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Figure 1 Schematic workflow of the macro focus stacking process

The left panel shows the primary stacking system, which consists of a full-frame digital camera, a tube-
lens assembly, a microscope objective, a motorized linear rail, a vertical support stand, and a motion
controller, enabling high-precision automated macro focus stacking. The right panel illustrates the image-
processing workflow, multiple images captured at different focal planes are aligned and merged using
Helicon Focus to generate a fully in-focus composite image, after which a scale bar is added to indicate
specimen size.
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(1) ZhSAEML: L5 JE R Z5 4 iR e AR AB AL (f5 2448 R ~) 35.9%23.9 mm, 2 430 4 %;
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(3) Wi Mic & LPRIZEEIE=3 M Plan Apo #)#i(=/0, #it#fEKE =200 mm; —FHr#s
1 5006 000 7T) (£ 1).
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&1 HTHEDRHOEERAA K =5 M Plan Apo ¥4 k%

Table 1 Specifications of Mitutoyo M Plan Apo objectives used for microstructure imaging

. Theoretical Measured . .
L Numerical . Field of Working
Magpnification resolution system . . . —
aperture . view distance Typical applications
(%) (um) resolution
(NA) (um) (mm) (mm)
5 0.14 2.40 2.46 7.2x48 34 Plant small organs and
anatomical structures
10 0.28 1.20 1.74 36x24 34 Sm?”seedsa”dha"y
odies
20 0.42 0.80 1.23 1.8%x1.2 20 Pollen and spores
Crystallization of plant
50 0.55 0.61 0.87 0.7x0.5 13 epidermis and texture

of pollen walls

HUEALR(NAV RSB ROLRE I AN 2y HE e 0. BB ) 5 IE T Abbe T4 H IR (d=0. 61A/NA)1&ﬁm%
HAPEAR (A )ﬁl 550 nm. %%:&/M%##K%%Tm%&ﬁﬂ%ééﬁEﬁﬁxﬁl%#ﬂi K Fl USAF 1951 4 #k Sttt
ATI5E, WILIR D& TBORME R oI 3 BRI iRV, 278 IR e . BRRIE S AHNUAL IR PR S 1 55
PRI RO . TARBE BRI AT 8 A A 7E S IR N B . M7 93 T xR AR A% B 3 S Bt 1 1

B C B A S ) R TS B (P < B B

Numerical aperture (NA) indicates the light-gathering ability and resolving power of the objective.
Theoretical resolution was estimated based on the Abbe diffraction limit (d=0.67A/NA), assuming a
wavelength (A) of 550 nm. Measured system resolution represents the effective resolution of the complete
imaging system and was determined using a USAF 1951 resolution target by identifying the smallest
resolvable line pairs under each magnification, incorporating the combined effects of the objective, tube
lens, camera sensor, and sampling conditions. Working distance is the distance between the front lens of
the objective and the specimen when in focus. Field of view is the approximate imaging area (horizontal
x vertical) estimated based on the full-frame camera sensor and tube lens configuration.
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5 z Bin s n 7 5 g 5 A\ Helicon Focus 1 (https://www.heliconsoft.com/heliconsoft-
products/helicon-focus/, = &L %% 2 000 7).
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RETE I R b T IR . B R b B 36 e g B HE 51 7 (B 2) . MR EE R BoR, R 5
(Begonia grandis) ok a2 Fh 1 2 47 HE T, FP R 4 B v 1 0% B (B 2A); ME %= (Nicotiana
tabacum) i /& 2 Rh 7 10 Rb O 40 M 2R R 6L B ] HES O iR (B 2B); B R U
(Vaccinium myrtillus)f-y- 27 IR . dRkR €, Fhk R EL A AN [0 [ FNRE S 4540, 915
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Figure 2 Microscopic imaging of small seeds

(A) Begonia grandis immature seed; (B) Nicotiana tabacum newly matured seed; (C) Vaccinium myrtillus
newly mature seed; (D) Melochia corchorifolia mature seed. Main images, Bars=200 um; insets, Bars=50
pum. Panels (A), (C), and (D) were imaged using a 10x objective lens, whereas panel (B) was imaged
using a 20x objective lens. Images were digitally magnified and cropped to varying degrees for
presentation purposes.
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FE 5x50xWBi I, WhHES BRG] W 2K Gt B kAT 2 REE s R R (K 3).
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(A) I 2 A T FE A (Bar=400 um); (B) A/ fiL7- I ATt 1 4o 6 - FE TR 45 44 (Bar=50 pm); (C)
T T2, TR (Bar=100 um); (D) ¥ il 248 i 1 1) o 1 2 (Bar=50 pm). (A). (B).
(C)RI(D) & 5 BRI 5%, 50x. 20%. 0% Ffif.

Figure 3 Sporangia and sori of Lygodium japonicum

(A) Sori emerging from the leaf margin (Bar=400 um); (B) Apex of a young sporangium extending from
the sporophyll (Bar=50 pum); (C) Nearly mature sporangium with a top-borne annulus (Bar=100 pm); (D)
Mature sporangium releasing spores following annulus rupture (Bar=50 um). Panels (A), (B), (C), and (D)
were imaged using 5x, 50%, 20x, and 20x objective lenses, respectively.

Aw}
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(A) MR, IRESHATE T RBFS, MORE R R DA RS L N 4A; (B) oK, BOREIR/RRT
MRS R BRI B2 (C) 5ATHE, ORI B S &6 RAR LM, (D) KM R H-E, JBOKE
ARHEANTIBMBEL R TIE, BRI TRERG2EMAR. AHERE R G RENNER, (A)F(D)H
R B2 % L FE RN BE R . (A). (B). (C)FI(D) 43 iR A 20%. 20% . 10 20x 458 % . 315 Bars=200
um; (A). (B)FiI(D)ji Kk &l Bars=20 pm, (C)ig k& Bar=50 um

Figure 4 Stomatal distribution on the lower epidermis of plant leaves

(A) Drynaria roosii, the umbrella-like structures are sporangial caps; the magnified view shows the
morphology of guard cells and the chloroplasts within them; (B) Zea mays, the magnified view shows the
morphology of guard cells and the epicuticular waxy layer on the epidermis; (C) Tradescantia pallida, the
maghnified view shows anthocyanin-rich epidermal cells; (D) Saxifraga dagiaoensis, the magnified view
shows a stomatal cluster formed by aggregated stomatal apparatuses, with a spongy-looking substomatal
cavity system. To clearly reveal the complex epidermal structures, the magnified views in (A) and (D)
have been adjusted for contrast and brightness, respectively. Panels (A), (B), (C), and (D) were imaged
using 20%, 20x, 10x, and 20x objective lenses, respectively. Main images, Bars=200 um; Magnified
images, (A), (B), and (D) Bars=20 pym, (C) Bar=50 ym

213 REZGHRER

1E 101 20x¥)88 T, T HES A RS0 e SLELA PR B3R i 25 0 10 = ol & A% (BT 4). A
e & EUE B AT IEM  HES AL FRIHES 7 20 MARZE B EoR, #ibik (Drynaria roosii)< Lk
77 O BAET (B 4A), Tk (Zea mays)FiIEE 1T (Tradescantia pallida) < FLHFAR 77 X0k
AT 4B, C), KHfjeH %i(Saxifraga dagiaoensis) < fLHHG 7 XN A BY(] 4D). fE
Wt BR A B b, AT DL OR TR P Ak fEERATHE R b, TR BRI E SR R
(Bl 4C). BtAb, TUFEHES B R G0E RETH I S IR R 2, W oK R 4i i B
TEHPIR I 57 (] 4B), 45 (Musa basjoo) it b [k i 57 25 fi (] 5).

5 AR I R T 4

(A) BRI 5 2 AT R T (B) MRS BT 45 i (C) RS 45 5, (D) /Sl JBus 2t d . IR
YR 10%8i (% . (A) Bar=200 pm; (B)—(D) Bars=20 um

Figure 5 Epicuticular wax crystals on the abaxial leaf surface of Musa basjoo

(A) Overall view of the abaxial surface showing a dense wax layer; (B) Thin plate-like crystals; (C) Thick
plate-like crystals; (D) Nearly hexagonal crystals. All panels were imaged using a 10x objective lens. (A)
Bar=200 ym; (B)-(D) Bars=20 pm

TE 10xF1 20988 1, AEADAS[F 28 B L BRI 35 i o] L (B 6) . 191l 8 SR 52 (Mazus
pumilus)irt 114 2 1 B AR 2 R HEIR (B 6A), EifAH(Paulownia tomentosa)r: F I i
F T LECIR (B 6B), i A JE(Taraxacum mongolicum)it f () EiR 4 2 2 BRIR (] 6C), 3
1M # A (Handroanthus chrysanthus) it /4 (i 4k i 5 R R AR (B 6D . Lk, 1E5i%
(Sigesbeckia orientalis) £ 5 J1 &, & w] Wi B Sk 5 b 6 G4k (] E); 7 B B % 2%
(Anagallis arvensis)frzz |-, v WERIRIREHE S 1EH & (Bl 6F).
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1K (B 7B) LA R A A [RI AP AE R 2 i, e & (0 RS 3 (o 7l 1 (11 70) 33 W vl I

; : A o e R '
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e s
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6 fEYIEE R BIRE
(A) ESREMZBRUPIRBIRE, (B) BIMIHZERRIRE; (C) WATEH /& ERBARAE; (D) BEIEXE
AR EARAERBIRE; (B) 65 8B LRI, (F) MIBEEEL ERERRE,; (G) WL
AL % S BRAE; (H) MR Z MM LE. FRO)RH 2054, HR¥IRAH 105 i .
Bars=200 pm. EIREARIE S Simpson(2010)15E L. EUEEA TR B W H7 ORI B db ¥ )5 3.
Figure 6 Surface trichomes on various plant organs

(A) Uniseriate tapering trichomes of Mazus pumilus; (B) Pilate glandular trichomes of Paulownia
tomentosa; (C) Moniliform trichomes of Taraxacum mongolicum; (D) Stellate and peltate trichomes of
Handroanthus chrysanthus; (E) Pilate glandular trichomes on the involucral bracts of Sigesbeckia
orientalis; (F) Pilate glandular trichomes on the filaments of Anagallis arvensis; (G) Dense trichomes on
the adaxial surfaces of the corolla and anthers of Sphagneticola calendulacea; (H) Multicellular stigmatic
hairs of Setaria viridis. All panels were imaged using 10x objective lenses, except panel (D), which was
imaged using a 20x objective lens. Bars=200 ym. Trichome terminology follows Simpson (2010). Images
were digitally magnified and cropped to varying degrees for presentation purposes.
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(A)—~(G) 73l yKFE. EK. 22K, AMHIRHTE, S80I, REERK AR TR (H) 25 A R B
(L) 235 b R R . SRR IR (A), (C), (B), (1), (9), (K), (L) Bars=50 um; (B),
(D), (F), (G), (H) Bars=100 um. [EI{& 2 AR R5 FE A K7 TROR RN 0T b 21 S B

Figure 7 Representative spore and pollen morphology

(A)—(G) Pollen grains of Oryza sativa, Zea mays, Luffa aegyptiaca, Jatropha integerrima, Abutilon pictum,
Hibiscus rosa-sinensis, and Hymenocallis littoralis, respectively; (H) Pollinia of Dendrobium officinale;
(I)—-(L) Spores of Lygodium japonicum, Adiantum flabellulatum, Pteris semipinnata, and Equisetum
hyemale, respectively. (A), (C), (E), (1), (9), (K), (L) Bars=50 ym; (B), (D), (F), (G), (H) Bars=100 um
Images were digitally magnified and cropped to varying degrees for presentation purposes.

H BB PO G, Ak 2R i SO R AT M rT AL (1B 8) . ZKAEAT oK e 2K i A
JETEREA (B 8A), 22 TAEky BRS A i) AR S (8] 8C), A& i ii1E (Jatropha integerrima)
1ok B2 B A A IRAVA IR S5 K (K] 8D), A ek AR (Kl 8E), ARHEEAEK A
AR (& 8F), AKRAEE B PR S (K 8G). £k K A fift (Dendrobium officinale)
FACH HRL 1) BN TR KL B TR BT T 9 (B 8H). i = M7 BRI AR =X
BRI, RS RURDIR GO, 0% SA7 O BARRDEHE (K 8, K)o ARMBEA MRy
)32z B 5 22 25 74 (] 8L)-

—
8  FETRITERD KRG A 2L 1)
(A)(G) 73K FE. Bk, 22)K, AAMIIE. &87E. KEF/KRERIER; (H) 25 afemnik;
(L) 35S i, K)FIRM M. Bars=20 ym
Figure 8 Fine structural details of spores and pollen
(A)—(G) Pollen grains of Oryza sativa, Zea mays, Luffa aegyptiaca, Jatropha integerrima, Abutilon pictum,
Hibiscus rosa-sinensis, and Hymenocallis littoralis, respectively; (H) Pollinia of Dendrobium officinale; (I)—
(L) Spores of Lygodium japonicum, Pteris semipinnata (J, K) and Equisetum hyemale, respectively.
Bars=20 ym

215 EYMCARIES

T HE B % R BRI HE B % P A O I /1. 78 20x9085 R, FIHZHEAR
A3 1o A R T A S PR A AR BRI N AR B RS . SHEMI BRI A AR, AT
T T S I BE I N B A 1 BRI AR (] 9A, B) o S R S M T A R R,
FEM RIS A R MR SR VIR X IR, SEUAH P35/ ( 9C). il b S auf%k, nl L
X1 X 35,45 T B 35 R /NS — (1) B A8 B 45 5 (10=50 i), {HL 5 0767 3 B 70 48 408 485 ) (1)
9D). XULHAYEIR KRR, U0 R A 5 Eik, kiR ata M it
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(A) HIRIA A, WTREAIES B (Bar=2 mm); (B) &% & K IH % 11 £ ¥ BIR M4 (Bar=50 um); (C) kKA
M A TUE A (Bar=5 mm); (D) $Efulifl 73 X I8 (Bar=50 pm). (A)FI(C)RH Je i D810 s j AHALFL & bk
100 mm G S35 (B)R M S &, (D) R 20%W 81 s AR o« IR Z AN [RIRE 2 B0 TR AN 3 5 Ak
HE 2.
Figure 9 Microstructures of plant fossils
(A) Plant fossil preserved in amber, possibly representing a floral organ (Bar=2 mm); (B) Magnified view
showing densely arranged stellate trichomes on the epidermal surface (Bar=50 um); (C) Fern leaf fossil
(Bar=5 mm); (D) Magnified view of the leaf margin showing paired depressions corresponding to
dehiscent sporangia (Bar=50 ym). Panels (A) and (C) were captured using a Nikon D810 DSLR camera
with a Laowa 100 mm macro lens and macro focus stacking. Panel (B) was imaged using a 5% objective
lens, and panel (D) using a 20x objective lens. Images were digitally magnified and cropped to varying
degrees for presentation purposes.

22 Vhg
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WIB IS 3 PR LN 1.74-0.87 pm (£ 1), BHEAL ) PERIFAE 40%-55% K2 . %%
TERRAE RGP BN E W, FESRE BRI YeBext RS . SRAE A SR i
R ER R K RE R DB Sl o0 MR AR 58 Ak B BB AR, (HB AR LS IR AR R S5
RENS e s Hh I S B A U HRRE 71, HAr B S E fLAR R I 25T . 41T mig
PEfE R EZIR TYHOCFSE G, TEHEEG RS E AR 5 N AR K .

TESCRY RALEIT T, AR50 BB MU LA B 2R 5R 61240, LL NA=0.4 1)
2095 B, HIRFIFEAL 1.5 ym, ZEE S ERT L2 LA HCK R EE,
XERELE KA G, RE WS — Z R EWR, BRI R T 5335 168
AMEE )L S TR ek R R A . AR R GBIl D R4 50-300 g MG, 8 kA
SPE R 2 R A A8 B ST T RS I X S S B S . AEBLIEA b HES RIRIE T R BT L R B
RRE 25 2R A B TR X, A AR A AT M, M FE AN B8 6 24 43 3 5 IR T
PERE Y B SIR ZHLEEIZ R G RENSE H TR IR E K 450 5 =M S WL,
Wit FRETF LR . 2 A EARR AR SMEERUIR S S5 (K 3, ] 6, K 8).

O T, ARG KM FEE CMOS #4235 (Nikon Z5, 4iHilE, %12 430 Jifizk
B F)AC A4 6 000 K ot LED JEBH, SZEUGRE S AT W6 I 3 B0E SHE 5 1k . iZmig
XEETF RGB =@M, 780 WoLTu P R s irth MM R LG OB E R . MY
KM FERFE T O RUWHEEER. EH RS N 2) LU 4345 14 (330 (4 7 i T
PSS MU ), X IX LR A O RHIE IR B, P B X 0 iE 4 415 52 22 s R SR IX 45 1531
ENEELES NG
2.2.2 RIEHERRIEAREMASHERLSE
ARFFRFH, B H A B E, MRS G R R B RN TR ROE S
WIFT, Al s DS E (b 1. U 738). HBUEnE L. TR B 4M AT (e . #17)
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L2 RE(E 2-K 9). ML AR, ZARGRI A PERAIE 0.9-2.5 um (£ 1), M THEME
WL (2 1-5 um) 534 o T S (29 0.2-5 nm) 2 1d]. BRIk i i 1 B
BEIGRBENTRE T, (B TR HOL S KR EAAE WK R AW 5, C2 SR
IR A .

SRR AL, A RGUEAEWIE, SO AL, BT EAT ST WS I R B B S (R
¥, 1& T POE i A LA AR (50x) KV HILER . SR, RS TE M 2 N I SRR,
XT3RS AR B R I S5 R (A0 B R A . 0 3 T A0 24 1 2455 ) TG SR 4 45 T 7 il jd: - AR
b2 N, R RGRMEAE R % SRR M S I A L THIE W IS . TEIR &, ¥
3 e ity R R S S B ER SR R C & HE B UG AR, (B IE = T AR RRIMWH TR Moh, 78
FEMERETT I, A RGCRA T E 25 (Plan Apo), HEBUEfLEMEE NG E/KIE,
1 AR 43 B 2R R 300 5 37 7 20 000 T A A0 S A 8 S 4% 1 R €8 2 W0 B2 (Murphy and
Davidson, 2012). S5 EMEEMEL, 7 RS 0% O AAE T 5 32 1 KA SR A = i &
Bt

EFB S N 5 1, A3 B A O B AR G B A AT BRI, fehs
TR T S I 2R R T AR AR (R BR A, 2025). fEM AMNEERS A4 (Chang et al., 2021). filFBEFE
Y45 M (FAHFL S5, 2008) S 4T i BE S 2T 22 HE 51 (Zhang et al., 2014)55: 40K g 4544 . 41T, FIH
PP RS ML, FERflEE SRR, WadiEe. Bk, ERSTEREESRBER, Kokt
i [ 52 5 B 7K i T e SR R kA% s 2R T T VA MR O (LS SR . R 7 i4) (Egerton, 2005),
TR AR v SRR, IO HERE LY. FEE S S 5 i S, AT AR S Ak 3 T
&3 (Pathan et al., 2008). [FiF, 3T BB T B 55 Mg, LRt REReR s
B, eI ST R SN HE R . RS RAT H, &I 43
i LT B AN A% N 50-150 T3, 3R S B R A 200-500 Fiot, H.F i
Yedp o

MW Z T, KRREWAMOA-5 Jist), TR MM N BN, fe%RE e R E
TR SRR o 7ESZPR 0, S SHR B F BB RN HEANE R . M &S
FFROR R AR SR A5 S PG G 2, 4 7 52 S Be FH T 90 oK 5068 ol &5 A s 4 e A
Tl B 4 2 SRAS I o R 0 SR AT AR S 5 25 Bl B A v 7 R U K T R I A R 3 ik 5 4
¥y (Kofrofiova and Benada, 2017).

223 ZHEFERHEEFHNA

PR HE B AR R GRS 2 AP EUE T 5, 7EES Il nT TR HOE S 4516 16 =
H5 FF = 45 51 7 (Leménager et al., 2023; Wolcott et al., 2023). @il K55 N H &4
(1 Metashape. Meshroom =, COLMAP), RJ A= il 2 A K 20 2 85 1) = 4ER Y 4 4
Hi R B R A T 1) LT TS SRR An s o SLIRBEAE T S 7 51 (14— 08 G 6k AN ] ()
RV, 1XEeY) Fr3e 4t T %L MR AR B, oS E T2 3k & 450 2 W B Ak
VCRCRE R R B . AH bR T B A R BRATORG 55 % B A% T 1 17 A 3R Th B Vs,
AFGARAE 53 R ZAN U PR LR 77 T 2 A B B AR . BARN A T-BL 5t fesn slif i =4
TEA5 AN AR 2 BRI EE ). BRAE R 23 (80 A0 55010 204 (6 B T B e
VI SABERATEAER ) SRS E b1 55 — 2 R (] 52 B2 B R T RS AR 5 TR )55

BRI FH TR 22430, AR RS R s A LA 2 AN ) U A HE W ). R
BEEF T, AHERRNIE. ZIR. Wk SRR TR O R RRR G . TR
WEERE LA, AT TR TS WAt R e s I gg. EKAEED S, nixfH
FeR ERETFI VAT ISR EE AR . b, RRGURANG. SR, (R
EH T AV BRI S U RS )5
224 KKK
RUE R CIAE TR S R RGN H T ROE S AR AT RS, HiZ RS
FEREARVE RE AN B2 05 7745 07 AT A BOR 4 T 25 T
(1) BHHAE
TENHRARTTH, KO 6 MR — MERRRE N 7 AR OB UK R 2 T
VEFE B AR = AR, BV ROz /NN, AT REFE G FE R I LR B Jz OB Skl i
ARG R A7 B A5 3 2RI AL AT F-oedl, AT SR S (R FBOR A R SR A8 (Gl ATk 0.1%
BRI, [A)A ELA B R 0 25 B2 45 (Watanabe and Nayar, 1995). 7874 & 48 b 5] Az 04

10/14 © 0000 Chinese Bulletin of Botany



3k, AESEm B S =4 E @R JUARSRE, JCHGE A T AoE ENE N g, W
RIEKE . AFLE T R A AR

FERREAZE A7, B 5l N7 LED JGIREIE T, ARGVEREA BEIRGHRT . #ilin,
TETE OB, TR S0 M FE 30 S A S (R 0t LL FE 2159 213 9% (Lenk et al., 2007). fEiT
LA IR AN B, A ZA XS s i = A2 K oy iz ], Bl S K B PR,
SR E N, AN TR A KIRES A I 5 22 3L 53 4 (Zahir et al., 2022; Purwadi
et al., 2023).
(2) FEgu#
TEMEB A& BIETT I, 5905 T 0 bU B2 55 M FE VPAN BR UK VAR B 4O 55 FAEE R
KIFPR o hn, 7558 5 63 T (W 5t 2 SO Rl ) X3, F T = 38 v s v A -5 350k B2 slont
B RE A S e, B Sl RACE iR A, AN = A DM 3 OS5 T A 325 B B~ 55 B 45 ) (i 3R B B
TAKEL) Y, BTN EEEEAS R S VT TR L, R S B0 JE S Bl SRR . X IR

2 U 28 X 4% 38 0 S S B 2 B 0 i 2 5 SR AT R e RAE, AR — e AR R R
HO6S O e S AL R B 1 51N B = AL Transformer 4544 BB 75 AN [R] 51 [T
Z AV ESTACHRMOMIR 2R, AT N i85 [X 3o B AN TR 8 7 55 SO X IR AT 48 Jm) — B2 TR T
TR A AL S AR S N R A B O A B T, JC AR R ROl X A7 B
HL B FAL, AT E R LA T B S R 510 SRR (Wang et al., 2023; Zhai et al.,
2025; Luo etal., 2025). & E 45 H AR, ZINVERIVEREERURE BE BT I 2R 80 (1 73 A
FE, HAEAFIH LA K AR AT T BN AL RE DI Rtk — 2D I8 o PR AE S B B A7)
T A G R ITIRAT AR SR IE, DASEIUAS E PSR R & RO .

3 EEEM

3.1 RUEERGRGHEHSHE

(1) A E > PR AR A K a5 35 el S S RS i . APS-C 8¢
BT A AHILEF B, AT RE 7 ZAS M R DF D R o A% G S SN AT AR S, (H N
EHGREEMZEIEHE.

(2) ANFZLSHENLEE O/ A% % o PRz R 4L RL 28 (F WL C 2 H—EF 2N el—E #& 1
PAFARLRS ) o

(3) & W R B AR A AT E AT IS i B S M, & P B R 5B Kk 2, AR g
.

32 EEERFFIHHERE

(1) BEBANTIL LT T 9 DI ARS, 7 EE il 5 22 B 1

(2) X T AR, N YR 5 R i 8] FR PR DA N B AR e FE AR B

(3) WEAKEYIFE AL LED X H A RS, DA G bR 2R 7K i RO A 45 M R

33 MEEEEESK

B 10 AKX TR B R A FEME (AT A AR T )
(A), (B) 1 20 um HEREME, R €0z £ 8] 1 1A Bt 2
AN TSRV T 1) R 7 X (C), (D) AP 10 um
RAEME, BoRx EEENEE, ST EREIEM . (A),
(C) Bars=200 ym; (B), (D) Bars= 20 pm

Figure 10 Effect of step interval on macro focus stacking.
Example shown using seeds of Celosia argentea.

(A), (B) Images captured with a step interval of 20 ym,
the gaps between dashed lines of the same color
indicate regions not covered between consecutive focal
planes; (C), (D) Images captured with a 10 um step
interval, showing improved focal overlap and sharper
structural details. (A), (C) Bars=200 ym; (B), (D) Bars=
20 ym

TEEHE B J 5 A A 2T R T Xk

(1) AR A HE S PR Hh R) A B 25 0 DX
B, W R R b BB A AR, FE
HrA LI B, W ORISR R o AR DO
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(2) WHRKIENE FAEPATAS B B 261, ULEBHAERDE SeR R T, z MPKad R, F0& 240
ANGKAR. B, 10 H, 20 pm BKHEE S I #H (Celosia argentea) Fi1-_E H I AZ B A
ats, VAP KFNSIRA G A B DB S B AF T, RP KBV NE 10 um 5, SRR BG5S
PEIEMWT . AT .

(3) W EIMEUGAAIERAS . SR ethit, W RIRES LS SE, SHY LED Yeig
BFOL R 5 EH R AEEIE

34 LEBIRKOE

LA RSN E, FEMECE L T AR R U, AR .

it ORI ABXAELEREAARRP R ELLH%Y TENFRL T EE5HALEHE
RAEGAE T, RORHCERR EIFE R m e A (P2 2Ee2 UID: 392094847) Xt # 5B 3 & s f%
Fueyis e g ARBER LHF.

{E& Tk AER

R WA, TR GRS B, L AR A SR S L
B IRz, kK, DA, @ B OIS SUET; T FERRE;, 28E, T
FE: SER BT S S B .
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A Low-Cost Macro Focus Stacking Approach for High-
Depth-of-Field Imaging of Plant Micromorphology

Shengxin Chang’, Jiayi Luo', Genyun He?, Kaigi Huang', Youhui Luo®, Wei Han', Zheli
Lin', Chaoyu Zhang?, Chunxia Li"", Baiyin Yu"
"College of Biology and Agriculture, Guangdong Provincial Key Laboratory of Utilization and
Conservation of Food and Medicinal Resources in Northern Region, Shaoguan University, Shaoguan
512005, China; ?Rural Revitalization Service Center of Nanxiong City, Shaoguan 512499, China

Introduction: Plant micromorphology provides essential morphological evidence for
species identification, functional trait analysis, and evolutionary studies. However,
acquiring high-quality micromorphological images has traditionally required expensive
optical microscopes and complex sample preparation, which limits accessibility for small-
to medium-sized laboratories and educational settings. Recently, macro focus stacking—
a photographic technique widely used to capture high-depth-of-field images—has emerged
as a low-cost alternative for high-resolution imaging. Despite its potential, systematic
workflows optimized for plant specimens remain scarce.

Rationale: To address these limitations, we developed a cost-effective and efficient
imaging workflow tailored for plant micromorphology. The system integrates commercially
available components, including long working distance microscope objectives, a full-frame
digital camera, a motorized focusing rail, and professional image-stacking software. The
workflow is designed to: overcome the shallow depth-of-field inherent in high-magnification
imaging by sequentially capturing and fusing focal planes; Preserve the natural color and
morphology of plant tissues; Avoid complex sample preparation, thereby minimizing
preparation-induced artifacts such as surface shrinkage or structural collapse. The
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workflow encompasses sample collection and minimal preparation, system assembly,
sequential focal-plane acquisition, image stacking and fusion, and scale calibration. The
total hardware cost ranges approximately from 10 000 to 50 000 CNY, making the system
accessible to small- and medium-sized laboratories without compromising imaging quality.

Results: Evaluation using USAF 1951 resolution targets demonstrated that the system
achieves a practical resolution of 0.87—2.46 ym, depending on the optical configuration,
imaging conditions, and the numerical aperture of the objective lens. This resolution allows
stable visualization of micron-scale structures, including epidermal cell contours, trichome
morphology, primary ornamentation of pollen exines, and seed surface sculptures.
Compared with conventional optical microscopy, focus-stacking substantially extends the
depth of field, enabling full-focus imaging of structurally complex, three-dimensional
surfaces that cannot be captured in a single frame. The system operates under ambient
conditions, preserves true-to-life color, and avoids common preparation artifacts. Its low
hardware cost, operational flexibility, and ease of assembly make it particularly suitable for
small- and medium-sized plant biology laboratories.

Conclusion: We present a practical, low-cost macro focus stacking workflow for plant
micromorphological imaging that delivers micron-scale resolution, extended depth of field,
and artifact-free, color-accurate images. The method is well-suited for taxonomic and
morphological studies, botanical education, virtual herbarium construction, and science
outreach. By combining affordable hardware with a streamlined workflow, this system
provides an efficient and accessible solution for high-quality imaging of plant organs and
cellular structures, bridging the gap between conventional light microscopy and high-
resolution morphological analysis without the need for complex sample preparation.

A focus-stacked macro image showing a crustose lichen with dense white granular propagules
and brown nodular thallus structures.

Key words plant micromorphology, macro focus stacking, low-cost imaging
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