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RWE WEZMEYEREEHANFR5ER, FIEA SBROBOOR BRI T =22, IR ERT R “H%” &
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TR 5 R AE B HKF F R G0t A
BN AEAN RIS 56 A R B R AL 2R, LA TR
AR Z REE. 4R 207 AR, A2 i RUE
FANERERRF AN, KREHH, BE. MEK
B, DU BN 4EEER. MEESER
TR BN G HOR PR, HYR B 2T 5T
BSR4 G RN EYE BB R EdE
THE, MR T ZH 2 ORI 72 3t Ty e ik (R 20~
FE 7 B R S AR RS . RAVA ¥R H
ROBERHER Y . SRR 3R R A AR R, =1
SR BIEGAR, K TOVE R 200 B e 5 [R] 2H RN R 5 PR 3%
PR EAEH . Bk, WY 7R 5 IE
BT T R 43 B e 10 2 AL 43 B (Miir et all., 2019). K7
21 27 RABARAE W R TN L ) SR B s, e ied
AL AR A IR OCEVEIR T B . BRI AR M S
PRALIE T R SRS bAh, RV 108 )
EAEIAE S e ARG S b, FMAFS5HE
(NN H2E . RMAE, R H%, BAHY%
AU H ) ORI B, AT AR EYI 20 . ZH21.
A B AR S AN [\ J2 1 PR AS R AR KR & I AT
LA PN, DAL % AR iy i B I AR b i R 45 I 4,
I 24 7 A A R B IR BB, AR AT AR AR IR AR A A
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RS T Ak A 7= (A 555, 2018). H i fER DY
HEEwtirh, WEE RN ARG JaikE. B
BT MBS ANBOR . Stk ReTH B % 2 R R B0
MR TR OR Rl e . BRI R B HdE, &
TENNE B P RE A B B — e B A% 3 5 (Araus et
al., 2018).

1 ENERNRESTERGE—MN
FEIRE| FAE LT

HAE18664F, “IL¥Z A7 IR ITia IR A4y
PRy, HORRM N “HEVIHAT LR 1E 41
A, VR T S T A R, SRR
5445, mEAEZE, GEIE A8 IE%E.
FBAL R, TS 0 R E ) 2 BT Ok
HMW. STFTNREMFRE, —LRYFEN & T
HBD Y, FUGEE AR R M i e A B
. ML AR BSZ. gAY R ESAR R
[, #BH AR 5 R G sl 3 #F (Subedi et al.,
2013; Wiley et al., 2016; Xu et al., 2016). T4k,
T ) 5 S R 5 28 ZR AR 10 00 2R 3 AN U B R
TSRS . TEREY N TERFAEN E AT, AR R R
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HHEAR R MY A R R N & 2R
—(Schreiber, 2004; Zhou et al., 2016). H#iZ A ¥
Z 5 X6 A A F BIAS IR 7 T A 2R 2 ' B AN R Ay
PRI & B4 28 15 4% (Zhou et al., 2016). FI 4%
DB S35 TR DARE . R B H G 4% b ) 5
WG A B R o SR AR = B A )
B B B RE fUAE T AT DLyR AT T & rp — S8 A ERRAE
SRR ZE, FEAT I BN ERRE, TEREE 2
PIECFA SR, IR B it st AR . (HRIX LT
H R0 B — R AURHE S SR 5 40 A, T B PR
VI AR B 43 A, 75 I A% A [ B R D B T
JEIRERAEAERE R, B o iR e, A& EH T K
RIS 8 A% T A RFAE 2 B i

ELRN 20 20 A, 0T HE ) 2 B K 4R 40 i A ik
ANEIE R R A B, Hk O 2 3R
Ji i Hon] B R IR E A, B A o B B R R S 2R
B AR RURL(GXE) SR 7 &y ot & M0 S5 AH O 1
IR IE2 M (Ribaut et al., 2010; Tester and Langridge,
2010). HXF TR M, R BN
W TR A4 T (R 5 R (Finkel, 2009), 4540 R
MR R H MR HAR A 5 &0, AEAEYE M E5l
% EKH) G EK (Awada et al., 2018).

TR B S S, D e T
TR AR BOR B AR B 70 B Bt A . Araus 55
(2018) 3 it b 50 A7F 4 ok [R] 4 34 43¢ A v e = 3R 2R A B
ARJEHa i, RAFIE AR BEAEYE Fheb L 55
PR, 7 IR EZEOR IR BE AR &, FFRRAAN
R A . FEMCIATE], iR A= N R AR F AR RER ok
WA HESN, Hrbig 2 4 1 245 E LemnaTec A ] 1
I B A A% R 55 (Scanalyzer 3D). [Fl &
JEHIAL IR AR N IUBUR - SR SAR k2 i 4
RS 4 S 21 (R) R B R AR rh, 2 R AT H )4
WA R BPEICR AR 20 B B & 10 (White et al.,
2012). RACREFRII PO K = E 1 g5 ER
P, (U] A SRS B S A O AR ) R SRR A
Yy A DG L. (K, Cobb%:(2013)7EH ik ey
W 7 F — AR BB 5 (next-generation pheno-
typing) IS, SCH 8 3R B2 7 5 ik DR 2H £ s
BEAT KRBT, T A RS B AR S HOr Pud Fl
AERRI R . R AVHR BT S AR R A T HE
PEIRTENL 1o 7 P e B I S R DR ZH ok A Y S

BIFRIASE: B U RBA ARk L 559

REELE S, AT 48 MR 2 1R 43 B 0 ] B
B TiRE. HF ARG, BEER
RPN KRG — 7GR, AT Ty R A B 5 49
IEFEBEN — AR R B it = Ay, AR
AF 50 b 7 A 1) B BRI B SR R R A A s
FR)AE W 2 G OB R TR — AN SR T A 2 0 A R
(Tardieu et al., 2017; Roitsch et al., 2019).

TE AR AT 50 ke 2 I S B b 2 v i i
2 T2 22 W 7T W (high-throughput  plant pheno-
typing platforms, HTPPs). RAURAER A KE S
S HAE e B 34 I T K L AR, ST ANIX 3
ANJT AT IR IR o

2 EERERVAFTMREEHMLE

fe i R R S T R R AR AR IR RS RN,
P R G WA R G T — IR R B 9 1, 3
Refis 4 B 3l Joiifn R U ) 4 A8 & W 2 4R 3R
BE R KRBT G I8 5 A 1 R AR
B, ek BUR T MLas AHOR . mtkReit ik
25 FH 2 BB P 55 07 V2R 2R G USCER I 40 i R A K
Wio MEN— KRR Fidy, IXEPAR MR T 2F & F
THAE—RNIEFKE A ETHREY, BIEiLsEY)
RE &0, JeB 1R ERBEDE R ER 1%
FREHE, MY AL U A B ) 5L R 2H 2w 15 5
T 75 ) R AN T E (Mir et al., 2019).

HAT, WRAER s A R, SR 8 A 2
FUE AT LAy i 2 2 R H (R R AP B KR (3R ) .
T 25 Y R Y 2H 2 Vit 3 LR B N A AT 45 A B SR A
THEEAEYIRIE R, i8S 5 A,
VUHCHE PR 2H 27 FER A AH 20, SRSEE “ H Bk, &
Reth” BMH. Hr, XRRARE T KA
JtEi% R (plant to sensor) % iE R (sensor to
plant). [EBr K2 Bl 2 R B 2 % it 8 T 1% 1%
X, BB EAE L B3R, @ida) ik s
FRAG DX AT e, JHG rh DAIBR K M) I A P 2 3 e
A5 B JulichH 0 3R B F & F ok [ B S ) R AL
O FE IR =R R4 BRI R = 45
AR BN R AN, SEIUME YR A R AR AR, Horb
DAt ] Hy 2 o i A 2= R A B O RRER, HiE
BB BT 26 ROE3D G BT, H TS ME
W) =YL S5 K R A RO GV U o ) 26 28 B 2 30
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F1 FHEEHEYENHZ R KRR
Table 1 The classification and typical international high-throughput plant phenotyping platforms
S SR HE R REEF &
i I T TR GES WL
WEMRAF Lk )Y I 2 BORR FEA2ERKMEEERMNTG, SiHEE2400%8. FEMNH
EIGIEEE2 89 TAA Y i Y 3 255 T7 H
S EJulichH LR & 1 ] HEFIR TiRERMAL, BFRAMRIFERRZR R
PET-CTH#i &4, H T b Kb~ 5 A7 1) R A0t 5T
WA RS E R EE —EEES00A MR ERM AL, B ERIFEHY(FEA)
A T
R RE R A AL P TE S4B 252 (Montpelier) 14 2 (Dijon) %A — B R B E R
A&, 4B R2800%. T2 FAREDNE R
KRR ERM PG EeRImy BT WO B S AR S R T, RN
T TR SRV AR AV 8wt 72
PLIE P D E R R BIE FRET Z26IEE0R3DE T, HT S MEDN =
KRG YELER SRR B it
BlE R EREE  PE #2 TRGB. ZGiEM 2 GIRBOL3DEA LKA, H TR
RIFE LT ST I =S50, MY RS TR Bk
Dt
HIERAF& HiE=X PR RSy R RE R E A T ALL0 mx120 m, BHEER LG, 44, Bok3D.
=] MR R, EOLRE. NDVIFICO &L /MEES . R+
TSN 22 SR AS [F)E 77 b 38 F AR OC H ) 3 24 )t 5
FEEJICH R A& e [ PUEPIHOE = 4E R0 & SO 00, 8 I 3D R, 3K
ARG DL W AEACAE B 28 33 B R R AR gk 47 v il
BRI R
BTN RENARHINARE R KE AT R R LA N e — N30 tRE AR b, W
H [ R8T & 20095 RS AN EAL B, fE1.505w H A3, FENHT
WU . THEREAL AR, AR 2 A A
0B IR IR AR 2 AR
ITER(TF  WRFE R 22 KR WRFIE ATEXHRREY, =5 maiks) R4, B E T R
HME AZ)) CSIRO DT R A . XSS H AR AT Rl R
H 2R 2R 50 K2 H ] R B HA& TEE R MG RAAL A 1 FE R b, 85 W% = AR %523
FE P EPEA R B I 52
SEERE TR AR KE W B EHR A RGN TR, RIEAFEDCR AN A
W B - 5 Crop Qu- BB R SN R R E SR, eI IR Y
ant I3HT, SEBURHEYD A AR H IO IR 1 il L e AR R T
Vil
TN T[] 95 SRR 25 H )~ F ] FIHTE AWUEE A R 2R B R il A ke ds, B 2N T
(UAV) TH (B K ZZ (R RS 4
CSIROR L =AWHR %X AR S5 A B THHLPheno-Copterdt )37 A Tl & 4 LAT-1t
V187 B 8] /0 IXC 194 76 S22 B B AR AR
EERF AR PNZSR R D BRH S8R EREM REMTEANFARIE BRGNS 1 1K B 5

CIMMYT

B, T EIF Iy E R A G 1E A

F U FE P R S A, pR T FE TR AR AR 1 [
P, AR TR E A S sensor to plantfZ X, HRIEH

P EI2AT I AN AT A B IE s OR 1T )

MREITA ATERLLANL T LULIE A 1)
RV e N WL, LIRS SRl (R AP G2
[ b il B B se s e A&, HAE30T W
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Yo LA, BOk3D. MRV, mtil. NDVIFI
CO % Z /ML k2%, TR H T i=E(Brassica napus)
F1/NFE (Triticum  aestivum)ZEAEY)AS [F]E AL FE R 41
R H (A R AL 5T

3 REXERAHAR

FIFH SRS FE AR PE AR T e st D e 5 45
P FE 68 0 C N & R RS A ) 2B H
bro BEEEVRDITHEARMIRIE, ZKEH A
TR PR TR R B R T TR
15 44 H (Tripodi et al., 2018). #1204k, EG %
RUREH AR IR EAMAS mE R itk BuE Y &
A B S S E S RS . S50 S AR BAE R
T RE, AR B AR SS A R AR R B MR AR ) 2R

R2  REEREHAR KRR

BIFRIASE: B U R Ak L 561

HARW K REIAT R (FE2). MK EMG M5 AT DO
B REH A A g =4 EURREH A . —4EE
BoRE FEE T T AFEE T R ERIE, FAHE
WIAE A [R] 56 15 e BRORE D' 189 MR AT S Sk e 1 R R AAE i X
AR IR IS4 v WG B 2 H AT B 72 1 R
1% A (Fiorani and Schurr, 2013), ifid K457,
IS R SR I I RN TEAR S B R 45K 5
FE, WEREHARZH TEY ™ & (Fiorani
and Schurr, 2013; Bowman et al., 2015; Neilson et
al., 2015). EK & A& (Vasseur et al., 2002; Yang et
al., 2014; Ward et al., 2019) & ¥ 3% i3 i i 58 (Chen
etal., 2014; Enders et al., 2019) . ITZL ARG H A
Al R TG K E R R (Seelig et al., 2008), H
THIEET BGMRHE, ST LU oK EEEYIE N

Table 2 The brief introduction of the phenotyping technology and its applications

5%@@? SEE WK (@giigw) e R S
ZofE WHOE KEECE 400-700 nmo BRm, MR, W) REETAR, BEE, M FOKAYE(Enders et al., 2019), /M
g mug “Eg, EEER, A, FEZIREL MKE  #ET(Bowman et al., 2015), S#4ZEH
ESZN RGBifli WAL, e 2, Bl Wi HEBN WL et al, 2019), NEITHEE
SEHA RIR, B, FF E ST, SR, P (Wang et al., 2019), KFE I FHKQTL
e, AR RE (Ward et al., 2019), Ll % #F 1k 4 K
K (GR)RIHIX A (Vasseur et al., 2017), H/NE=E&MHIR
KR (RGR)&: (Neilson et al., 2015), K # ¥t & PR
(Chen et al., 2014), /KFQTL (Yang et
al.,, 2013), C.fE#rHh L4 4 & (Fiorani
and Schurr, 2013), FFJE7(Fahlgren et
al., 2015)%%
JELLAN  KFEREME 900-1700 nm NIRJHHE, 4 S /KERE N A, B N EH B & /K & Il (Elsayed et al.,
e FKE Paiie 2011), KK Fi % (Hatfield and Fuku-
shima, 2005), M 7 7K & (Seelig et al.,
2008), KZEpiFHIRE
g KEEG, 8000-14000  IRSHE, rHA EZEE FREZE, BE 7 &=(Basnayake et al., 2017), K#
IR HE M B 2 AR Je/NFEM R K ARIRAS (Munns et al., 2010),
T 2 i} 5% 1 ¥ i (Fischer et al., 1998,
Tuberosa, 2011, Araus et al., 2012), 7=
B Flk(Reynolds et al., 1999), g7+
A % (Merlot et al., 2002)%
i B g, 400-700 nm OV ERE EEIRE, MHaisEEE NELRET R HE(Munns et al., 2010),
g RN T 58 (Woo et al., 2008), HH
S A K i (Jansen et al., 2009), BRE 5

R fH(Chaerle et al., 2003), 1EEK KT
B Mhia(Chaerle et al., 2009)%

© 0000 Chinese Bulletin of Botany



562 fHYEMH 54(5) 2019

$2(4) Table 2 (continued)

R FERER

P S HoAR JCHRE WK (G £ PEAR) FE 87 52451
MER R BEEER 400-700 nm o SEERCR, LR MERIEY, EEF R LEEEKN(van Veelen et al., 2018), /»
HRE G AR e TR, FulFm, Fo #5153k (Murchie et al., 2018), )
i3 BT 2 Mii(Yao et al., 2018)%%
Zo6iE  KEEBE 400-2500 nm o FVATERETEY), AR REHER R 7 2k oEA (Franceschini et al.,
B8 1, K%, HEE (NDVI), W, i 2019), H3E6H IR (Veys et al., 2019),
F iR T, AN P SREORIRNIE %R E 2 PH(Albetis et al., 2019), KLk
ith £& TLEEE, " [, S EREE, SFIFRE (Thorp et al., 2018)%
TKELE TP 5 e B
EOGHE KEEE  400-2500 nmik WA, H—ILRBEER NS A R AT { (El-Hendawy et al.,
A8 aEg, sk WHE, HEE (NDVI), Mk, it 2019), &0 5 E W) & 52K (Bauer et al.,
F IR FE, AN, P SRS6RAE 2011), & 4 K £ & 5 (Gutiérrez et al.,
i 2% TTREE, AR H, HAHLSRSE, 2019), MENZK LG (Elsayed et al., 2018),
TKEE M A 6T, NS A A IRl (Camino et al., 2018), 7
YT e E it 5 (Moghimi et al., 2018)%
(NDVI. RVIFIGVI4)
=4 OBORE Az E 532nm PRes, WREIAR,  RUNRIEE. SRR K B () A A & R SF (Malambo et al.,
g IE AU YigE R, W), B 2019), HEREMH RS Hr(Panjvani et
HA B, WAL,  (HsWify), A al, 2019), T K M A4 ERE(Bao et al,
FEEMEIR, BRI 2019)%%
P HES
THENL  ESKE 100 pmEiEAR AR, rBEEL. SR A, X FOKREEFFPUEIR(Zhang et al., 2018), &R
WEE EG SYBEMBE, B FPomAESE ZER T 45 1E (Gomez et al., 2018), /NER
A% H, WL Z W %% (Douarre et al., 2018, Xu et al.,
B 2018), 1R & /yit¥(Valdes et al., 2018)%%
MESEAR  EEEAKRE 200-500 um AR ARKE, KN ASURN RIS AE,  RASW(van Veelen et al., 2018), R &
B K& AEIKE A, R RS # K (Poorter et al., 2012), /i I & %k
PN 2 4 2 (Rascher et al., 2011)%%

Mo AT T Ol N2 W R E AR T e Ly, &M
T3S 193) 1124 Wil (Chen et al., 2014). 2L 4h ik
BAER T TG I g I PR R U M B 2 AR EDIR
A, BRI A RFERIE 0L, SN T R K
REEM (Munns et al., 2010). T 50 32 1 7
(Fischer et al., 1998; Tuberosa, 2011; Araus et al.,
2012) X AR AT (Merlot et al., 2002)%% . {d HE 1
YIRS N o A R A g R, mid R
AR F52 AR T LLAC 35 A [7] 48 P 55 AH [R] #8420 A 8] 5B Az
L0 GBI B, 3K Fh 22 S 58 O AR vT R T e
) 5312 i (Chaerle et al., 2003; Woo et al., 2008;
Jansen et al., 2009; Munns et al., 2010)%, LA Rk
BEARFERZE SRR MNH, BRIXEREZ
FARH R SCHL o E E . TR R R BE

B, ERE G B —, B 5 Z Y ey
inAR

T REAFR TGS RMRAEE, REREN
TEARWTRED, B — AR AL AR B B TR AR AR
I 0K 2 — A A 4 3 B 4 2E F 9T 1) K (Roitsch et
al., 2019). ULk, )z M R RG22 O R
PR BRI AA B B BB AE B BASE, 38 w] DL F] B
SRATHE A (P Wl 28 o 38 5 R Al 1 £ R ik
AT HT, BEAE ST AT LI R 420 1 P9 7E A BRAE B AL
EVR G E, — BT LRI ERREEER, It
Homot il g AR S I A A 3R B 2H R R
FR, FEREMH LT B (NDVI) s 3 w4k
REEORN SN MR HB R H A
Gy . YOGS R FE E (WINDVIL RVIFIGVI)
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ST DS AE Y AR Y AT TR . B R R
ROE. HMANMPTRESEMHANESKESE. FI
YRR BOR R AR A o T —4E UG b i 7 I
A I i, PO R IS AR AT LASRAFHAE ) (1) = 4k
MEER B, d T DERBUE S MfE R . THEAL
W J2 43 F L A B L IR AR BOR 7T LUK 6 48 5 i A )
BEAR, G — RIS EIMG (=44 iy, 7T
DRI B4 15 B, Bz M TR R8T % (Ras-
cher et al., 2011; Poorter et al., 2012; Zhang et al.,
2018; Gomez et al., 2018; Douarre et al., 2018; Xu
et al., 2018; Valdes et al., 2018; van Veelen et al.,
2018).

4 EBERHEESITHERHEZR

B H— R 2 2 IRRBEREH AR 2 4R )R
G HHE S, BB 53800 T NEE S U
AR, FEREAT MRS B 20 2R B 23 1 D) 5 A
BG H FEEU HR AT I T 88T, LAk a5 .

A 5 Y 458 (Tardieu et al., 2017). JE4E3K,
VEZRERRR T EREG B AR T TH, X5
F AT DAL AN . . M R RS AR R
JEHEAT BB AL B SRR RS2 Y (Lobet et al., 2017). Patil
FKumar (2017)F FH FEE it . TR K SCERARFAIE SE
LT X 3% K (Glycine max)H F i FE AR 0 M

Zhao%%(2015)JF & T —"RGBEI£ 4> #T T. L ApLeaf,
AR T SRR RHESRE S R E 3 PR,
Pk E R 126 MR REAT T r 2% E . Pound %
(2014)JT K T —Fp At 48, mT UF I RGBIE& H 3)
HEAT = o g USRS 1 S5 R RRAE, X Ry
YERE N /N2 FIUK A5 (Oryza sativa) (1 Hb b 345 8 7
FE AT, BB i A kT, HATER
RUHCHR 2 R o M A AN D Tt e, o i
2 EUR B & 2L 1 °F 5 1AP (Integrated Analysis
Platform) [7] i B A7 84 25 & 8 B 5 0 M Dy g, vl &b
H 5y 2 MAEY W £ K (Zea mays) . K &
(Hordeum vulgare) fl/hN 2 1 Mg, H v P i
A R ANAP R G N e A Bk %L, DAY JEAH
M ) ThfE(Klukas et al., 2012). PHENOPSIS DB#&
— PPl R F R AL E H A AT, B TR RS i
PHENOPSISZ AR AT S I 1 R S Kl , i
SRR AT BT, T4 AT 40N R I 2 R < BRI A LA

IS B U RBA ARk L 563

F(Fabre et al., 2011). HTPhenoJ2 — /M5 i &4
BT RS, o H A5 o i el R AT
A ORI U, B SR o EoHE A0 A TR
(bnkE#yiE S PE) (Hartmann et al., 2011). Roitsch2%
(2029) 7E £33 1 241 [ 3R T e e 12 3R 20 2 2 v B
PEEUA A>T AR S i, TR 2 N T RE (L 8%
2 SRR JBE 2 20 ) AR AR A 35 L A 2 PG K B s o
Hreb iR R A — AR 2 R R EEE ) )
Z
&R B R R, 4 A3 Bk ik
N B2 1) VG B B R 7 ) R 2R AR 2 O
BLER 2% 2 B B 25 21 46 e B ab B2 5 VA T LA 2
o A A SR IUET 5 BRI, CrER AR BLA
AR S 25 WU S R R T T
HH 5 K I £ A B4R %4 (Pound et al., 2017, 2018).
Casanova®(2014)F F & i & 158 AL ke 0/ 22 1 28
38 . Bauerss (2011) ) HI KT 48 5320 DL 7 43 25
T3 1 2 o1 UG EAT I 9 I R I % e
(Bauer et al., 2011). RazaZ5(2014)F S ff i &AL
[ 77 ¥:%F T A (Solanum lycopersicum) 4L 4k & 7] W%
BUG AT 5 10 70 28 B 255 R SCRe Il AU 1
BAHRIZE S XIE3E(Spinacia oleracea) i /= 4L
b K R] WG G R AT 7K 4y e i B 3 1R (Raza et
al., 2015). Singh%%(2016)% HE4 (1) 4405 35 A P iy
R A T R RIBLES 2% S BE AT R, 48 H
KRB MBS > 7 TR e & o i B
IR AT 5. HLES 2% 2] SR 5 SR AR 72 A0 )
g 2R IE A AR IE T T, XTI e MR
WHEYIFIRR AL, R AR PSR R S BRI HIE
B NTIEA R — D N5 .

5 REEFHMRRE

MY 27 T RRA AW 2 0T TN SL T 1) S B T,
RS AT B BRI S B SR A
TREAEHIRFSCHF o 0T RBA R, L IoHdE
HIALE 7T AURERSRT I AV 2 LR, IR EORAE R 1
it~ £ S B B R A T T R % R B A A
PEREME &, BT 8 & RS R HE R 2 AT
BRIF, T HARAAAE — S BOR R R, i 45 5 2
A5 A A BB AR R T LLIRAS B 2 1) 3R A AR AR A
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5 axi 0 E g, BN SR BRI 4 & AT PR
B — BRARRR IR IR . B, — A AR E
AW R R, AT DR R AT IO AR AR B R /A
PSR R, BEa 2. Bl SE B
AT (RIS A A B AR A T, R A B R
PE; R, 45630t T 38 BUCT B BOR AT LA BCH:
A =4EE S, 30 067 & b A
FP AR R, SRy A AN B SRS
Bo B, B — A YR B 2 1) R e 35 0 5 SR AR
BEARREE &ML

TR AR SRR PRI R S, BIAE B x84
Ykl ERBWEB L ERERRE. £5)EH5
KA TR PY, BRI A B Bl A 7 2 2R — AR
TR R A . SRR A 5E T
B R A, U] ABE K B ot 6 v v 2t 2 45 3
PERUHE, JFIRECAEY 28 UNE S 2 REE ., HAl
FENT AR SRMHALZNESTT IR T —E
UL, EX 8 RS Sk, BATH AT A &
MR EL T HIRIE S, i@ E 2 it Rk SR
RIS & o [N i TR — A2
M5 SCERE, AR AR AR SR B B PR IR S A
REEPERBEAT RIR M, DL Qo v 8 xt o Kot 2t
AT AR A 73 A 420 72 AR AR AR P 1

TR AR TN A “dH27 [vEns, o
CASKBLEAL o BT AR ) R ARG B, MHEYA
R R, Wz MR A0 s R L
B RKE AU Bt AT s SRR R SRECN 24
X T4 T 23 BT (K7 0 R IR S e A AL 4
&b, REVHPREILR A7 R o2
ESE ey iIF AR X DORIEE//NE TN EESANE A3
FEARSE AN ) RURE SN R AR A A A ISR AT 25 6 20
TOYTRT A2 ) 25 AL v S R P RS 4%, iR 2%
B A S SRR, B ARAE I R, D)
KM 55 F AL A

23

J&5F, Tardieu F, Pridmore T, Doonan J, Reynolds D, Hall
N, Griffiths S, ¥, K, TF®R, 2K, THE
(2018). fHMERMMA R K. DURSHER. 7Rl K2
4Rk 41, 580-588.

Albetis J, Jacquin A, Goulard M, Poilvé H, Rousseau J,

Clenet H, Dedieu G, Duthoit S (2019). On the potentiality
of UAV multispectral imagery to detect Flavescence dorée
and grapevine trunk diseases. Remote Sens 11, 23.

Araus JL, Kefauver SC, Zaman-Allah M, Olsen MS,
Cairns JE (2018). Translating high-throughput phenoty-
ping into genetic gain. Trends Plant Sci 23, 451-466.

Araus JL, Serret MD, Edmeades GO (2012). Phenotyping
maize for adaptation to drought. Front Physiol 3, 305.

Awada L, Phillips PWB, Smyth SJ (2018). The adoption of
automated phenotyping by plant breeders. Euphytica 214,
148.

Bao Y, Tang L, Srinivasan S, Schnable PS (2019). Field-
based architectural traits characterisation of maize plant
using time-of-flight 3D imaging. Biosyst Eng 178, 86—-101.

Basnayake J, Lakshmanan P, Jackson P, Chapman S,
Natarajan S (2017). Canopy temperature: a predictor of
sugarcane yield for irrigated and rainfed conditions. Int
Sugar J 29, 1-9.

Bauer SD, Kor¢ F, Forstner W (2011). The potential of
automatic methods of classification to identify leaf di-
seases from multispectral images. Precis Agric 12, 361—
377.

Bowman BC, Chen J, Zhang J, Wheeler J, Wang Y, Zhao
W, Nayak S, Heslot N, Bockelman H, Bonman JM
(2015). Evaluating grain yield in spring wheat with canopy
spectral reflectance. Crop Sci 55, 1881-1890.

Camino C, Gonzalez-Dugo V, Hernandez P, Sillero JC,
Zarco-Tejada PJ (2018). Improved nitrogen retrievals
with airborne-derived fluorescence and plant traits quanti-
fied from VNIR-SWIR hyperspectral imagery in the con-
text of precision agriculture. Int J Appl Earth Obs Geoin-
form 70, 105-117.

Casanova JJ, O'Shaughnessy SA, Evett SR, Rush CM
(2014). Development of a wireless computer vision in-
strument to detect biotic stress in wheat. Sensors 14,
17753-17769.

Chaerle L, Hulsen K, Hermans C, Strasser RJ, Valcke R,
Hofte M, Van Der Straeten D (2003). Robotized time-
lapse imaging to assess in-planta uptake of phenylurea
herbicides and their microbial degradation. Physiol Plan-
tarum 118, 613-619.

Chaerle L, Lenk S, Leinonen |, Jones HG, Van Der
Straeten D, Buschmann C (2009). Multi-sensor plant
imaging: towards the development of a stress-catalogue.
Biotechnol J 4, 1152-1167.

Chen DJ, Neumann K, Friedel S, Kilian B, Chen M, Alt-
mann T, Klukas C (2014). Dissecting the phenotypic

© 0000 Chinese Bulletin of Botany



components of crop plant growth and drought responses
based on high-throughput image analysis. Plant Cell 26,
4636-4655.

Cobb JN, DeClerck G, Greenberg A, Clark R, McCouch S
(2013). Next-generation phenotyping: requirements and
strategies for enhancing our understanding of genotype
phenotype relationships and its relevance to crop im-
provement. Theor Appl Genet 126, 867—887.

Douarre C, Schielein R, Frindel C, Gerth S, Rousseau D
(2018). Transfer learning from synthetic data applied to
soil-root segmentation in X-ray tomography images. J
Imaging 4, 65.

El-Hendawy S, Al-Suhaibani N, Dewir YH, Elsayed S,
Alotaibi M, Hassan W, Refay Y, Tahir MU (2019). Ability
of modified spectral reflectance indices for estimating
growth and photosynthetic efficiency of wheat under sa-
line field conditions. Agronomy 9, 35.

Elsayed S, Barmeier G, Schmidhalter U (2018). Passive
reflectance sensing and digital image analysis allows for
assessing the biomass and nitrogen status of wheat in
early and late tillering stages. Front Plant Sci 9, 1478.

Elsayed S, Mistele B, Schmidhalter U (2011). Can
changes in leaf water potential be assessed spectrally?
Funct Plant Biol 38, 523-533.

Enders TA, St Dennis S, Oakland J, Callen ST, Gehan
MA, Miller ND, Spalding EP, Springer NM, Hirsch CD
(2019). Classifying cold-stress responses of inbred maize
seedlings using RGB imaging. Plant Direct 3, 1-11.

Fabre J, Dauzat M, Negre V, Wuyts N, Tireau A, Gennari
E, Neveu P, Tisne S, Massonnet C, Hummel I, Granier
C (2011). PHENOPSIS DB: an information system for
Arabidopsis thaliana phenotypic data in an environmental
context. BMC Plant Biol 11, 77.

Fahlgren N, Gehan MA, Baxter | (2015). Lights, camera,
action: high-throughput plant phenotyping is ready for a
close-up. Curr Opin Plant Biol 24, 93-99.

Finkel E (2009). With 'Phenomics', plant scientists hope to
shift breeding into overdrive. Science 325, 380-381.

Fiorani F, Schurr U (2013). Future scenarios for plant
phenotyping. Annu Rev Plant Biol 64, 267—291.

Fischer RA, Rees D, Sayre KD, Lu ZM, Condon AG,
Saavedra AL (1998). Wheat yield progress associated
with higher stomatal conductance and photosynthetic rate,
and cooler canopies. Crop Sci 38, 1467-1475.

Franceschini MHD, Bartholomeus H, van Apeldoorn DF,
Suomalainen J, Kooistra L (2019). Feasibility of un-
manned aerial vehicle optical imagery for early detection

BIFRIASE: B U RBA ARk 565

and severity assessment of late blight in potato. Remote
Sens 11, 224.

Gomez FE, Carvalho Jr G, Shi FH, Muliana AH, Rooney
WL (2018). High throughput phenotyping of morpho-
anatomical stem properties using X-ray computed tomo-
graphy in sorghum. Plant Methods 14, 59.

Gutiérrez S, Tardaguila J, Fernandez-Novales J, Diago
MP (2019). On-the-go hyperspectral imaging for the
in-field estimation of grape berry soluble solids and an-
thocyanin concentration. Aust J Grape Wine Res 25, 127—
133.

Hartmann A, Czauderna T, Hoffmann R, Stein N,
Schreiber F (2011). HTPheno: an image analysis pipeline
for high-throughput plant phenotyping. BMC Bioinform
12,148.

Hatfield R, Fukushima RS (2005). Can lignin be accurately
measured? Crop Sci 45, 832—-839.

Jansen M, Gilmer F, Biskup B, Nagel KA, Rascher U,
Fischbach A, Briem S, Dreissen G, Tittmann S, Braun
S, De Jaeger |, Metzlaff M, Schurr U, Scharr H, Walter
A (2009). Simultaneous phenotyping of leaf growth and
chlorophyll fluorescence via GROWSCREEN FLUORO
allows detection of stress tolerance in Arabidopsis tha-
liana and other rosette plants. Funct Plant Biol 36, 902—
914.

Klukas C, Pape JM, Entzian A (2012). Analysis of high-
throughput plant image data with the information system
IAP. J Integr Bioinform 9, 191.

Li B, Xu XM, Han JW, Zhang L, Bian CS, Jin LP, Liu JG
(2019). The estimation of crop emergence in potatoes by
UAV RGB imagery. Plant Methods 15, 15.

Lobet G (2017). Image analysis in plant sciences: publish
then perish. Trends Plant Sci 22, 559-566.

Malambo L, Popescu SC, Horne DW, Pugh NA, Rooney
WL (2019). Automated detection and measurement of
individual sorghum panicles using density-based cluster-
ing of terrestrial lidar data. ISPRS J Photogramm 149,
1-13.

Merlot S, Mustilli AC, Genty B, North H, Lefebvre V, Sotta
B, Vavasseur A, Giraudat J (2002). Use of infrared
thermal imaging to isolate Arabidopsis mutants defective
in stomatal regulation. Plant J 30, 601-609.

Mir RR, Reynolds M, Pinto F, Khan MA, Bhat MA (2019).
High-throughput phenotyping for crop improvement in the
genomics era. Plant Sci 282, 60-72.

Moghimi A, Yang C, Miller ME, Kianian SF, Marchetto PM
(2018). A novel approach to assess salt stress tolerance

© Q0000 Chinese Bulletin of Botany



566 fHYEM 54(5) 2019

in wheat using hyperspectral imaging. Front Plant Sci 9,
1182.

Munns R, James RA, Sirault XRR, Furbank RT, Jones HG
(2010). New phenotyping methods for screening wheat
and barley for beneficial responses to water deficit. J Exp
Bot 61, 3499-3507.

Murchie EH, Kefauver S, Araus JL, Muller O, Rascher U,
Flood PJ, Lawson T (2018). Measuring the dynamic
photosynthome. Ann Bot 122, 207-220.

Neilson EH, Edwards AM, Blomstedt CK, Berger B,
Moller BL, Gleadow RM (2015). Utilization of a high-
throughput shoot imaging system to examine the dynamic
phenotypic responses of a C4 cereal crop plant to nitrogen
and water deficiency over time. J Exp Bot 66, 1817-1832.

Panjvani K, Dinh AV, Wahid KA (2019). LiDARPheno—a
low-cost LIDAR-based 3D scanning system for leaf mor-
phological trait extraction. Front Plant Sci 10, 147.

Patil JK, Kumar R (2017). Analysis of content based image
retrieval for plant leaf diseases using color, shape and
texture features. Eng Agric, Environ Food 10, 69-78.

Poorter H, Biihler J, van Dusschoten D, Climent J,
Postma JA (2012). Pot size matters: a meta-analysis of
the effects of rooting volume on plant growth. Funct Plant
Biol 39, 839-850.

Pound MP, Atkinson JA, Townsend AJ, Wilson MH, Grif-
fiths M, Jackson AS, Bulat A, Tzimiropoulos G, Wells
DM, Murchie EH, Pridmore TP, French AP (2017). Deep
machine learning provides state-of-the-art performance in
image-based plant phenotyping. GigaScience 6, gix083.

Pound MP, Atkinson JA, Townsend AJ, Wilson MH, Grif-
fiths M, Jackson AS, Bulat A, Tzimiropoulos G, Wells
DM, Murchie EH, Pridmore TP, French AP (2018). Er-
ratum to: deep machine learning provides state-of-the-art
performance in image-based plant phenotyping. GigaS-
cience 7, 042.

Pound MP, French AP, Murchie EH, Pridmore TP (2014).
Automated recovery of three-dimensional models of plant
shoots from multiple color images. Plant Physiol 166,
1688-1698.

Rascher U, Blossfeld S, Fiorani F, Jahnke S, Jansen M,
Kuhn AJ, Matsubara S, Martin LLA, Merchant A,
Metzner R, Miiller-Linow M, Nagel KA, Pieruschka R,
Pinto F, Schreiber CM, Temperton VM, Thorpe MR,
van Dusschoten D, van Volkenburgh E, Windt CW,
Schurr U (2011). Non-invasive approaches for pheno-
typing of enhanced performance traits in bean. Funct
Plant Biol 38, 968-983.

Raza SEA, Prince G, Clarkson JP, Rajpoot NM (2015).
Automatic detection of diseased tomato plants using
thermal and stereo visible light images. PLoS One 10,
e0123262.

Raza SEA, Smith HK, Clarkson GJJ, Taylor G, Thompson
AJ, Clarkson J, Rajpoot NM (2014). Automatic detection
of regions in spinach canopies responding to soil moisture
deficit using combined visible and thermal imagery. PLoS
One 9, e97612.

Reynolds MP, Rajaram S, Sayre KD (1999). Physiological
and genetic changes of irrigated wheat in the post-green
revolution period and approaches for meeting projected
global demand. Crop Sci 39, 1611-1621.

Ribaut JM, de Vicente MC, Delannay X (2010). Molecular
breeding in developing countries: challenges and per-
spectives. Curr Opin Plant Biol 13, 213-218.

Roitsch T, Cabrera-Bosquet L, Fournier A, Ghamkhar K,
Jiménez-Berni J, Pinto F, Ober ES (2019). Review: new
sensors and data-driven approaches—a path to next ge-
neration phenomics. Plant Sci 282, 2-10.

Schreiber U (2004). Pulse-Amplitude-Modulation (PAM)
fluorometry and saturation pulse method: an overview. In:
Papageorgiou GC, Govindjee, eds. Chlorophyll Fluores-
cence: A Signature of Photosynthesis. Dordrecht: Springer.
pp. 279-319.

Seelig HD, Hoehn A, Stodieck LS, Klaus DM, Adams Il
WW, Emery WJ (2008). The assessment of leaf water
content using leaf reflectance ratios in the visible, near-,
and short-wave-infrared. Int J Remote Sens 29, 3701-
3713.

Singh A, Ganapathysubramanian B, Singh AK, Sarkar S
(2016). Machine learning for high-throughput stress phe-
notyping in plants. Trends Plant Sci 21, 110-124.

Subedi P, Walsh K, Purdy P (2013). Determination of op-
timum maturity stages of mangoes using fruit spectral
signatures. Acta Hortic 992, 521-527.

Tardieu F, Cabrera-Bosquet L, Pridmore T, Bennett M
(2017). Plant phenomics, from sensors to knowledge.
Curr Biol 27, R770-R783.

Tester M, Langridge P (2010). Breeding technologies to
increase crop production in a changing world. Science
327, 818-822.

Thorp KR, Thompson AL, Harders SJ, French AN, Ward
RW (2018). High-throughput phenotyping of crop water
use efficiency via multispectral drone imagery and a daily
soil water balance model. Remote Sens 10, 1682.

Tripodi P, Massa D, Venezia A, Cardi T (2018). Sensing

© Q0000 Chinese Bulletin of Botany



technologies for precision phenotyping in vegetable
crops: current status and future challenges. Agronomy 8,
57.

Tuberosa R (2011). Phenotyping drought-stressed crops:
key concepts, issues and approaches. In: Monneveux P,
Ribaut JM, eds. Drought Phenotyping in Crops: From
Theory to Practice. Texcoco: CGIAR Generation Chal-
lenge Programme. pp. 3-35.

van Veelen A, Tourell MC, Koebernick N, Pileio G, Roose
T (2018). Correlative visualization of root mucilage deg-
radation using X-ray CT and MRI. Front Environ Sci 6, 32.

Vasseur F, Wang G, Bresson J, Schwab R, Weigel D
(2017). Image-based methods for phenotyping growth
dynamics and fitness in large plant populations. BioRxiv
doi: http://dx.doi.org/10.1101/208512.

Veys C, Chatziavgerinos F, AlSuwaidi A, Hibbert J, Han-
sen M, Bernotas G, Smith M, Yin HJ, Rolfe S, Grieve B
(2019). Multispectral imaging for presymptomatic analysis
of light leaf spot in oilseed rape. Plant Methods 15, 4.

Wang X, Xuan H, Evers B (2019). High-throughput pheno-
typing with deep learning gives insight into the genetic
architecture of flowering time in wheat. BioRxiv doi: http://
dx.doi.org/10.1101/527911.

Ward B, Brien C, Oakey H, Pearson A, Negrao S, Schil-
ling RK, Taylor J, Jarvis D, Timmins A, Roy SJ, Tester
M, Berger B, van den Hengel A (2019). High-throughput
3D modelling to dissect the genetic control of leaf elonga-
tion in barley (Hordeum vulgare). Plant J 98, 555-570.

White JW, Andrade-Sanchez P, Gore MA, Bronson KF,
Coffelt TA, Conley MM, Feldmann KA, French AN,
Heun JT, Hunsaker DJ, Jenks MA, Kimball BA, Roth
RL, Strand RJ, Thorp KR, Wall GW, Wang GY (2012).
Field-based phenomics for plant genetics research. Field
Crops Res 133, 101-112.

Wiley E, Casper BB, Helliker BR (2016). Recovery follow-
ing defoliation involves shifts in allocation that favor sto-
rage and reproduction over radial growth in black oak. J

IR IRAE: B REYR AR R 2B 567

Ecol 10, 1365-2745.

Woo NS, Badger MR, Pogson BJ (2008). A rapid, non-
invasive procedure for quantitative assessment of drought
survival using chlorophyll fluorescence. Plant Methods 4,
27.

Xu T, Su CL, Hu D, Li FF, Lu QQ, Zhang TT, Xu QS (2016).
Molecular distribution and toxicity assessment of pra-
seodymium by Spirodela polyrrhiza. J Hazard Mater 312,
132-140.

Xu Z, Valdes C, Clarke J (2018). Existing and potential
statistical and computational approaches for the analysis
of 3D CT images of plant roots. Agronomy 8, 71.

Yang WN, Guo ZL, Huang CL, Duan LF, Chen GX, Jiang
N, Fang W, Feng H, Xie WB, Lian XM, Wang GW, Luo
QM, Zhang QF, Liu Q, Xiong LZ (2014). Combining high-
throughput phenotyping and genome-wide association
studies to reveal natural genetic variation in rice. Nat Com-
mun 5, 5087.

Yao JN, Sun DW, Cen HY, Xu HX, Weng HY, Yuan F, He Y
(2018). Phenotyping of Arabidopsis drought stress re-
sponse using kinetic chlorophyll fluorescence and multi-
color fluorescence imaging. Front Plant Sci 9, 603.

Zhang Y, Du JJ, Wang JL, Ma LM, Lu XJ, Pan XD, Guo
XY, Zhao CJ (2018). High-throughput micro-phenotyping
measurements applied to assess stalk lodging in maize
(Zea mays L.). Biol Res 51, 40.

Zhao ZQ, Ma LH, Cheung YM, Wu XD, Tang YY, Chen
CLP (2015). ApLeaf: an efficient android-based plant leaf
identification system. Neurocomputing 151, 1112-1119.

Zhou W, Sui ZH, Wang JG, Hu YY, Kang KH, Hong HR,
Niaz Z, Wei HH, Du QW, Peng C, Mi P, Que Z (2016).
Effects of sodium bicarbonate concentration on growth,
photosynthesis, and carbonic anhydrase activity of mac-
roalgae Gracilariopsis lemaneiformis, Gracilaria vermicu-
lophylla, and Gracilaria chouae (Gracilariales, Rhodo-
phyta). Photosynth Res 128, 259-270.

© Q0000 Chinese Bulletin of Botany



568 fHYEM  54(5) 2019

A Path to Next Generation of Plant Phenomics

Weijuan Hu" %, Xiangdong Fu" ?, Fan Chen" 2, Weicai Yang" 2

"Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China
2Crop Phenomics Joint Research Center, Wuhan 430074, China

Abstract Recent advances in genomics technologies have greatly accelerated the progress in both fundamental plant
science and applied breeding research. Concurrently, high-throughput plant phenotyping is becoming widely adopted in
the plant research, promising to alleviate the phenotypic bottleneck. Plant phenomics is a science that studies the growth,
performance and composition of plants. It can effectively track the relationship among genotypes, environmental factors,
and phenotypes. It is a key research field to break through the future crop research and application. In this paper, three
stages of plant phenotypic analysis are discussed, that is, from the initial stage of manual measurement and counting and
the assistant stage of specific measurement tools to the stage of high throughput phenomics. It is proposed that the de-
velopment of plant phenotypic acquisition and analysis is driven by three important factors: phenotypic research facilities,
phenotype acquisition technology and image analysis methods. Finally, the plant phenomic research is prospected.
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