70 %= / —/LCkE L7214, 99 %X /) —
VTR L, ST THL AT VT « A7 — 78 BEICIEEICEERL, A
LRGN 22 °C, @R T CTHEMR L. % 24 AT LR >
M (YT 4—) RICBL, EANARRy 7 AEG2T BT, RAZKME (16
WA, 8 WFfEIMEH) oF, 22°C THEL L.
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Nicotiana glauca OFEFIITETAX T (AR ZESE) oRtar <
FlbOxEER L. RFECIIE % LRy b (V7 0—) RIZEREL,
ARy 7 A& 270030, BASKM (16 FFHIAM, 8 FEHIKEH) o, 22°C
THERR L.

Spirodela polyrhiza 7003 B HEM & LTy a BRERE 1 %0
neurofilament medium Z M L7z, #E¥AKIL 75 ml DE-#Z A7z 200 ml =
7 T AafT, 2241 °C, #fEBISM T CHRR L7Z(Muranaka et al., 2014).
200 ml =77 AaiFay N ERWTERE L. £, EEERERMEDKE
WYL, LW Z & TR AT 72,

FA N Ly R/U a— F A VIR 2 AT Yt

YerlZIL 10 uM F A v by R ) m— 2 4 A JW(KF96L-1.0 cs) iRk 2 L
7z, EORMAEZBIZET 25613 5 /o], BAIOSE1E 15 SEEEEZ R ERICR L
TYtaEIT o, XA LT T AREOLGEITRE AR EZIT, HRE&RICT
ANy RERS DIV ) a—rF A VERWT 2 BIgEsEE2iTo72. BENOD

U a— A T ZERHLEEZ Ko THLY FRUN .

A RV — VB & O e = ROC G O

e S L — P —PEMEE & L C LSM780META(Carl Zeiss) Z T Z stack %

o L, —IRJCEERRZ1T 9 2 & TERonlifg 21572, KRR L WA,
st Lo X% C-Apochromat 63x/1.20 W Corr M27 ZfEH L7=. vV a— %
ANFDOFT ANy FE GFP OHEOR 21T 2 BRICiE, 488 nm O RO L
— =& & L CTHEM L, 490-560 nm OFEFHADIKEE D2 MM Lz, BE
THEBEPFOFA Ly RO®KEOEAIE, 561 nm DR O L —F—Z ikt &
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LCEML, 560-639 nm O#HDOHEEDAEIEE L TR LEZ. £72, FU
Jhe Y6 % FHV T 640-712 nm OFHZ BFH L E L TR L. (4701 v
7 7 —|ZIZ MBS 488/561 =i L7=. B> FE—/H¥ A XL59um &L, A

XD ZITMORINREIL 0.45 um ITEE L TR 21T o 72,

TANVy B/ ) T — 2 F A VREDPE R~ KT B O F A

FIERE% 14 H B O Arabidopsis thaliana DK Z > ) a— 2 F A )V E 7=
XF ALy RV a—U A VERIC S g Lic. 20t%, vV a—rF
A NVERWE 1 oEOWEE 2B T>CTFHA Ly REREL, 10 HZER
BT D LICL o TENITE STV ) a— v FANVERD RV, 3 XTOR
HIZ7 )= R_RFH T To o, AT Tob 3 HIRIZ, 5 b5 ERERE
SteREO Lumar.V12 microscope (Carl Zeiss) % i\ CTHgse L7=. 55 7- &

75 imaged(National Institutes of Health) Z VT2 5 BEDZEmFE 2 5+ L 7-.

BED = ROTEME H DO FE DR i O F
OB CORIZEET H7-DI2, IROFNEIZHE> CEORm A L
7.

(1) ZENZIH > TEND FAZX Ty 2 TV, BROE L7-BIME & B3R OEE 2
B 5.
(2) BIFEOHENBME LV KETHIUE, ZOHHEL E EOBEOMIZERNH
HEL, MIBMTEICE > CRIOEEEHEET 5.
AR E U CZ MO T T 7 4 VB 5 LT B b a2 T o 7.
Flo, B L LT, fSOoNCREOES~Yy T H2AT UL T 7 40 Z TRER
L TRk E T 7.
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22 R [HIBR DA

f&RE1% 14 B H O Arabidopsis thaliana OREYIR D 1 BEZA & MR O x4
L7, ST T — % OBFHITIE R L — VB A M L. 2%
Y UHIPHIL 224.48 pm x 224.48 pm (i x A8 & U7z, BHZS U 7= KR sl 517
Y XL EFANTREND DS 9~31 pm DOFiPHO 22K B 2 fhH UIATE
ZEHAI U7, BRI OERIERR, BEOREICERREROE 7 Ay MZEEN

HFEREZEET D Z LIk > TR 2k, BEEEYE CERFICHE T
ERPoTBT AV MNEIFETEEL TOLOEREOEFHIZIT 7.

BIR L7=T7 NI XDV 7 N = T ~DFE4E

AWFFETHAFE L7z DSLT & Ay EI 7 L2 A L0T GUI Zfii 272 7 b
U TICFEE L, EEE C/IC+H & CUDA AW CiT-72. GUI IZ2W\W T
C# & Windows Presentation Foundation # HWCERR L7=. £ 7 2> FDOEIE
ERGIZT D120, BT AL SO - IHEHREELZ I & 2 FIH L 72 -
HERSRE B FREE L 7=, BIFE L72Y 7 b ¥ = 7 1% Geforce GTX 580, Geforce GTX
680 £7213% Tesla K20 Z###i L7- o o —& ECTEWET 5 2 & 2R LT-.
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PHF

AT IR PR B B JE R 53 - Ui A P R 2R 12 T T oL &
L7z, PO EERMERE L HEFICZOMELHEE L LI &I, 18
HE CTh DV ZEIRITODD HREHTR U B E97. WS H AR, WAk
KERBhZL, LMW T4 EHESER, 7o b ONSE B T R AN O g o hF
TOMD T EL DT> THMLLT S TERT FAA ZEZLTRFENE
L7z, FRCEB SRR LT HED S ERATE H IZ DWW THHRRICTE > TV e
FE, LT AT XLEZHETH ETERERSZHIE L LD,
SEGHB L L ET. W T B OB S HED BFRIZ OV T O
Hama LCLIEED, MESAERHEICOWTEZS OE4TEEE L. LD
GEHALE L RiF T

R PP R R A2 ORR D E b HRIT Y a—
FTANFDFT ANy ROENANT MV ZFHT S 72O W2 #ots et
EHEBE L TSWE L. Nicotiana glauca D134 BIFA FH R D =
FRIT CHET X ZHFZEET O/ NRTE K & B RRE N R B L T a2 & £ L.
% 72 Spirodela polyrhiza 7003 OHEMARIT FER K 7B SERHE Y R T REHT
B O/NLURFFEREEBER & AR R DR L TIHE £ Lz, 3 <G H
L EFEd.

BEEROBE 72 T 183 U, AR AE Z ZFETIRICL, Mhimscsl LT
FLOLZLIFRETERDP ST & EBWET. EHERDO T IR BEH O
BrRLET.
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6. FTAILLYRID) A=A ILIBHEDERAANDREE.

(a) MREIEIZHTE T HGFP-LTI6b% F#IR 9 HArabidopsis thalianafs &z (A D E%Alexa
568 hydrazide sodium saltd /KB RPIZI IV TiHRFELI-ZRTEGROENE. GFP
HIIE<TEUH, Alexa 568 hydrazideD&E (T TRRLT-.

(b) AAXFTRAFHERDEEZFAILLYRIL) A= (VB RFPIZR IV TRELT:
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FAILYREDERILIEFETRRL .
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Nicotiana glauca Spirodela polyrhiza
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Nicotiana glauca & Spirodela polyrhiza®ZE D a0 HERL— —FEMEBER. 1L
Lybk/o)a—oAMIVEREAWTEBZTo. Y- FMILFDFAILLYRIEIRE
488 nmOL—H—THIEL, BEZFEEREDDFAILLYFIEEES61 nmDL—F —Thie
Lf=. xt#¥L > X(EPlan-Apochromat 20x/0.8 M27% FL\f=. Bars = 50 ym.
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9. FANULYF) A=A L IVBBRFENEDET I RIFTT REOFTE.

JLI2%% = H D Arabidopsis thalianaZE5E D EEFHAIL 1. W (XHEFEZ 148 BIC
1of=. “KNE"[FABNIBEITOTLENED, ““Ua—2F AL IEEESH R
O—2FAIVITELIZRD, “FAILLYRI ) aA—0F (V7 IEEES55EL10 uM F1 L
LyRI)a—0F AIVBRISELER, 19BOL)a—20F MILIZKD%kEE 2E
o8 THS. 2TOTIIL—THTHEEEZEERSNGA STz, (Student's t-test

with Holm’s correction, P < 0.05).
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1 LSTRiEF.

Nicotiana glauca®ZE D [MEHAID = RTEGRfERE. SHRLULEIChHI->TREEZ1To1=
(EREEAI DR BREIEEEBOELICKRTR). BEZEREDOFAILLYFDELD
#HE&EFRRLI=. Bar=50pum.



(a) JTEg (Y1 X 256x256x120)
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: —~————
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C =0.004

u L PN

L .-
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Ceonsi= 0.004, a= 1 Ceonsi= 0.004, a= 0.2
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(a) TTEZ.
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DEIE (%)
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(@) RCTEE(-i)hSE5N-BESEIDERD L. "DSLT D FI D E{E(iv-vi)lE, DSLTE
FALEREEESET7ZILTIXLERANTET AV MEHELIZH0. "H-minima Transform”®
H| @ E & (vii-ix) [, REBEHSE7/)LT) XLOF ODSLT % L= Z{E 1k % H-minima
TransformTEEMA LD TET AV FZHELIZH D . "ACME” D Il 0 & £ (x-xii) &,
Automated Cell Morphology Extractor (Mosaliganti et al. 2012) ZFRWL\TE5 A rEHHLT=
1D, LEROEE(, iv, vii, x)[ZArabidopsis thalianad® 3D & 18| DR K D FTE & & B 5
ZOER. REDOER(I, v, viil, xi)[FZERCERIKER OTEREBESEIRDER. TR
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SUMMARY

Quantifying the anatomical data acquired from 3D images has become increasingly
important in recent years. Visualization and image segmentation are essential for
acquiring accurate and detailed anatomical data from images. However, plant
tissues such as leaves are difficult to image by confocal or multi-photon laser
scanning microscopy because their airspaces generate optical aberrations. To
overcome this problem, we established a staining method based on nile-red-in-
silicone-oil solution. Our staining method enables color differentiation between lipid
bilayer membranes and airspaces, while minimizing damage to leaf development. By
repeated applications of our staining method, we performed time-lapse imaging of a
leaf over 5 days. To counteract the drastic decline in signal-to-noise ratio at greater
tissue depths, we also developed a local thresholding method (direction-selective
local thresholding [DSLT]) and an automated iterative segmentation algorithm. The
segmentation algorithm uses the DSLT to extract the anatomical structures. Using
the proposed methods, we accurately segmented 3D images of intact leaves to

single-cell resolution, and measured the airspace volumes in intact leaves.

INTRODUCTION

Three-dimensional (3D) imaging technology is an important tool for creating the
anatomical data of cells, organs, and individuals. By performing detailed analysis of

quantified anatomical data, we can identify subtle phenotypes and reveal their
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growth and/or homeostatic mechanisms. In leaf development, coordinated cell
divisions, cell differentiations, and airspace enlargements have been observed
(Donnelly et al. 1999). To efficiently quantify the anatomical data of leaves, the
airspaces must be visually differentiated from the plant cells. Thus, a staining
method by which we can easily visualize leaf interiors is needed for in vivo imaging

of intact plant leaves.

Accurate and detailed anatomical data acquisition requires high-quality source
images. Therefore the imaging process is very important. Molecular tools,
instrumentation, imaging methods, and methods of handling plant specimens have
technologically progressed in recent years (Shaw and Ehrhardt 2013). In plant
biology, 3D images are usually acquired at single-cell resolution by confocal and
multi-photon laser scanning microscopy (Feijé and Moreno 2004, Hepler and
Gunning 1998). These techniques are ideal for visualizing root tissues, which are
transparent to visible light, but are less successful at imaging the mesophyll of plant
leaves. Mesophyll tissue contains airspaces that refract and attenuate the light
transmitted through it, creating optical aberrations (Feijé and Moreno 2004, Cheng
2006). Littlejohn et al. (2010, 2014) proposed an efficient method that overcomes
these optical aberrations and preserves confocal image quality. They treated
mesophyll with perfluorodecalin (PFD) and perfluoroperhydrophenanthrene (PP11),
fluorocarbon compounds with lower surface tension and refractive index than water.
Consequently, these compounds readily infiltrate mesophyll tissue and enhance the
resolution of microscopy. However, to visualize the tissues, agents such as

genetically encoded fluorescent reporters are required.

To quantify anatomical data, the anatomical structure or region of interest must

be delineated and extracted from an image. This process is known as image
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segmentation. Several general-purpose segmentation algorithms have been
developed (Zanella et al. 2010, Bellaiche et al. 2011, Indhumathi et al. 2011, Mikula
et al. 2011). Other researchers have proposed accurate 3D image segmentation
methods specific to plant features, such as roots, shoot apical meristems and young
flower meristems (Marcuzzo et al. 2009, Fernandez et al. 2010, Liu et al. 2011,
Schmidt et al. 2014). Fernandez et al. (2010) measured the subtle changes in cell
division patterns caused by modified auxin flux within the root apical meristem of
Arabidopsis thaliana. Schmidt et al. (2014) quantitatively analyzed Arabidopsis
flower development at single-cell resolution, revealing differential growth patterns in
the main regions during the early stages of floral morphogenesis. However, accurate
segmentation of 3D confocal images of intact leaves remains a difficult problem.
Because light weakly penetrates leaf tissue, the signal intensity of an acquired image
drastically reduces with increasing depth of the focal plane. In addition, the plasma
membranes of leaf cells are nearly parallel to the focal plane, where the resolution of
confocal microscope lenses is poorest (Inoué 2006, Pawley 2006). Consequently,
the cell surfaces of leaves are not easily detectable. To overcome these difficulties,
the structure detection method in leaf segmentation algorithms must be extremely

robust.

In this paper, we propose a staining method and a segmentation algorithm for
3D confocal imaging of leaves (Figure 1). Our staining method rapidly penetrates the
leaf interiors and separately visualizes the cell membranes and airspaces. Our
direction-selective local thresholding (DSLT) approach is insensitive to the depth-
dependent intensity decline and the low resolution along the Z axis. The local
thresholding method is applied to the segmentation of mesophyll structures in
leaves. The segmentation algorithm iteratively varies the segmentation parameters
and validates the detected segments. Combining our staining method with our

segmentation algorithm, we successfully quantified the airspaces in Arabidopsis
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leaves and detected volumetric changes in the stomatal cavities of Arabidopsis

mutants.
RESULTS AND DISCUSSION
Visualizing the cells and airspaces in plant leaves

The quality of confocal 3D images of plant leaves depends on the selected staining
method. In this study, we developed a simple and effective method that differentially
stains leaf cells and airspaces for visualization by confocal laser scanning
microscopy (CLSM). This method uses nile red as the staining fluorescent dye, and
silicone oil as the dye dissolution agent. Silicone oil (KF96L - 1.0 cs) has three
desirable physical properties: (1) its low surface tension allows the stain solution to
easily fill the mesophyll airspaces; (2) its refractive index (1.382) is similar to that of
water (1.333), and (3) it produces negligible fluorescence. Consequently, leaf
interiors can be visualized under the confocal laser scanning microscope to higher

resolution than is possible with water solubilized dye (Figure 2a).

The emission maximum of nile red is 533 nm in silicone oil, but lengthens to 587
nm in the phospholipid bilayers of plant cell membranes (Figure 2b). Such a large
variation in the emission maximum has been previously reported (Greenspan et al.
1985). When the nile-red-in-silicone-oil solution infiltrates the leaves of Nicotiana
glauca and Spirodela polyrhiza, the airspaces and cell membranes exhibit different
fluorescence (Figure 2c). Since the different species can be similarly stained, the
nile-red-in-silicone-oil solution not only color-differentiates between the plasma
membrane and airspace, but provides a versatile staining method for confocal laser
scanning microscopy of a variety of plants, including non-model plants. Incidentally,

nile red is insoluble in PFD and PP11.
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We next established a three-step staining method that minimizes the damage to
leaf development. First, the leaf is stained with nile-red-in-silicone-oil solution for 5
min. The nile red is then removed by washing twice with silicone oil. Afterward, the
high-volatility compound silicone oil is removed by air drying. The leaf areas of
Arabidopsis plants treated with this staining method were similar to those of the
untreated plants (Figure S1), indicating that the plant tissues are not damaged by the
infused compounds. By repeatedly applying the three-step staining method, we
achieved time-lapse imaging of N. glauca leaves over 5 days (Figure 3). The nile-
red-in-silicone-oil solution is much more suitable for staining living plant tissues than

water-soluble dyes, which become fixed in the tissues and thereby damage them.

Direction-selective local thresholding (DSLT)

To quantify the anatomical structures of leaves at single-cell resolution, it is
necessary to segment the images of the leaves into the plant cells and the
airspaces. The h-minima transform is popularly used to extract the seeds of
segments (Wahlby et al. 2004, Jierong and Rajapakse 2009, Fernandez et al. 2010),
which are then grown into segments by the watershed transform. This method has
successfully segmented confocal image stacks of young flower meristems
(Fernandez et al. 2010). However, the h-minima transform excessively fragments the
segment seeds in confocal images of plant leaves (see Figure 9a), in which the
signal intensity decreases with penetration depth of the excitation laser (Figure 4a).
This indicates that the h-minima transform is overly sensitive to intensity gradation

(Figure 4b).

To overcome the limitations of the h-minima transform, we considered local

thresholding, which is relatively robust to graduated intensity (Figure 4b, c). Usually,
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local thresholding values are calculated as weighted sums of cubic or spherical
neighboring regions (Soille 2003). In a dark background, the local thresholding is

calculated by:

drt(x,3,2) = { ; if srelx,w.2) ™ T(ryg)+C

gtherwize

where T'(x,7.2) is the weighted sum of the neighborhoods of the point {#,7,&), and C
is a given constant. sr¢ and drt denote the source and destination images,
respectively. However, in this method, very intense signals can overwhelm other
neighboring signals. Accordingly, computing the local thresholding by cubic neighbor
regions sometimes produces voids in regions actually occupied by cell membranes

(Figure 4c).

To address this problem, we established a modified local thresholding method
called direction selective local thresholding (DSLT). Figure 5 shows the binarization
process of DSLT. Rather than weighting the cubic or spherical neighbor regions,
DSLT weights the neighboring regions connected to the central point by line
segment kernels in various orientations. DSLT provides more accurate binary
images than the h-minima transform or local thresholding (cubic kernel) (Figure 4d).
The threshold at each voxel is the minimal weighted sum calculated by convolving
the original images with a line segment kernel. The weighted sum T of a line

segment kernel f at the point (x,3: &) is given by

T(x, 5,5, @ 00 = Z FlRlsre(x + k cas@ corf, ¥ + F cosf slmf,z + k slud),
T
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where R is half the length of the line segment kernel. # and y are the pitch and yaw
angles of the line segment connecting the neighboring region, respectively. When
the coordinates of a point are non-integral, the intensity at the point of the source

image (srr) is estimated by trilinear interpolation.

In general, the Z resolution of a confocal microscope lens is worse than its
lateral resolution. Therefore, since membranes are nearly parallel to the focal plane,
they are difficult to detect by conformal microscopy. It often causes under-
segmentation (see Figure 9a, ix). To counteract this problem, we introduce a

correction term €(#,,.,), calculated as follows:

‘:"Q‘E‘mm'.] - E:N&E“-_ ﬁ|3‘5“mmr“?¥|? (fSaml)

where a and £, are user-defined correction factor and constant, respectively.
(@i min ) are the arguments of the minimum of T at the point {#,¥,5). The
purpose of €(&..) is to reduce the effect of the anisotropic resolution (Figure 4d).
The binarization formula in a dark background is given by:

1 if srele, o) m .;gf”,ﬂru{? (e 50 6o )} + € (B )

det(x, 2] = {
1] gtharwies

where wrilti g, 214 T Cxoyo s @) + C(@yp ) is the threshold, which is individually

calculated for each voxel, and 4 is the set of combinations of # and 1.
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Automated 3D segmentation of leaf cells and airspaces

Because the signal intensity decreases with depth in a 3D image acquired by CLSM,
simultaneous accurate segments were difficult to acquire even by DSLT. To
overcome this difficulty, we established an automated segmentation method that
iterates the following four steps (Figure 6). Prior to segmentation, the source image
is processed by Gaussian smoothing to reduce noise and its brightness is adjusted
for depth. In step 1, the image is binarized by DSLT with all 7 set below a given
value. The results are then combined using a voxelwise OR operator. This process
reduces the number of detection failures. In step 2, the binary image is subjected to
a closing operation with a sphere-shaped structuring element, which fills the small
gaps introduced by noise (Soille 2003). In step 3, segments are extracted from the
resulting image by the flood fill algorithm. In step 4, the segments are classified as
correct or incorrect as shown in Figure 7. Most of the incorrect segments, which
comprise at least two cells or a cell and an airspace, are characterized by large-
volume inner structures. The inner structures are extracted by performing a
voxelwise AND operation on the binarized source image and the closing operation

result of the segment (Figure S2).

Regions containing incorrect segments are repeatedly processed, gradually
reducing €.z until the incorrect segment becomes negligible. This loop terminates
when all segments are correct or &, ... has reached a given limit. Excessively small
segments are then removed from the processed segments. Finally, the gaps
between the segments are filled by a marker-based watershed transform using the
segments as markers. The automated 3D segmentation using DSLT segmented

each of cells and airspaces (Figure 8).

This article is protected by copyright. All rights reserved.



To evaluate the accuracy of our segmentation algorithm, we compared results
between automatic and manual segmentations of 3D images of the adaxial and
abaxial sides of rosette and cauline leaves, varying the depth from 0 ym to ~45 um,
in which accurate results were obtained (Figure S3). The percentage of segments,
each of which corresponded to a single cell, was high (91.3%; Figure 9b, upper). For
a more detailed evaluation, we measured the difference between automatically
extracted and manually determined cross-sectional areas (Figure 9b, lower). The
average estimation error in the cross-sectional areas of segments was 2.5%, with a
standard deviation of 2.0%. In addition, the result of our segmentation algorithm was
better than that of segmentation using either h-minima transform or Automated Cell
Morphology Extractor (ACME) (Mosaliganti et al. 2012) (Figure 9). ACME overcomes
difficulties of detecting faint signals of membranes which are nearly parallel to the
focal plane as DSLT does and tensor voting (Guy and Medioni 1996) used in ACME
has a high ability to fill structural gaps. However, this ability might cause over-
segmentations and create an adverse effect on segmentation of leaf cells with

complex shapes.

We then applied our staining and segmentation methods to investigate the
relationship between airspace volume and stomatal density in transgenic
Arabidopsis plants overexpressing or silencing the STOMAGEN gene (Figure 10), a
positive regulator of stomatal density in Arabidopsis (Sugano et al. 2010). We
acquired 3D images of the adaxial side of the first or second leaves and segmented
cells and airspaces, varying the depth from 9 ym to 31 um. The airspace regions
were extracted from the fluorescence of nile red in airspaces filled with silicone oil
containing the dye. First, the mean fluorescent intensity was calculated in each
extracted segment. Second, if the mean intensity in a segment exceeded a given
threshold, the segment was identified as an airspace candidate. Third, any selection

errors were manually corrected. The STOMAGEN-overexpressing line, which
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frequently forms stomata clusters, demonstrated significantly larger volumes of
airspaces than the wild type. The increased airspace volume might be attributable to
the thinning of the epidermis around the cluster. On the other hand, the airspace
volume of the STOMAGEN-silenced line was statistically equal to that of the wild
type. This result suggests that reducing the stomatal density in the adaxial epidermis

does not influence the internal mesophyll structure in Arabidopsis.

CONCLUSION

We established a staining method by which lipid bilayer membranes are color-
differentiated from airspaces in plant leaves. The method is completely harmless to
plant tissues. Staining by nile-red-in-silicone-oil solution is suitable for CLSM

analyses of a variety of plants, including non-model plants.

We also developed an automated method for segmenting 3D images of leaf
structures containing cells and airspaces in complex configurations. Our proposed
DSLT accurately extracts anatomical structures for segmentation, and is broadly
applicable. For instance, it could be used to detect organs, neurons and letters in
text. High segmentation accuracy was achieved by combining DSLT with an iterative
segmentation process and validation of the extracted segments. Our segmentation
algorithm was implemented in an application with a graphical user interface (Figure
S4). We designated the application as DSLT_Demo. All of the application, source
codes, sample dataset and the manual are filed under the GPL3.0 license available
at https://github.com/nslab2000/DSLT. The manual is also provided as

Documentation D1 in Supporting Information.
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EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

The wild type strain was Arabidopsis thaliana (ecotype Col-0). STOMAGEN
overexpressing lines (STOMAGEN-OX10) and amiRNA-mediated silencing lines
(STOMAGEN-RNAIi10) were prepared as previously described (Sugano et al. 2010,
Tanaka et al. 2013). Transgenic Arabidopsis expressing GFP-LTI6b was obtained
from ABRC (Cutler et al. 2000). The seeds were surface sterilized and sown onto
MS medium containing Gellan Gum (Wako, Tokyo, Japan; http://www.wako-
chem.co.jp/english/) with myo-inositol and 1% sucrose. The plants were grown at
22°C under continuous light for 24 days. After this period, they were transferred to

soil and grown at 22°C under a16h light/8h dark regime.

Nicotiana glauca was provided by Leaf Tobacco Research Laboratory (Japan
Tobacco, Tokyo, Japan). The seeds were sown in soil and grown at 22°C under a
16h light/8h dark regime. Spirodela polyrhiza 7003 was cultured in neurofilament
medium with 1% sucrose under constant light conditions as described previously
(Muranaka et al. 2014). Growth temperature was maintained at 25°C + 1°C. Colonies
were grown in 75 ml of growth medium in 200 ml Erlenmeyer flasks plugged with
cotton. New stock cultures were prepared every week, and well-grown plants were

used for experiments.

Staining with nile-red-in-silicone-oil solution

Stain solutions were prepared by dissolving nile red (10 uM) in silicone oil (KF96L -
1.0 cs: Shin-Etsu Chemical, Tokyo, Japan, http://www.shinetsu.co.jp/en/). Unfixed
intact leaves were incubated in stain solution for 5 min (adaxial side) or 15 min

(abaxial side). During time-lapse imaging, the leaves were freshly stained prior to
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each image acquisition, and were afterwards washed twice in silicone oil to remove

the nile red. The silicone oil was then removed by air drying.

Confocal microscopy

Confocal imaging was performed using an LSM 780 (Carl Zeiss,
http://www.zeiss.com/) with a C-Apochromat 63x/1.20 W Corr M27 objective unless
otherwise stated. Nile red in silicone oil and GFP were excited at 488 nm and the
fluorescence was recorded at 490-560 nm. Nile red in lipid and Alexa 568 hydrazide
were excited at 561 nm, and the fluorescence and autofluorescence were recorded
at 560-639 nm and 640-712 nm, respectively. Light paths and wavelengths were
controlled by the dichroic mirror MBS 488/561. The pinhole size was 59 ym and

scans were performed at depth intervals of 0.45 um.

Evaluating the effect of nile-red-in-silicone-oil solution

Fourteen-day-old Arabidopsis seedlings were treated with silicone oil with or without
nile red for 5 min. Nile red was removed by washing the seedlings in silicone oil for 1
min. After two washes, the silicone oil was removed by air drying for 10 min. These
treatments were conducted on a clean bench. Three days after treatment, whole
images of the fifth leaves were acquired by an AxioCam HRc camera coupled to a
SteREO Lumar.V12 microscope (Carl Zeiss, http://www.zeiss.com/). Leaf areas
were measured using Imaged software (National Institutes of Health,

http://imagej.nih.gov/ij/).
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Detection of leaf surfaces in confocal image stacks

The leaf surfaces, used to determine tissue depth, were detected as follows. Images
were scanned from top to bottom (along the z axis), and the signal intensity at each
voxel was compared with a specified threshold intensity. If the intensity of the voxel
exceeded the manually determined threshold, we discriminated that a surface was
located between the voxel and its immediate upper neighbor. The z-coordinate of the

surface was calculated by linear interpolation.

Analysis of airspaces

Airspaces were analyzed in fourteen-day-old Arabidopsis seedlings. We acquired 3D
images of the adaxial side of the first leaves by CLSM. The images were 224.48 ym
x 224.48 ym (width x height). Prior to segmentation, images were smoothed by a
Gaussian filter to reduce noise. 3D structures of airspaces at depths ranging from 9
pum to 31 ym were extracted by our proposed segmentation method. The volume
was calculated as the number of voxels multiplied by the volume of a single voxel.
Segmentation errors were manually corrected by separating and joining the

segments using dilation and erosion.

Estimating the proper radius of the sphere structuring element in the closing

operation of segment validation

In this study, we used morphological operations such as opening and closing
operations (Soille 2003). To detect incorrect segments, the radius of the sphere
structuring element in the closing operation of segment validation should be properly
set to fill the inner structure of objects. If the radius is too small, the inner structure of
segments cannot be extracted. If the radius is too large, the external structure could

be incorrectly extracted as the inner structure of a segment. The most appropriate
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radius was estimated by an opening operation (Figure S2). The radius was set to the
minimum integral radius of the sphere structuring element in the opening operation

for which the object volume was below 217,

The segment validation algorithm is based on the threshold volume of the inner
structure of each segment. Therefore, its accuracy is affected by the segment size.
This algorithm operated well in mesophyll composed of similarly sized cells. By
contrast, exact validation was difficult in epidermis, which comprises differently sized
cells. To overcome this difficulty, we set &,z Of the first binarization to an

appropriate value for segmenting epidermal cells.

Software implementation

The segmentation algorithm described in this manuscript was implemented in a
Windows application with a graphical user interface (GUI). The algorithm was
implemented in C/C++ and CUDA. The GUI was implemented using C# and
Windows Presentation. Simple segment-modifying functions, such as dilation,
erosion, joining and separation, were also implemented. The software was evaluated
on computers installed with the following graphic cards: Geforce GTX 580, Geforce

GTX 680 and Tesla K20.
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Figure legends
Figure 1. Workflow of the 3D segmentation of plant leaves.

(a) Fluorescent staining of leaves with nile-red-in-silicone-oil solution. Cell

membranes and airspaces are visualized in different colors.
(b) A stack of pictures is acquired by confocal laser scanning microscopy.
(c) A 3D image is generated from the stack of pictures.

(d) The 3D structure is reconstructed by our automated 3D segmentation method.

Each differently colored segment corresponds to a single cell or airspace.

Figure 2. Visualizing the leaf interior by staining with nile red dissolved in

silicone oil.

(a) The nile-red-in-silicone-oil solution easily penetrates the leaf interior. (i) A cross-
sectional image of a GFP-LTI6b-expressing Arabidopsis thaliana leaf mounted in
Alexa 568 hydrazide sodium salt in water solution. The fluorescence of Alexa 568
hydrazide and plasma-membrane-localized GFP are shown in green and magenta,
respectively. (ii) A cross-sectional image of a wild-type Arabidopsis leaf mounted in
nile-red-in-silicone-oil solution. The fluorescence profiles of nile red in the silicone oil
and the lipid bilayer membrane are shown in green and magenta, respectively.

Images were acquired by CLSM. Bars are 20 ym.

(b) Fluorescence emission spectra of nile red in silicone oil (green) and phospholipid

bilayer membranes (magenta) with a 488-nm excitation.

(c) Confocal images of the epidermis and mesophyll of Nicotiana glauca and
Spirodela polyrhiza leaves. The adaxial side of the leaves was stained with the nile-

red-in-silicone-oil solution and imaged with a 488-nm excitation for nile red in silicone
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oil (airspace) and a 561-nm excitation for nile red in lipid (cellular membrane). Note
that this excitation condition enables to distinguish plasma membrane and airspace

without any deconvolution. Bars are 50 ym.

Figure 3. Time-lapse imaging of a developing N. glauca leaf stained with nile-

red-in-silicone-oil solution.

Cross-sectional views of 3D images of the adaxial side of an N. glauca leaf. Confocal
images were taken over 5 days of leaf development (times indicated in white above
each image). Shown is the fluorescence of nile red in the lipid bilayer membrane. Bar

is 50 pm.

Figure 4. Comparison of binarization results between DSLT and previous

methods.

Cross sectional views of 3D images of the adaxial side of a S. polyrrhiza leaf,

showing nile red fluorescence in the lipid bilayer.
(a) Source image, shown for comparison.

(b) Result of h-minima transform.

(c) Result of local thresholding with a cubic kernel.

(d) Result of uncorrected (left) and corrected (right) DSLT. Note that this correction
visually clarifies the membranes parallel to the focal plane (indicated by

arrowheads).
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Figure 5. Binarization by DSLT.

(a) Source image of a cross-sectional view of a confocal image stack of an
Arabidopsis leaf. Neighboring regions are connected to the central point (purple) by
line segments (lines). The region yielding the minimum weighted intensity sum is
shown in yellow; others are in red. At each pixel, the threshold is computed from the
minimum value of the weighted sums. The angles 6 formed by the line segments

(relative to the X-axis) are @, =&/8 ==&/ =¥m/8 Zu/ 3.

(b) The length and orientation of the yellow line segment indicate the weighted sum
and orientation, respectively, of the line segment kernel that has the minimum

weighted sum at the center point (purple).

(c) The result of DSLT.

Figure 6. Automated 3D segmentation using DSLT.

A flowchart of the automated 3D segmentation process using DSLT. The
segmentation algorithm is repeatedly applied, gradually increasing the binarization
sensitivity. Each cycle proceeds through four steps: binarization, closing, flood filling,
and validation. In the validation step (Step 4), segments are classified into correct

and incorrect segments as shown in Figure 7.

Figure 7. Schematic for validation method of extracted segments and the

following process to achieve correct segmentation.

A segment from which inner structures are extracted (shown in green) is determined

to be an incorrect segment. In this example, Segment A, which is actually composed
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of two cells, is determined to be an incorrect segment. The segment is then
repeatedly subjected to the segmentation algorithm until it is separated into two

segments (B and C). Vj, indicates the volume of inner structures.

Figure 8. Automated 3D segmentation of an Arabidopsis leaf by using DSLT.

A 3D image generated from a confocal image stack of an Arabidopsis leaf was
subjected to automated 3D segmentation using DSLT. Segmented cells and

airspaces with random color coding.

Figure 9. Accuracy of automated 3D segmentation using DSLT.

(a) Comparison of segmentation results obtained from the same source image (i-iii).
DSLT (iv-vi) indicates the segmentation algorithm proposed in Figure 6. H-minima
Transform (vii-ix) indicates the proposed method, in which the binarization process
was replaced by h-minima transform. ACME (x-xii) indicates Automated Cell
Morphology Extractor. The upper panels (i, iv, vii, x) are source and segmented
images of the epidermal cells of Arabidopsis leaf. The middle panels (ii, v, viii, xi) are
source and segmented images of the mesophyll cells. The lower panels (iii, vi, ix, xii)

are cross-sectional views. Segments are color-coded in different colors.

(b) The percentage of correctly segmented cells to the total cell number was
determined with over 350 cells in four images. A is the cross-sectional area of the
manually extracted reference segment, while AA is the areal difference between the
automatic and manual segmentations. Over 300 cross-sectional area of segments

were examined. n.d., not determined.
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Figure 10. Analysis of relationships between stomatal density and airspace

volume.

(a) Confocal images of the adaxial side of Arabidopsis leaves of wild-type (WT) (left),
STOMAGEN-silenced line (STOMAGEN-RNAI) (center) and STOMAGEN-
overexpressing line (STOMAGEN-OX) (right). Leaves were stained with nile-red-in-
silicone-oil solution. Cell boundaries and airspaces are visualized in magenta and
green, respectively. The images in each row were generated by maximum intensity
projection of voxels at the indicated depth (5 pm) or in the indicated depth range

(13—16 pm). Bars are 50 um.

(b) Stomatal densities (left) and airspace volumes (right) of the adaxial side of
Arabidopsis leaves of wild-type (WT), STOMAGEN-silenced line (STOMAGEN-
RNAI) and STOMAGEN-overexpressing line (STOMAGEN-OX). The first or second
leaves of 14-day-old seedlings were used in these images. Airspace volumes were
calculated in the depth range 9-31 um, over square areas of 0.051 mm?. See
Experimental procedure for details. Different letters denote that the results are

significantly different among the genotypes (Student’s ttest, P < 0.05).
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Figure 1. Workflow of the 3D segmentation of plant leaves.

(a) Fluorescent staining of leaves with nile-red-in-silicone-oil solution. Cell membranes
and airspaces are visualized in different colors.

(b) A stack of pictures is acquired by confocal laser scanning microscopy.

(c) A 3D image is generated from the stack of pictures.

(d) The 3D structure is reconstructed by our automated 3D segmentation method. Each
differently colored segment corresponds to a single cell or airspace.
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Figure 2. Visualizing the leaf interior by staining with nile red dissolved in silicone oil.

(a) The nile-red-in-silicone-oil solution easily penetrates the leaf interior. (i) A cross-sectional
image of a GFP-LTIBb-expressing Arabidopsis thaliana leaf mounted in Alexa 568
hydrazide sodium salt in water solution. The fluorescence of Alexa 568 hydrazide and
plasma-membrane-localized GFP are shown in green and magenta, respectively. (i) A
cross-sectional image of a wild-type Arabidopsis leaf mounted in nile-red-in-silicone-oil
solution. The fluorescence profiles of nile red in the silicone oil and the lipid bilayer
membrane are shown in green and magenta, respectively. Images were acquired by CLSM.
Bars are 20 pym.

(b) Fluorescence emission spectra of nile red in silicone oil (green) and phospholipid bilayer
membranes (magenta) with a 488-nm excitation.

(c) Confocal images of the epidermis and mesophyll of Nicotiana glauca and Spirodela
polyrhiza leaves. The adaxial side of the leaves was stained with the nile-red-in-silicone-oil
solution and imaged with a 488-nm excitation for nile red in silicone oil (airspace) and a
561-nm excitation for nile red in lipid (cellular membrane). Note that this excitation condition
enables to distinguish plasma membrane and airspace without any deconvolution. Bars are
50 um.
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Figure 3. Time-lapse imaging of a developing N. glauca leaf stained with nile-red-
in-silicone-oil solution,
Cross-sectional views of 3D images of the adaxial side of an N. glauca leaf. Confocal

images were taken over 5 days of leaf development (times indicated in white above
each image). Shown is the fluorescence of nile red in the lipid bilayer membrane. Bar is

50 pm.
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(a) Source (Size 256x256x120)

(b) H-minima transform (c) Local thresholding (Cubic kernel)

h=0.012 Kernel size: 21 x 21 x 21 (Mean filter)
C =0.004

(d) DSLT

Kernel length: 21 (Mean filter) Kernel [ength: 21 {en filter)
C.ons=0.004, =1 Cons= 0.004, a = 0.2

Figure 4. Comparison of binarization results between DSLT and previous
methods.

Cross sectional views of 3D images of the adaxial side of a S. polyrrhiza leaf, showing
nile red fluorescence in the lipid bilayer.

(a) Source image, shown for comparison.

(b) Result of h-minima transform.

(c) Result of local thresholding with a cubic kernel.

(d) Result of uncorrected (left) and corrected (right) DSLT. Note that this correction
visually clarifies the membranes parallel to the focal plane (indicated by arrowheads).
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Figure 5. Binarization by DSLT.

(a) Source image. Neighboring regions are connected to the central point (purple) by
line segments (lines). The region yielding the minimum weighted intensity sum is shown
in yellow; others are in red. At each pixel, the threshold is computed from the minimum
value of the weighted sums. The angles 8 formed by the line segments (relative to the
X-axis) are 0, £m/8, £m/4, £3m/8, £m/2.

{b) The length and orientation of the yellow line segment indicate the weighted sum and
orientation, respectively, of the line segment kernel that has the minimum weighted sum
at the center point (purple).

(c) The result of DSLT.
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Figure 6. Automated 3D segmentation using DSLT.
A flowchart of the automated 3D segmentation process using DSLT. The segmentation
algorithm is repeatedly applied, gradually increasing the binarization sensitivity. Each

cycle proceeds through four steps: binarization, closing, flood filling, and validation. In
the validation step (Step 4), segments are classified into correct and incorrect segments

as shown in Figure 7.
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Figure 7. Schematic for validation method of extracted segments and the
following process to achieve correct segmentation.

A segment from which inner structures are extracted (shown in green) is determined to
be an incorrect segment. In this example, Segment A, which is actually composed of
two cells, is determined to be an incorrect segment. The segment is then repeatedly
subjected to the segmentation algorithm until it is separated into two segments (B and
C). V,, indicates the volume of inner structures.
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Figure 8. Automated 3D segmentation of an Arabidopsis leaf by using DSLT.

A 3D image generated from a confocal image stack of an Arabidopsis leaf was
subjected to automated 3D segmentation using DSLT. Segmented cells and airspaces

with random color coding.

This article is protected by copyright. All rights reserved.



(a) H-minima Tensor Voting
Transform (AGME)

Epidermis

Mesophyll

. i, |
Cross-sectional g —
view )
(b)
DSLT H-minima
|
= Transform

Percentage of correctly-
extracted cells 913 76.9 53.2
|aAl/A 0.025+0.020 n.d. n.d.

Figure 9. Accuracy of automated 3D segmentation using DSLT.

(a) Comparison of segmentation results obtained from the same source image (i-iii). DSLT
(iv-vi) indicates the segmentation algorithm proposed in Figure 6. H-minima Transform (vii-
ix) indicates the proposed method, in which the binarization process was replaced by h-
minima transform. ACME (x-xii) indicates Automated Cell Morpheology Extractor (Mosaliganti
et al. 2012). The upper panels (i, iv, vii, x) are source and segmented images of the
epidermal cells of Arabidopsis leaf. The middle panels (ii, v, viii, xi) are source and
segmented images of the mesophyll cells. The lower panels (iii, vi, ix, xii) are cross-sectional
views. Segments are color-coded in different colors.

(b) The percentage of correctly segmented cells to the total cell number was determined
with over 350 cells in four images. A is the cross-sectional area of the manually extracted
reference segment, while A4 is the areal difference between the automatic and manual
segmentations. Over 300 cross-sectional area of segments were examined. n.d., not
determined.
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Figure 10. Analysis of relationships between stomatal density and airspace
volume.

(a) Confocal images of the adaxial side of Arabidopsis leaves of wild-type (WT) (left),
STOMAGEN-silenced line (STOMAGEN-RNAI) (center) and STOMAGEN-
overexpressing line (STOMAGEN-OX) (right). Leaves were stained with nile-red-in-
silicone-ail solution. Cell boundaries and airspaces are visualized in magenta and
green, respectively. The images in each row were generated by maximum intensity
projection of voxels at the indicated depth (5 pm) or in the indicated depth range (13-16
pmy). Bars are 50 pm.

(b) Stomatal densities (left) and airspace volumes (right) of the adaxial side of
Arabidopsis leaves of wild-type (WT), STOMAGEN-silenced line (STOMAGEN-RNAi)
and STOMAGEN-overexpressing line (STOMAGEN-OX). The first or second leaves of
14-day-old seedlings were used in these images. Airspace volumes were calculated in
the depth range 9-31 pm, over square areas of 0.051 mm?. See Experimental
procedure for details. Different letters denote that the results are significantly different
among the genotypes (Student's -test, P < 0.05).
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Figure S1. Evaluating the impact of nile-red-in-silicone-oil solution on leaf

development.

Areas of the fifth leaves of Arabidopsis at 3 days post-treatment. Treatments
were applied to 14-day-old seedlings. “Untreated” indicates leaves without any
treatment. “Silicone oil” indicates that the leaves were incubated in silicone oil
for 5 min. “Nile red-silicone oil” indicates that the leaves were incubated in 10
MM nile-red-in-silicone-oil solution for 5 min, followed by two 1-min washes in
silicone oil. The results are statistically equal among the samples (Student’s t-

test, P < 0.05).
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Figure S2. Estimating the proper radius of the sphere structuring element in
the closing operation of segment validation.

(a) Cross sectional views of the original 3D image (Original) and 3D images
processed by the opening operation (r = 2 to 10). r represents the radius of the
sphere structuring elements used for morphological operations, such as opening and
closing operations.

(b) Object volume (white regions in a) as a function of r. V,, is the volume of objects
in the original image. The radius (r) in the closing operation of segment validation is
set to the minimum integral radius (r) for which the object volume is below %2V, in the
opening operation.
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Figure S3. Segmentation results with various depth ranges.

Confocal source images (left) and their segmented images (right) of the abaxial side of
a nile red-stained Arabidopsis leaf at the depth indicated. To acquire each segmented
image, segmentation was performed from the top of the source image to the depth more
than indicated.
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Figure S4. Graphical User Interface of the Windows application in which
proposed algorithms were implemented.

(a) Main window.
(b) Graphics window.




DSLT Demo User’s Manual (DSLT Demo Ver. 1.11)

Before Installing DSLT_Demo
Download and install the CUDA Toolkit 6.5.
(https://developer.nvidia.com/cuda-downloads)

Installing DSLT Demo
After downloading the installation package (DSLT _setup_x64_111.exe or DSLT setup_x86_111.exe),
double-click on the file icon and installation will begin.

DSLT_Demo GUI

1: Position Settings sliders

2: Channel Selector

3: Brightness and Contrast Settings sliders
4: Height Map Settings sliders

5: Segment Display slider

6: Apply Changes button

7: Tools shelf

8: Tools panel

9: Orthogonal View (Source)

10: Orthogonal View (Destination)
11: View Panel splitter

Shift + Left-Click: Zoom in (Orthogonal View)
Shift + Right-Click: Zoom out (Orthogonal View)



View Panel Splitter

You can adjust the size ratio of orthogonal views by dragging the view panel splitter horizontally.

You can reset the size ratio of orthogonal views to the default by right-clicking on the splitter and
selecting “Reset” from the menu.




Segmentation Procedure
1: Opening a 3D image file

In the File menu select “Open” or press Ctrl+O to open the image file.

_ _ This software supports 8, 16, and 32-bit TIFF image stacks and ImagedJ
File  Edit TIFF hyperstacks. We recommend using Fiji for conversion of a file in a
Open Ctl+0 different format into one of these formats.

Load_Segments

We use “ST ami 1st adaxial 2-1.tif” for demonstration of the
Save Ctrl+S segmentation procedure.
Save_Segments
This file includes three channels:

Channel 0: fluorescence of nile red in silicone oil
Blightness and Contrast Channel 1: fluorescence of nile red in phospholipid bilayers of cells
Channel 2: autofluorescence

Exit

We mainly used Channel 1 for segmentation.
Note that Channel 1 is used unless otherwise stated in the following
procedures.

2: Generating a height map to adjust brightness for depth

The height map is a 2D image to store surface elevation data of a 3D image. The software
allows adjustment of brightness for improved visualization with increasing depth from the
surface. This function enables correction for the reduction in signal intensity with penetration
depth of the excitation laser.

The Height Map panel enables adjustment of the following
parameters.
Filter Type:
Type of kernel for the smoothing filter that is applied to the
height map.
Radius:
Radius of a kernel for the smoothing filter that is applied to
the height map.
Smooth Lv:
Number of iterations of smoothing for the height map.
Z:
Radius of a kernel for the Z smoothing filter that is applied
before surface detection.
Threshold:
Threshold value for surface detection.

The following parameters can be adjusted after height map generation.
Offset:
Depth offset of the height map.
Range:
Depth range of maximum intensity projections along the z-axis. The projection results are
displayed on the orthogonal views (XY).

If the option “Use hmap for Z projection” is checked, a value for each point on the height map
will be used as a z coordinate for the starting point of the maximum intensity projection.

Generate Button:

Execute height map generation.
Clear Button:

Clear a generated height map.

If the option “Show height map” is checked, the height map is shown in the orthogonal views
(YZ, ZX) as purple curves.

1) Set parameters for generation of a height map.
2) Click “Generate” button.



Blightness and Contrast 3: Brightness and Contrast adjustment

FEET If the option “Z Gradient” is checked, brightness adjustment for improved
Minimum visualization depth will be activated.

7 7 Gradient New intensity values I, are calculated with the following formula:
Coefficient - Lyew(x,v,2) = Coefficient * zE*P x I(x, y, 2)

Exp

1) Check “Z Gradient”.
2) Set parameters for brightness adjustment.

4: Smoothing
Select “Smoothing” from the tool shelf, and the Smoothing box will
appear in the Tools panel.

Mean  (+ Gaussian Filter Type:

Type of kernel for the smoothing filter.
Radius:

Radius of the kernel for the smoothing filter

1) Set parameters for smoothing.
2) Click “Preview” button.

Apply Changes

To apply the brightness adjustment and the smoothing settings, click on the “Apply
Changes” button. Perform smoothing and brightness adjustment for improved depth to all
channels.

(Select channel -> Brightness adjustment for depth -> Smoothing -> Apply Changes)

Blightness and Contrast

. Smoothing
Maximum
Minimum Filter Type
Ch. 0 7| Z Gradient Radius
Coefficent
Exp
Blighiness and Contrast
Smoothing
MaxirmIm
Minimum Filter Type
Ch. 2

7| Z Gradient Radius
Coefficient
Exp




5: Segmentation
Select “Segmentation (DSLT)” from the Tools shelf. The Segmentation settings dialog will appear
in the Tools panel.

Segmentation (DSLT)

Filter e: - .
’I‘yngfI’) kernel for DSLT. Filter Type e ) Gassan
Radius: Radius
Radius of the kernel for DSLT. Level
Level:
Quality of DSLT. & Somect
Z Correct e <
Correction factor for DSLT (a). i &
min C: Interval
Lower limit of Ceopst- validTH
max C: Closing
Upper limit of Ceppst-
Interval:

ACpnst that each loop iteration will have.
ValidTH (for segment validation):

The threshold value of the inner structure volume is the sum of multiplying “ValidTH” and the
estimated proper radius of the sphere structuring element in the closing operation of segment
validation.

Closing:
Radius of the closing operation, which is performed after the binarization.

Check on the “Cropping” option and set parameters for cropping if you want to specify a region
that becomes the object of segmentation. You can set the cropping parameters in the Height Map
settings dialog. We skipped this step in this demonstration.

Upper:
Upper bound of the cropping region.
If “Use height map” is checked, the z coordinate of each point on the upper bound is the sum of
“Upper” and the value of the generated height map at the corresponding x-y coordinate point.
Otherwise, the z coordinate for each point on the upper bound is set to this value.
Lower:
Lower bound of the cropping region.
If “Use height map” is checked, the z coordinate of each point on the lower bound is the sum of
“Lower” and the value of the generated height map at the corresponding x-y coordinate point.
Otherwise, the z coordinate of each point on the lower bound is set to this value.
Edge:
X-Y edge thickness surrounding the cropping region.

We recommend that you check the results of the DSLT before segmentation.

1) Set parameters for segmentation.
2) Click on the “Apply” button in the Segmentation settings dialog.



6: Segment Editing

Correct segmentation errors.

Select “Segment Erosion” and “Segment Dilation” from the Tools shelf.
The respective settings dialogs will appear in the Tools panel.

Segment Erosion
Erode selected segments.
If “Clamp” is checked, a voxel at an edge of an image will not be eroded.
Radius:
Radius of erosion.

Segment Dilation

Dilate selected segments.
Radius:
Radius of dilation.

Middle-Click: Select a segment
Alt+d: Join selected segments
Alt+S: Separate selected segments
Ctrl+Z: Undo

Alt+A: Select all segments

Alt+D: Deselect all segments

<Over-segmentation>
1) Select over-segmented segments.
2) Join selected segments (Alt+dJ).

<Under-segmentation>

1) Select an under-segmented segment.

2) Erode the selected segment

(radius = 3, clamp = checked).

3) Perform segment separation (Alt+S).

4) Dilate the separated segments (radius = 3).
5) Join fragments.

The radii of the erosion and the dilation
should be the same.




7: Extracting Air Spaces

Select “Segment Selection th” from the Tools shelf. The Segment Selection th settings dialog
will appear in the Tools panel.

Threshold:

Threshold value for auto-selection of segments.

If “deselect” is not checked and the mean intensity of a segment is higher than this value, the
segment will be selected.

If “deselect” is checked and the mean intensity of a segment is higher than this value, the
segment will be deselected.

1) Switch over to channel 0

2) Set “Threshold”

3) Click on the “Apply” button ---- (perform auto-selection (roughly select
airspaces))

4) Switch over to channel 2

5) Check “deselect”

6) Set “Threshold”

7) Click on the “Apply” button ---- (perform auto-deselection (deselect plastids))
8) Check selection errors, and then join the selected segments (Alt+dJ).




8: Watershed

Select “Watershed” from the Tools shelf. The
Watershed settings dialog will appear in the Tools panel.
This function ignores unselected and undisplayed
segments.

1) Select all segments (Alt+A).

2) Set the minimum size of segments on the segment-
displaying setting dialog

3) Deselect plastid if you want to obtain 3D data for
cells. This process is not necessary if you want only 3D
data for airspaces.

4) Switch over to channel 1

5) Click on the “Apply” button.

9: Morphological Smoothing (Optional)
Perform morphological smoothing to remove small
protuberances.

Select “Segment Dilation” and “Segment Erosion”
from the Tools shelf. The respective settings dialogs
will appear in the Tools panel.

1) Select all segments (Alt+A).

2) Erode segments (radius = 3, clamp = checked).
3) Dilate segments (radius = 3).

4) Erode segments (radius = 3, clamp = checked).
5) Dilate segments (radius = 3).

6) Erode segments (radius = 1, clamp = checked).

10: Saving Results
File Menu bar) > Save
File (Menu bar) > Save_Segments



Parameter Settings
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“max C” mainly affects a segmentation result in the brightest region. In this case, this
parameter mainly affects segmentation results of epidermal cells. If “max C” is too low, some
over-segmentation might occur. If “max C” is too high, small cells (e.g. guard cells) might be
under-segmented because the segment validation system cannot detect under-segmented cells
that have very small inner structure (see below).

“min C” mainly affects a segmentation result in the darkest region. In this case, this
parameter mainly affects segmentation results of mesophyll cells. If “min C” is too low, some
over-segmentation might occur, but the over-segmentation should be suppressed if “ValidTH”
is set to a realistic value. If “min C” is too high, under-segmentation should occur.

“ValidTH” mainly affects a segmentation result in regions except for the brightest one. In
this case, this parameter mainly affects segmentation results of mesophyll cells. Even if
“ValidTH” is too low, it should not affect results significantly when “min C” is set to a realistic
value. If “ValidTH” is too high, under-segmentation should occur because the segment
validation system cannot detect under-segmented regions as incorrect segments.

Correct Incorrect
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Validation of extracted segments.

Schematics of the validation method, showing the major steps by
which segments are classified as correct or incorrect based on their
extracted inner structures (green).



