162 2022 4F 8 A

H38E Flel Kol TR R

Transactions of the Chinese Society of Agricultural Engineering

Vol.38 No.16
Aug. 2022

ETHRELOCRIEHNEREHTRASHEERED
HRE, # W, KA, ERR KRE, HKE, Ful, ARE

(1. FEARN R T 2R, JE5T 1000835 2. RMKRATEBHIE-HL S -EHY KA FARE SL =, Jbal 100083)

W E: NG E A ERRAEER ERET ', WIEYOL SR APLEEIT R R R FFER Z M —%
BRI IR RO A I B AR U, TR O R R AR AN R LA RN R R . K AR EER Y 5
WIREAR AT BUG R EE, JHEMRA R H 15 6B KA RS EAT 0T . WO K FR TR, MR SR T &
BE I B = RN 2 b AR T v R 2 AR VO A K R R, BB 958 FEARRIIAEEH eI K E
IR SN T 6 335 AR L 200 KBRS EUI T4 B, R BOKOGREE ISR . SRR R R . i
A E R T B RS RGN 2 ETHER, BREEr AMARE SRR R E R AR . AR E AR
B, AEEEEASE PREARRR KR THER (FvFm) BENEE N IR ARE, E LIRS RENIRG, EES
AR BERG K AN SR ] R A GE R AL A% K. (gL Lss) BB BN —IREBUMAGTEE, FBEL 958 F I H s
FOBTI P TS 2 20 5925, DA RSB0 B 00 A b 20 R R AL 591 () 45 SRR 1 , 6 B0 958 BEAS () I K e B 23R (Fv/Fm)
METIEEASTE THEANREIOLE TR (FvFm) AT 25 PR MRS IEEK (NPQ_Lss) HI7IHEH:2 5
15 0.82. 0.94 F1 0.88, HHAMAE KD FHSHALL, WESMMETRE,; HMOWESEW 5 RHE A REA B HIHEA
A WIS E R _EHEE, BT A S B S SR A AT, 52 AR T LA A TR B
FERE R Pl R R IR A S R, 1 AR T U E N R E AR RRIErT T P K &

KA TRERK; AR, 2K, ALK
doi: 10.11975/j.issn.1002-6819.2022.16.018
FESES: SI126 YRR : A

HXE, B, KEX, F ETHRIIERENEREAM R LEHEEES A V], RUTEFR, 2022,38(16) :
162-171. doi: 10.11975/j.issn.1002-6819.2022.16.018 http://www.tcsae.org

Xiao Tianpu, Yang Li, Zhang Dongxing, Wang Liangju, et al. Vertical distribution of photosynthetic characteristics of maize
leaves at the seedling stage using chlorophyll fluorescence imaging[J]. Transactions of the Chinese Society of Agricultural

XEHS: 1002-6819(2022)-16-0162-10

Engineering (Transactions of the CSAE), 2022, 38(16):

10.11975/j.issn.1002-6819.2022.16.018

0 35 &

HEERRFEMERKR LR SR, 2HEME
KRB EA. (A —Fm et Co kb, FKIE
RS AR R R BN R 2, HIRRE
TEK R, H AT A2 SR O A R AT LA
Fot e REE S A E o, B0 S
F Iy S B IR ORIRE, sl 4 Hr A i aa B oak 4R
FEPATTR B Ol SRR, SEBL R R R A AR ROR
SMPGEIRE . SR, AR AR BRI
fOBEAR, BB RO SR B A BENLYE S5 R Tk,
AN BERE VHE 4 ThT M AL B MR A OIRAS, MELLRI R
AAEDAR e E AL, W0 H AT Ot S R A
FELRR L HORIT TR B o

H AR BERR G 5 18 F AR SSHIE 78 2 2200 Al

Wk H A 2022-03-25  EITHHH: 2022-08-11

BEEWH: ExRHARRFEEETH (32071915

PE# I MR, WA, B Mo BRI E B

Email: xtianpu@163.com

MIBEIER: TR, M, B, WRTrAEmERY. #aERMhEe

J&%1, Email: wangl@cau.edu.cn

162-171. (in Chinese with English abstract) doi :
http://www.tcsae.org

AT T R AR, S MR SR E A
R e &R FREIAIORT 7. Moulin S HF 5 T KA
PR B L R IAR L AR RS AR, IFA R
He X 3 A R HEAT 4 2 PRA ; Fan 25U i@ 1 0 & 0K
AR B0 A, PR T A E IR R AE K
(T AR T B 40 AT 7 #2s Lindquist 26/ h@ & 564
1 FI 58 4 5 UDAR 5% (6 T AR 6 %, T 98 58 20 A B
He, BT TR SR B ALS]: Li S8 B AR
EIF N 3 SN S NU S R B3 R4 U E = 1
O, B8R TR e R R S K & B
M. PAERTTUA A 2 R A TR 2 s =
SR, RETNEEE N ERE S, 5B
ENILEALE

B el R BRI A R, JEER . ot
AR B A 2 b S B A T 0 A b e AR
Wt TR WY e el R T AR — R I BOR F-Be, SeBl
R J2 0 P REAE T BN A1 (00 . W S5 SR 2 £
FE i i XN AT, IFRAY TN R Ak
RERMIEES A He T @ e B A 57 1 /KA
A S8 R PR LA R R . (HE T S R e
T P 3 BN AR AR A HE R R OB B A RE . 5 32 EI5h



16 1

HORBESE: BT ISR SO R i TR B e A Re ik 3 B2 A 163

PG SR, JF A BE 05 R A s R IA AN M R R
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23 2R 9 G0 AT ] B AR A HILEAT S LA, A2t &
EYE R AR T M. kAT T R
M ARV, I A R R HACE TS m
W 2= N A S B & 1 RE ) 3 E 2> AT A AR
Feng S5USHIH A/ R i S RSO S HOTAL T
HRBERRIL . HAT, H R IOCEARAE B R 1
oA AR A D, 2N B TSR EE
Jr BRI AT, ASREATTI AR I R A M, TR A
FERRACT | B Sx 3R 56 BB N TR X 1 e B AR A
PRI FT AN A I

AW T AT, L3 AN ORI
A AN R EUT R KRR EK 5 Y (V5)
TR O B, R SRR VORI 5%, et
i R AR BERIOCIRDL, X AR A [F I B SO
KAFE KPS B AT b, BT SRR AR P D &
Rtk LA, DU IR BTRLIR N O6 & R R 20 A B 32
PR 7T 5 A B s

1 MR5EE

1.1 REMRESR

BN 2021 45 11 A, Hi R Ef LK EK
PS5 AR TS HGEE (RS 116°217, Jb4540°) .
W LR 3 AN ECK A A B 958
(ZD958) . 4T 335 (XY335) . R 20 (JD20) .

WIGHTII/EAE Y T NE & W AT & w5
G 25°C) , PRI 3 RiF BAE M. 550 H
KREFHENEREEEEZEE GRE 20~25C, BEF
50%) , HRER AL EEME, 8K 17:00—19:00
2 h, HDEETEIEE L) 500 gmol/(m*-s). AREEA
ERERR. B MRHRELL 20101 BEIEAW
SRR, B AT S AR b & R R . B
BAEFHNRE 16 om WA EEE, a5 LIEETA
3L, FEL 1 kg.

AR FOR LRI I B & 75 R, Ak IR — N
FH o) A R ) 2~3 £, 5 pE ) L o R R, %
Lo AL . IR AR RSN AR 0.75 g/kg 1y P,Os
0.50 g/kg . # K,0 0.60 g/kg 1=, EIEEAN 7530 1 1E % it
NEE A BERRYS 3.12 g SALHT 1.00 g; JRE 1.63 go ik
6, WEMERE (N0 . DEEE (ND . IEFHE
AE (N2) 3 /MBREE . BREEHEINIR R 735008 0 66%-+ 100%
IE¥E, RS mE AR &S 8 0. 1.09. 1.63 g.
RIGK I H L 958 (ZD958) « 4G 335 (XY335) . &
20 (JD20) 3 AFKEF, MEAE (N0 . DEE
JE(ND o IEEZIE (N2) 3 MitifEE kT 4 2R,
AT 6 HES, ot 54 &, HAREEIIE 1. XK
EAKIANE, 47 d#EK 200 mL, AT EREHL
Hefii o B RAERT Ay FORMERE S HH, S REEM AT

—JE, RAxt 6 HEETM 3 H (BS 1~3) 7KL
(W), HA 3 HHAT T REMNE (D) .
* 1 TESMHSHERAE T ERMERE G T

Table 1 Experimental design of maize planting under different
varieties and fertilization

L Fil E@ﬂfﬂﬁﬁ 7Kﬁﬁi$ o)
Varictics Fertilization Moisture Number
treatment treatment
MEEAE  BEKAEE (W) ZD958-1-1~ZD958-1-3
(NO) TEPHE (D) ZD958-1-4~ZD958-1-6
HER 958 AEEIE O BEKKEE (W) ZD958-2-1~ZD958-2-3
(ZD958) (ND TR (D) ZDY958-2-4~7ZD958-2-6
EEEM KA (W) ZD958-3-1~ZD958-3-3
(N2) TR (D) ZDY958-3-4~ZD958-3-6
PREERE  MEAKKEEE (W) XY335-1-1~XY335-1-3
(NO) FEPHE (D) XY335-1-4~XY335-1-6
2% 335 DEEAE O BEKAE (W) XY335-2-1~XY335-2-3
(XY335) (ND TEMHE (D) XY335-2-4~XY335-2-6
ERE WK (W) XY335-3-1~XY335-3-3
(N2> FRpE (D) XY335-3-4~XY335-3-6
AR KA (W) JD20-1-1~JD20-1-3
(NO FEPHE (D) ID20-1-4~JD20-1-6
RHL 20 SEERE EARAE (WD JD20-2-1~]JD20-2-3
(JD20) (ND TEEME (D) JD20-2-4~JD20-2-6
EEENE  EKLEE (WD JD20-3-1~JD20-3-3
(N2) TEAHE (D) JD20-3-4~JD20-3-6
1.2 BUER&E

ARG TR FH ) 4 25 58 6 R 32424 FluorCam K
R4 RAR & (FC800-D/8080, Photon Systems
Instruments, Czech Republic) . %YeHiufs 1 & H A
SEFEBLSLIY CCD AHML, 73 HF3E N 720%560 B3R, MiZAN
50 Wi/so YIRS 2H R AR R, B AE I E G (620 nm
96) . 046 (735 nm) . ekt Actinicl (620 nm
2I9%) . bt Actinic2 (A FDE) « HBADE GAEY
5 PP, AT S G R T RCR M R SRR I K
oA Hop, AR A A R TEA . ke
Actinic2 ARG . BUEKE RS A UE 1 s,
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e
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L35 2B RETN 306U 4mBEIRTHE S EREITR 6.CCD
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1.Frame 2.Imaging system controller 3.Light sources 4.Height-adjustable
slide 5.Main power 6.CCD camera 7.Network cable 8.Sample 9.Foam
10.Computer 11.Image acquisition software

Bl taEREBRRER%

Fig.1 Chlorophyll fluorescence image acquisition system
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EUE R SRR BERRAS &M FitAT, g = mw
TR, wEGRI A R s); IR A RE AR LE H O R 780
JEHE 20 min, JEHESREE 350~400 umol/(m?s), ZJEFE5>
GG 30 min, DASRAFRAETOGIRE . AR R E T
BUEREX, MEM TG G IEF, [FHEERK
[i] 5 7 8 AR CR A% e sl ok v B O T VR AT
G B, A% T T P S 8Tk 60 cm, PRIUEFERR G T
BB LA & AL 2/35 FEARM R 4 B e 5T
LR WIS EAT I BRI R AR FEAKE, B IR BRUR B
Wi 2. EAELL S% BT 10 AR %, 45
FWILE R RMBAIEIRI 30% (1 346.0 umol/(m*s)) KDL
B IRE R FEA RO BT ROR Fv/Fm 22 7E 0.78
FoAr, SIAEVEAN AR, i e E SR A B
N 30%. B KSR BRAE KRB R A6 IR e etk ot
( Actinic2 ) 1 38 B A H & Kot M 70%
(382.9 pumol/(m®-s)) 4338 5t FAZ 1 1E 56K FH v
KA3HT (Quenching Analysis) 2, RI&GHEATZ 1T, Kt
PREHTIEAT 20 min BEIER,  FZBEALIGT 73 516 4 25 A ik
HHAT AR RS, BIRRAE — 2R . R b, S —
UG IE MY BRI AR 98 Fo MIFFEEIT ] 5 s, AN MRE
ZEIFA] 0.96 s, KD Fm &5 (BT I T]4 15 s;
HeIE MY BB E R T 70 s, Rk 6 1k, ik
PRFFEENFIA] 0.96 s, WK BRGS0 9« 94 9+ 191 19s;
BRI IE N B R RS 3 IR, kR RR SR ]
0.96s, FkiIaIBE 29 so ARIE R OBIE B Al s AF
FARRES S ey K3 )5 ih e = B i 2 prs .
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Fig.2 Schematic of chlorophyll fluorescence quenching analysis

UG R o8 FORAMERE S 1 (VS) o BT HaRE
AR IR Z 2 R IR, BRI IR L 4~
SR OGBS, MIEMRIEES S 0N 2 BRI Frid
MR, ARReA MR 17 ~ “Hg 5T GEM A1
%, WAL “m 27 ~ “mr iy 57 ), It 245
MG EUEREA .

1.3 HESH

JER D4R [X 4 (Region Of Interest, ROI) [(i% %
X FOKME R AT BRI 58, SRR bR FOKAN R AL B A
G KN 17 2 WS H. RS HENR . &

WEFE A B EE RS HAT S TR M
WINEER 2 Pin. KRHE—4EERB 3T 20 968K 3
S 2R A AT RN, JEE BRI AN, DAV BRI BT A
T RAET ZE R R K TTE A AU A P 357k
(Unweighted Pair-group Method with Arithmetic Means,
UPGMA) i5¢ Y63 K i 1758 e 2 Bl AT R4, LA
EEEABKHELE, RAZ-BEfE U Bk
(Mann-Whitney U test) 34T H A1) &3 /0 #r>), LA
SEAF R A BT 2R REA . A 2 e DA A ) 7
EAT A RIS BRE L & s T UL AN B oy
TE B RA TS EL L) K LA 2 A TS BONRE I FAS
B, RS FEmEAL (Support Vector Machines, SVM)
B HL 7% Ak (Random Forest, RF) . fifi#z /> —.3f€ (Partial Least
Squares, PLS) HI5I 731 3 M SEEERAAT FOK M Fh
A G R, RHOKS R EEP, T T+
P28 SCRAIE, SRR AR 1 5 55 5 50 P i B /> — 3
AP EHEMETI (Partial Least Squares-Variable Important
in Projection, PLS-VIP) X 7t 2 ¥ v AR REAT V4312,
i 16 LA e A AR AR o
R2 AMRPEAHXBEILSH,. HEXREHRS

Table 2 Key fluorescence parameters, calculation formula and
their description used in this study

[RG S MR

Calculation formula Description

PISH
Fluorescence
parameters

PS IO 7205, Wt PSTI
SR A B RE R R, T
g e JRiEky 310 SERINVA
PSTISERRIGHE 720K, [ PSTT
(Fm_Lss—Ft_Lss)/Fm_Lss B HOAEH #8452 IE LT
Iy S R e g
PS I 2 A6 1E ROE AL 2A K

(Fq_Lss/Fv_Lss)/(Fo/Ft_Lss) /Bt PS II J 57 o 0 (T TSR EE
B AR VL I R P
PS I Fa AR L b 2 56 K,
SMOL RG] I 8 O R R
BRARE S0, XD AR —E
EEERI
PSTI s AR A 5 e R 98
AR e A S TR
P, TS A co2
[F) 3 2 R 4 35 £ B0

i Fo: ¥IUAHG: Fm: fK¥E6: Fm_Lss: JGIERIR MIARS R KT
Fp: Kautsky #5305 K% Ft_Lss: JE@ERFRAROG; Fv_Lss: fadk
TR ; Fq Lss: FaSEERT .
Note: Fo: initial fluorescence; Fm: maximum fluorescence; Fm_Lss: steady-state
maximum fluorescence after light adaptation; Fp: Kautsky induced effect

maximal fluorescence; Ft_Lss: light-adapted steady-state fluorescence; Fv_Lss:
steady-state variable fluorescence; Fq_Lss: steady-state quenched fluoescence.

Fv/Fm (Fm—Fo)/Fm

AF/Fm'

qL Lss

NPQ Lss (Fm—Fm_Lss)/Fm_Lss

Rfd Lss (Fp—Ft_Lss)/Ft Lss

2 HBRESH

2.1 MARAERFHEESBFRESHT

PHVE KB 12 MR ZIE T VK 2 A [R] B[] 1
RPN R, B M PSTT R TS L, Rk
M SEBR )G A A R, 3 RAFEYI 6 A PERE .
WE 3 N2 MK, 2 M hEEEE R, 2 FihIgKRy
BMZEA TN, MR R E IR 568 f2 i
LA, I EK BN )5 M2 R R o A AR
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MR T BRSO AR, B2t Fm 7£ 300~550
(aw)Z[8]; iR 2 Rz, K% Fm £ 500~750 (a.u.)
Z Il MR 3 fECR T Fm £E 700~900 (a.u)Z [a]; i
A4y WA S R0 Fm AHIE, 76 800~1 100 (a.u.)
ARl B Py B RSEN,  SUA TG BR B S E K
s, H, MR I~ A 3 A TER RS A BT
XA REs M 3~h 5 BRI (D ik sy, HE2ERIR
R . 2 30 2 P A B BAE FH s, A E
HHEARERRZEW, REWRBENHSAT Fm—
Fm_Lss M B, 3 B GIE R 23 1 58 S S 408 5 52 2 A
R KEZERIFEW. toh, BEEM T SERE N, Mk
M A M Fm_L3 % Fm_Lss [IRIZERIZR EZE1 N, Rk
T R R A A B A T BRI SO K

I} 7 Leaf position
1200 1 —2 —3 —4 —35
Fr

m
] FpFm_L1
1000 Fm L2 Fm DI Fm D2 Fm D3

u.

o
(=3
(=}

[
=4
=]

% % i Fluorescence intensity/a
~
[=)
(=)

[}
(=3
(=}

1 1 J
0 50 100 150 200
i (8] Time/s

T B R AL B T BT A MRIE S S H R 2 L, &2 O AR
LAHEN ) MM, B0y iRz . iR EJ7RIFRE N TOLEE K
M RET R, o, JG% Lo NS n KKATEDEIERSEG, Dn 8% n
Uk S s 89, R

Note: Leaf numbering order is plant morphology from bottom to top, and the bolded
line for each leaf category is the mean value of its kinetic curve, flanked by curve
error bands. The markers above the curve are the key nodes of the fluorescence
quenching process, the suffix Ln is the light-adapted fluorescence of the nth pulse,
and Dn is the dark relaxation fluorescence of the nth pulse, the same below.

K3 AT R b 5 esh o i 2k 43 A
Fig.3 Distribution of leaves fluorescence kinetic curves at
different heights

ANFE H RS FE A IR A R AL #0818 4,
Fh AR R A4 2 B BT B A B — 2 R 90
FKFEAR . FEMREIOCHERGIHRN 101 NS HL
i, 31 ASAEREEESE, BB MR ROLE R
GRERMBINZHE, 70 NARFEER NS T Bk
B 1 A B b, FERT OGS EA B URIEA
[F A ] ) 5 G ORI, DRI L b3 90 TR A K
XPRER) 31 AN S5 RO0 R BRI S8 (B8 Bk
SR 31 AN, RS 16 4, H, ks
Ho3 R SR E TG K G HT 2 K R AR O
Fo. Kautsky 1755 M e K% Fpy e K06 Fmy JGidE
NRIES 255 Ft R FIS50 (Fp B8 3 Mt & 5, HAh
ZHEEHOGENZHMBE M SED , RS H
I3 MM Sk 2 RO R AT R AR O Fv, K Fg
MRINZH (BE5HENSHANEZESED o Wx
NS HUE AT B I G AT 7 AR ¥R R 2K
fr, BEFEESE L 5 OGS E R IR E
Bl 4 fie 2B RGTRRG, XRoR g RTS8 R R AT,

FAFEARN R 30 28, 2OESHALEIR 24 /1.
MRIERABLE R, FEARREA AR Hd, 2
—RHELIHF 1 FEA N, HEEX AT HAME, 5
TOREUIM A 2 NTEE; BRI 3 IR N,
B TR S BAFE R 335 MR A LR
LA S B AL T VR B 20 (RUIRAL M Fr A A B RE AR
IIARAEREZE; SEPU KR LA B 5 3, B A i A 3.
M4 556 HBL. £5 b, 78S R A iR E AR,
A 1 5 2 Rzikh, BIERSE. LEKSER
s, HAOLE KRR RSO RN EZE X
IIRHIE . ZEFEARTIM R 3 A MEMZOLRE, HIR
B3 20 FISEE 335 HI0 o FREASSZ 2R BE IR K I m,
WESMREERE T 2. ZHFEARNT A 5 BAEHIA
M2CREE, S aHm LIRE S B AR A 3. it
R4 5 RPN R B K RRAE . X EE Bk &
BAHE S EIL, AR 958 FEARH HIRA S BN
PR, TEE AR R AR A SRR RN, P
HER TR RE /1, X 5F O EEP IR 48 M5
BbAh, K B I A TR A B R

XY335N0Dleafl
ZD958N0W]eafl
XY335N2Dleafl
JD20NOWIeafl
JD20N 1Wleafl
ZD958N2Dleafl
XY335N0wleaf2
XY335N2Dleaf2
ZD958N0wleaf2
JD20N2Dleaf2

ZD958N2Wleaf5
JD20N 1Dleaf4

XY335N0Dleaf5

Fv_L3 8
Ft L4
Fq D3 |
Fq D2 |
Fq D1 %

Fp-median’|

E ME RIS BN AR BB R R, SRR, SHERC. F
RIERGERS,  “leaf n” NEMEHWLEFAM TELIE n i, HAtibx
OB X 1. Ft AJGE BRI 98 Fv N8 5t: Fq AEKTOL, H
flbric R L 2.

Note: The magnitude of the fluorescence parameter values in the heat map is
indicated by the heat map color, the deeper the color, the larger the parameter
value. In the sample clustering results, the “leaf n” represents the nth leaf from
the bottom to the top of the plant morphology, and the other markers are
interpreted in Table 1. Ft is the light-adapted immediate fluorescence; Fv is the
variable fluorescence; Fq is the quenched fluorescence, and the other markers are
explained in Table 2.

B4 R K6 RAFREBREAB
Fig.4 Clustering heat map of fluorescence quenching parameters
of leaves with different treatments
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2.2 MARXASHHNEESHREMEST
2.2.1 tRERCSBB G

IS AT S5O S ERAR 45 R A b, ik
T AL T RS HIEEEREE, BARRL S
A MR 3 NS5 Fv/Fm. qL Lss
Rfd Lsso ¥ Fid 3 ANSH 8 BUR AT 7 nT AL B,
ZERWE S Fis.

D20 9

Fluorescence

I

96
Fluorescence
value
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[

0.5

NN Io.o
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Fluorescence

P \'a]u<2:

4 em—
l
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\\7 AN \

i

A5 ARt RIRET 6T 4E LR E
Fig.5 Chlorophyll fluorescence imaging under different varieties
and nitrogen environment

KR T RCE Fv/Fm (170 A6 6 H 32 2L4E 0.6~0.8,
HIEH® HEE S BTN Fv/Fm S50E W 85 T
Aos, RPTIRES RS EELWMF G RN G
WO RERE 0% . T 2 Hem, A 1
HHARM A LB BRI T B M ER, HEHK
SR NS HROA L ERARE, RPFEFAK
I B KGR B SRR T B s B 22 N o

RSB R A qL Lss 4046 6 B & EAE
0.5~1.0 8], HIEH HIEESETH qL_Lss ZEE
EEmTHELEASE, RULBEASESREYm
A OB U A A i B B B A R B R
AR, PR PR R R T, R E
ot A B i A s R A b, R
S HUERAE F B ARAEM i, e il g,
R AR A S HE RN, R AR A
BRI AR I .

RPN REd_Lss (170 A i 32 BAE 0~2 2
i), RASEEN AR LIRS B4 T BE
M2, BESM L, MELEASENT A 4. 1S
SRR B B E AR, WIEE IEASENT A 3 &
F LR s R AR, R LIRE S = PR
2 10 25 PR ARAE AR B AR I i P iE % . SETEM v 935 R
AT E 5S4 qL_Lss KL, WG SHIRNAE EE A AE

e, Uh BH e R R A A e R v PR

ZEEM R RS E UGS R R, R 3 KBLER
R S E R M AR, HR 3 2 2R R A
ErRMEEI s AN [F] R OK S BRI R R A 7 AR R
WG 2R, R BB 7 H A A, IR T el
e EERE R BT ER.
2.2.2 RASHKEANSH TS

RIRFA R B 7 9 SH ke, BT 2
R ZRZEAER T &M A R RS T 0, B 6
JEoR T AN B B R RS A 2 5. Ho,
Bl 6 a A& 1) Fv/Fm 230, 45 53 B A 4 25 B = R 1)
b, Mg AOLE TR Fv/Fm SR TS, H
H A1 5H A2 (P<0.001) « M 4 5HF 5 (P<0.05)
A EENES . XRVPEEEESEZME MmN,
A PSTT KRB ARG K, T2 1A (rf
A D SIEEAKKH AR, PSIT FRKGREFELRCR
BER, BHAEMA (A5 S5IEFAKKMFAET,
PSII e RMGREHMACREZEE K. B 6b N F 1
AF/Fme oA, &5 SRR W BE 5 3 B i B2 38 n,  Hsbros
BTRCRYER BAHaY, X R IS &N,
A PSTT SEFR GRS BRI K. R 1 Hrbhr 2
2, 2 SR 3 20, A 4 55 ZEfE
FAPE (P<1.000 ; A 1. MR 20 BR 3 50tk
4, MRSz RAEFREEEER (P<0.001) . XEHN
o4 fin s ESEBROE A ER R R EE R K 6c
NEM R gL Lss 4040, 45 5 3% 01 Bt 5 16 B 2 4
T, b ZEmEK oy 3 AN EREER I, W 1 RE—Z,
M2 MR 3SR, R 40 iR S NEZE,
RO RN A E R R =, A 4. o
F 5 BN G B A I T B . 5K LD P IE R
R THEEM R, BAOGREF BRI T4 04
A RIS, SR LR RERMET. B 6 d
NI NPQ_Lss 43 i, 45 W38 W bl 5 1 7L =y 4 1) 4
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Note: The results of the Mann-Whitney U test for adjacent leaves have been marked in the figure, where “*” represents P<<0.05; “**” represents P<<0.001.
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Fig.6 Differences in the distribution of fluorescence parameters of leaves under the influence of multiple factors
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Table 3 Accuracy of sample type discrimination of key
fluorescence parameters under 3 classifiers %

RISH FKMF Maize  HIEHES R Soil KA E Soil
Fluorescence variety nitrogen content water content
parameters  gynf RF - PLS SVM RF  PLS SVM RF  PLS

NPQ_Lss 56 56 46 58 58 58 70 66 64
qL_Lss 66 44 40 64 48 56 52 46 64
AF/Fm’ 66 50 52 54 60 46 64 60 56
Fv/Fm 58 60 62 70 72 72 60 54 50
Rfd Lss 56 52 44 54 60 52 72 60 66

iE: SVM. RF. PLS 7} ST Fm bl BEHLAAMAI i — 3587
Note: SVM, RF, PLS are support vector machines, random forest, partial least
squares, respectively.

T FIBFERFNN R, K 3 P Ras g5 3
1 BB AE N RSBV A vt o H 0 3 25 SR o
SRS, FIEEE AR LIRS B R ROk
ZHr N Fv/Fm. Fv/Fm F1 NPQ Lss, H: P23 51 v
B 5N 60.00%. 71.33%F1 66.67%, 57 T-BEHLHI A
HERf K 33.33%- 33.33%A1 50.00%. 1% 451 51l vHE Aff 36 bt 1o
o> FERABARL, 300 5l 22 ) SR RRAE 5% 6 S B0 A8 XL
WEVREHRE, 8 Fis.

T K AR RS A e, Fv/Fm (R HERR 2R X B
FAAE F KSR PS TT 55 K B8 4 3% 1) 38 L 43 A W
kR, o, DU 958 MR At E TR ER S
fidi i N B2, WK 8a Frs. (E-HIRE S B 5
ST, Fv/Fm (AR R e m, RIAFE LIEA S &
T PS5 KRB 40 R A 30 B A0 A A 1 Ao, 3k —




168

L TFE2A3 Chttp://www.tcsae.org)

2022 4E

U] SRR B R G R R AR .
B 8b o, HAE RAERE R IR, R RS R H
PIERZRIE 0.94, ITEIHARANACE, AR TR RARAE
PRI BB BT R S O AR A e R
RREIEW, EAGORELT, A 50%LL LR

HAEKEKE 2R, £L3KEEEHT, 3 A5
INERER A EAE, Hop RG22 K NPQ _Lss [
U R R AR B, BB 8¢ NPQ Lss HIAE X I EIRE
FERERT RN, FEARA 0.88 MIMERIET RMNa)E, MEEHM
R = A AR

JD20 { 0.41
B P
= XY335 =
=
ZD958 0.18 0
D20 XY335 ZD958

F159:%K True label

NO

TR 2 Predicted label
a. TR P R/ A B H ¥ Fv/Fm S5 b

a. Fv/Fm in PLS of maize varieties discrimination

T2, Predicted label

- IR BRI P Fv/Fm S5
b. Fv/Fm in RF of soil nitrogen content
discrimination

N2 D w
TR 2. Predicted label

c. THERE SRR NPQ_Lss 24
c. NPQ_Lss in SVM of soil water content
discrimination

B8 4HES HAME A SA IR F) A 64 X LI R 51

Fig.8 Cross-validation confusion matrix for the discrimination of regularity of vertical distribution of important fluorescence parameters
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Vertical distribution of photosynthetic characteristics of maize leaves at
the seedling stage using chlorophyll fluorescence imaging

Xiao Tianpu, Yang Li, Zhang Dongxing, Wang Liangju™, Zhang Tianliang, Du Zhaohui, Li Hongsheng, Xia Xulong
(1. College of Engineering, China Agricultural University, Beijing 100083, China; 2. Key Laboratory of Soil-Machine-Plant System
Technology of Ministry of Agriculture and Rural Affairs, Beijing 100083, China)

Abstract: Leaf photosynthetic characteristics of maize seedlings can greatly contribute to the accuracy of phenotype detection.
This study aims to determine the vertical distribution of leaf photosynthesis in three maize varieties at the seedling stage
(five-leaf stage). The chlorophyll fluorescence imaging was also utilized to clarify the combined influence of different
environmental nitrogen and water content. The results were as follows. 1) The leaf 1 and leaf 2 were not affected by the
species, nitrogen, and water treatment, in terms of the chlorophyll fluorescence quenching, indicating the more significantly
different fluorescence intensities. The unweighted pair-group method with arithmetic means (UPGMA) cluster analysis was
conducted to produce the four levels of differentiation with the leaf position as the dominant factor. The clustering of ZD
958 was less heterogeneous than XY 335 and JD 20 under different environmental factors. There were no outstanding
clustering characteristics for the nitrogen and water content. 2) In the vertical distribution of key chlorophyll fluorescence
parameters, the parameter Fv/Fm indicated that there was a significant increase in the maximum photosynthetic light energy
conversion efficiency of senescent, normal, and neonatal leaves in sequence. There was no variation in the feature within the
leaves. The parameter AF/Fm' indicated that the high morphological positions were greatly contributed to the actual light
energy conversion efficiency of the two leaves. The parameter qL Lss indicated that the photoreactive electron transfer
activity increased in the three steps with the increase of vertical height. The parameter NPQ_Lss indicated that the less variable
non-photochemical energy dissipation was found in the normal leaves, but the significant increase in the senescent leaves. 3) A
high fitting characteristics with the quadratic function were found in the vertical distribution of the maximal PSII efficiency
(Fv/Fm) at the different ambient nitrogen levels. The heterogeneity of the vertical distribution increased, as the ambient
nitrogen level decreased. A high fitting characteristics with the primary function were also found in the vertical distribution of
the steady-state light-adapted quenching (qL_Lss) at the different varieties. The heterogeneity of the vertical distribution was
ranked in the order of the ZD 958 > XY 335 > JD 20. Among them, the ZD 958 was more resistant to the stress. A comparison
was made on the Support Vector Machines (SVM), Random Forest (RF), and Partial Least Squares Discriminant Analysis
(PLS-DA). The maximal PSII efficiency (Fv/Fm) of ZD 958, the samples under the trace ambient nitrogen content, and the
steady-state non-photochemical quenching (NPQ_Lss) of samples under the drought environment were detected with 0.82,
0.94, and 0.88 accuracy, respectively. There was much more significant pattern of vertical distribution compared to other
treatments and fluorescence parameters. 4) The plant leaves were numbered from the bottom to the top in the “key leaf”
analysis of leaf photosynthetic heterogeneity. The “key leaf” was then selected as the second leaf, second leaf and first leaf for
the identification of maize varieties, the environmental nitrogen, and water content assessment in the discriminant analysis of
varieties, water, and nitrogen content treatment, respectively.

Keywords: chlorophyll fluorescence; photosynthesis; maize; vertical distribution
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