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Abstract With the integration of molecular breeding techniques and digital platforms, the global breeding ecosystem is undergoing
a fundamental shift-from fragmented outsourcing services to platform-based, intelligent collaboration. As a critical interface
connecting research institutions, enterprises, and regulators, breeding CROs (Contract Research Organizations) are evolving from
experimental executors into integrated service hubs characterized by standardization, regulatory compliance, and Al-enabled
intelligence. This paper proposes a triadic capability framework encompassing standardized workflows, full-spectrum compliance
governance, and intelligent system integration. It diagnoses structural challenges such as the lack of service standards, regulatory
mismatch, data fragmentation, and shallow application of Al tools. Furthermore, the study outlines actionable strategies for platform
development, including modular SOP libraries, embedded compliance pipelines, data-driven Al middle platforms, and collaborative
visualization dashboards. The paper concludes by envisioning an Al-powered transformation of breeding services and recommends
advancing institutional pilots, platform certification standards, and Al governance mechanisms to establish CROs as credible,
intelligent, and open infrastructure in global breeding innovation.

Keywords Breeding CRO; Standardized services; Intelligent platform; Regulatory compliance; Artificial intelligence; Data
interoperability; Digital breeding infrastructure
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PRI TR S S R AAFE Xu et al., 2017); 73— 51, CRISPR/Cas S53E [RGB AR ML, AL M D) RE
FELR ) 5 o) & S At 1 B8R B, W IR 70 R i 613 i B2 (Razzaq et al., 2021). S UG FIE, 2B,
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KRR R LR H i B A o AV A E s 0 H a R Bk Ak, CRO(Contract Research
Organization, & [F/HF 7T 2H 2B I UG 7E A0 B P AU B FH o /R A — il 1 i) 24 A0 (1) Mk il 55 4H 23 0%
A, CRO HibrifEWRAE . AL BIBNAI AT 5T RS, B 1803 EAARIE AT R RCR BRI G A . ©F
FFtie, BF CRO Al UG RAE G E Pk A R B0 U5 70 B AR AEPRAE 5 B8 T 77 i = A= 1) W R &k
SR, CHONIURE MR R E S 1RO E BRI, 2026).

AW FCAE T B F CRO FALBRAR AT S A RGeSkt b, 1 — 0 B AR TR i 1 R R A AR
5T B 5K (O7 ERMBEIE, 2026). 24T, BF CRO “FEFERE R RIS, 155k IR bk s ok |
FHUERCHE 1TSS« BT R BR AT RO S a5 A 1k m B, R R AR B TH S R GERE TSP R

AFFREARRKE I CRO = RRBTT M—Ardifl . SRIESEEeth, BERFRLFE4 CRO
55 IR BV AR 2R 5 SRR B AR

FrAEA: B EEYR . BE% — SOP 5 GLP 1K &, $2THIRS: — 80k 5 8k v B 2 MR H A
1 JE 3, 2012);

BRE: SRACEREE A RN AR AW e AN A VA B T T G G S XU £ ) fE
e BbE ARG mil RIS RS, WEEHR IS B RERECT 6, JETHE RS R S 8

u)

iz
[ayay

&
H

AETo

WL EIREAR, AR SR OV E R CRO 1 & W BORSAT R A [ R G RE AL S it ol = Al (i 5 # 1y
%, FFNBANLR BT ER L, SRR B SRR AR B0 S 5 R R .

147 BR S8k 2 B
1.1 AR BR R B BUIR ST fE DA A

B R CRO AT T A T2 S 2F . & B RNBCM KRB B . Z2EWIMAELRR . B RE. HIA
RIS BN A A RO B = g — A, GLP(R GF 525 M) 1 SOP(FREHAE R 7 ) i R A7 AE i 35 22
Tt FEURS BURTEFE AU Z A ME L LT . AT I (B 27 A1 JE 3%, 2012; Van Etten et al., 2023). X7
A2 T CRO By R Ak K R, A4S HxE DA g N [ P B b i e 8 A UEAR R, 2 1
Uit 2% P U T A A AT (Lassoued et al., 2018; Menz et al., 2020).

ST S, FEEAE(USDA). B A 5224 B (EFSA) S NLR O A 72 il i &AM IR 55 TR HE4T B
MR EbrES MBI . BREEZK CRO ARSI S ISO 17025, OECD GLP 254k &, (#1584 B4 5[
EANFERY, 0 E N B E T B MRS AT AR AR R, bSO ORI 2B F CRO TR I B E R A

1.2 SR RS 5] K = MR

MHT 2 HE R CRO WA #7150 AT 56 th 50 5 I R G & U B, JC AR SR AR
(GMO). E:RgmE R A4 LM BHR SR, SRR R . 82 5 WS DU (ol R 38,
USDA, EFSA)X B2 bR FE, B> NDA. MTA. HHR =AU 40 251 B R &R 44T AL (Purnhagen and
Wesseler, 2020; Qaim, 2020),

JCHAEE E SAETH h, SRR SR I AR B R B A W 22 e 5B [ B A )
mm S A, MR NSRRI S 9%, HXF GMO W JU N M (Davison and Ammann, 2017). Y8
PEAR A — 20T B0 Fd e LS X3 ELIA , 32 = T CRO RS 192 U A il AR A E &2 2% M (Menz et al.,
2020; Qaim, 2020). HUILTTIL, @725 E N IMNEMZ SRR R, £ B M CRO RS HFL2S 5 EHPRG1ER
B LA

1.3 B35 9 5 BR 1) 8 se AL o se R ik

BEERAA ., HEA. S AR PUER R, §H CRO T & K Bdli 268 /17 IR 1E 0 iU %
GLSEIPATRE ST, OO TES . (HILSET, 70 TR . R 0 B A SR
i EE TARRG D, rfEA—, AAG—, TCIELIEF G I 5 55 (Fernandez et al., 2020;
Mahmood et al., 2022).
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H T = g —Hl R A G 4840, 240 CRO MELLUSCHENL A8 7 S B KR 2Rk AR, R RIS 4R 1
PSRV KB E AR N 2. X — R R B 2] AL E Phdcrh . MR ol Al ge A A0 5548 Be 4k ThRe 1)
J& % (Yan and Wang, 2022; Van Etten et al., 2023).

[ PRaisE LR L2 b H R T &, SEBUEEE R . R SO 5% P& O — it
40, S<HE CGIAR FIEKE 1) EJP Soil Tl EHEZN A A - 6 (LR EIE, - T+ el T o -5 A
. RLERIRY, WEREIFHNE. FRAE A AL RO Bt S Al ¥, 2 ARSRE M CRO By fL e
WP yC B

14 RiBEREIREDFEN, mirlila

HHT“H A CRO™EE WA B = — B € X, MELLIITF L 5 — BRI AME . A FEF M & AR
ROHZ B RL T R 5 <E R R S<aERI [R50 T AR AR~ aUg B
SR I v R TR L R (Lassoued et al., 2018).

EEPRJZ, S5[E EPA 1 USDA CfERZ . FEAER/EY) U A 7 AN RS Bt Hdl A H S5k
W RE . TAEAEY)E P, B TR TR 2 AN B, CRO A €1 R R G E NN AR VL RHE
B XS AR BUR SCHE . BP0 E 5B 5 T 4 200, 1SS 12 750 HAA B A 5 (5 F(Qaim,
2020; Van Etten et al., 2023).

PR, AL — B IE I ORTER R 5 B THEZL, RSeBl BRIk 55 17T & AT AL A BRI Y AT

2 FEHEEN: HRARRKEM CRO BEARESE
21 FEROLEN: HESHEK “=f—&” sEIHELR

[ S Pkl DA B R CRO & Wik A7 fERE T 70 B RAEHIRM IR, drdEfl . & HMES B RefulE
R BER, RZARGEM, PTG MESEZ I FHATES X A1

AR [RAKREIE M CRO V&, RAETZEAEM F e brifb RSt — i 5k G i—
Rt RGN = AL — R 1R JHEZL (B 1), M = 2KRe IFE R —F & Wb R4k, R4 21 (Ezzelle et al.,
2008; Smulders et al., 2021; Xu et al., 2022),

ZHESR 9 = R

(DARAEAL IR, fiff phee LR AN T 2 7 1 ) 7L

Q)EMENTL T, fift oG5 RAN R o [ 1)

Q)R REATORAR i DR EHE AN T e A g TR 57 I 1)
=FHILFERIET G R F M CRO XA TG ARSI % O RE 415

2.2 irEALRE B MWFRRE R 7] R R S5 AEER
] 5Pk VP2 B R CRO BLE 457 SOP 8 GLP filfZ, HZ AT H Ehl i, MLAEAREY . A
I7 [A ARIAN[R] X 38 A - AL oR RE R AL o0 HIUAR fE

EERAT: FRAEA BN SR 3 ) ) R ), SR MR R R TS WTEAR
') SOP #HLPE (K 2).

P BIRE, HEBCK SOP 4% LU N AT R RALBETE, Mo ARE R 428 BARERA 407
BB MR B BEA R ERERE . X

SIS RIYESE (> Tl RBEE . 25k

RS SR AESE (R . ks, AW % el -
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BT AR — PP — R T BRI, fE SOP M\ — IR IR VE #6485 il ORIk R, FE 5 EEH
ARG HeE), SLMPAT. WZE S5 S0ER A E L (Kendall et al., 2016; Gumba et al., 2018a).

EHAANEH
. End-to-end compliance
K
0 management
& ° %, 5
& § » GMO/IP & #t %%%§
Og %5’ GMO/IP compliance (PA@ &
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& (]
Q]
TH [F) AR B FICRO
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FRAEALIR 55 iR \ : e RS
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- SOP/GLP i 7 o AR AT
SOP/GLP compliance Al-driven data analytics

Bt mT PR

Data actionable
Kl 1 & CRO fe 1 R =0 — A B A5 AR Y
Kld: B CRO e ik R =L — RS, R T ACSK B Tl CRO HRESF- 6 I i M £ (1 = K% Lo e Rk ArdEfb iR
SRR SOP/GLP M), A 4% & WUE B (A 26 GMOV/IP VA M) AR g Ak R ST SR (LU AT SN I HUR 43 4T); = AMBEHAR
HIE), MEARE, SRS BRI TR, SRR A BEE TSR SE RV, ST EEZTIE, 2%
H i R AT
Figure 1 A triadic structural model of the breeding CRO capability system
Figure caption: An integrated triad of capabilities for future-oriented breeding CRO platforms. The diagram illustrates three essential
capability modules for breeding CROs: standardized service processes (e.g., SOP/GLP compliance), end-to-end regulatory
compliance (covering GMO/IP standards), and intelligent system integration (Al-driven data analytics). These elements interact to
form a closed loop of standardization, compliance, and intelligence, enabling data-driven, auditable, and scalable operations across

diverse breeding projects and scenarios
2.3 SRBRE Y WBEINX BRI

S E R : MATE A CRO SRR ZHEH T GMO TiH, HAKEIA LW, MLl s &
B, BEEsEE 5 5% IP 2 HE R I R GV .
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PRAELLSOP: MR Py AL LA B BEHAL IR 55 BT

Standardizing SOPs: from fragmented workflows to modular service modules

[ WP (LAY SR A ML F(SOP) ]

Fragmented SOPs

v

FEHAL IR 55 i b

Modular service modules

@

Sz 2K H 24 i AR Beder PR A% 2 24 5
Experimental type dimension Breeding stage dimension Risk level dimension
o o FEEHOIH] o
TR Material development i Hl‘ukim.
Molecular testing o PERR Routine trials
o FHPELY Population construction « A
) e Y AR L (o .
Phenotypic assessment PEIRVEAS Regulated trials
g Trait evaluation e A
« L aiilie o KBt o e Al
\__ Multi-site trials - \___ Regional trials g7 N Biosafety trials W,

%L

Iterative process
A Pk EE ]
Pilot §§ Evaluation }} Update

Kl 2 Bl CRO FrAEfb ey 2 i RO DAL R A2 s =R

KIE: AEER T B M CRO T 1AL SOP” [l “BEHAL IS5 fE 1 e AL IR vEE AL (2 B0 A% TERDR AL G000 H 2 #1784 SOP % &
NS, AT RIS SOP B, JHEIE BB B (MR B, BEAME, MoREE, DKIRik), SeinRR(r i, &4
YE, 2 AR g) AR SR RS, RS, AW A IR HEAT S A A B, ARvEAIRUREAS DU AL R S 1 R
FARH R R RV — R AT R IR AL, SR SOP 1R A& Uk RTE M B EH R A P IMREMAER, A~
V& AL I AT 5 I H ST SR ARl S

Figure 2 Modular pathway for standardized capability development in breeding CROs

Figure caption: This figure illustrates the transformation of breeding CRO standardization from fragmented, project-specific SOPs to
a modular and reusable service framework. By consolidating individual SOPs into a modular SOP library and abstracting them across
breeding stages (material development, population construction, trait evaluation, and regional trials), experimental types (molecular
testing, phenotypic assessment, and multi-site trials), and risk levels (routine, regulated, and biosafety-related trials), standardized
workflows are converted into scalable service modules; The iterative cycle of pilot—evaluation—update highlights the role of SOPs as
a “living document system,” enabling continuous improvement, quality assurance, and cross-project reproducibility within

platform-based breeding CROs

VAR GBESINN “HNEZOR” TR TG WAENLE . I SRS BRI A
SEBL AT A 1 B4 A
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TEH ST B, EUCP &0 8l H A& 2+ S AE R AR F UZ S5 44«
T FZ: MR AR A — XU 70 U368 H IR B8 R I — &5 SR B A
Y iEhe: MBI E TR E, E£E, BEE)IEA FTE M ER (Turnbull et al., 2021; Mu et al., 2025).

FEPAT R, K NDA. MTA. 1P 55 SRR 17 g0 e, i B R 48 B ah il R BRR P . &
THE RSSO R,  BER AR AEAV E PE (K 3) (Tekic et al., 2023).
FR A B T WA ) o 7 3] 5 B B
Embedding compliance: from reactive response to embedded governance
S A 2k
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B 3R AR R Al i 8 38 3 5l v 2L e B A
BIVE: AEER T B M CRO Y& & HUE BB ) w0 57 1] N 2UE B AR IR R A% PRl T XUR S AR, BV 4 40
TL G FAGER KR, LR BRI ], H GRS, SORA RO SEBLE AT B 3.

Figure 3 Embedding compliance: from reactive response to embedded governance

i

Figure caption: This diagram illustrates the transformation of compliance management in breeding CRO platforms from reactive
response models to embedded governance systems. It highlights a dual-layered structure-generic compliance workflows and
scenario-specific adaptations-supported by digital execution mechanisms including automated audit trails, permission control, and

document generation
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2.4 B s WBHRR R B R RE
el S Pkd: R E M CRO MR T RED 7. RESHESE, HEEE W8, MELEsmH S/,

B ZER A TH IR,
AR B RN LT & BB B0, TR R AL BT
T AR e 58 = TR Atk TAE -
(DG —Ha iRy, SeILEE AR IR A a5 AL B
)5IN AL 3, HF IR &5 oA R e ;

QG)E T TSRS, o RN T B A . AT R SRS B 50 HH (Han et al., 2020; Copland et al.,
2024).

FEIEAS -, M CRO W] SIS AT H PN B e RS SR, R B 3T AR AR AR & 1 ke
A7 (Sumathi, 2025). WIE 4 fis, BEefeae D@l EiE S ME . AL ri ORI 5T
CGRBERERSN, S EE AR 3R ) R R R SR BR T

NG AR R B  R e o  f

From data accumulation to intelligent ddecision support

£kl ALIRSINE
i CRO #¥-F-&
Integrated Al-driven
breeding CRO data
platform
T Y AL D N ( wmmaeTEkks )
Unified data model AI analytics interface Decision-making visual dashboard
o R EHE - PR T « SRR
Genotype data Trait prediction Results interpretation
« RAVEIE - HEMA  FEFRXTH
Phenotype data Combination optimization Scenario comparison
« REREIE « ARG AT SR HETE © REESTRE
Environment data Trial design recommendation Decision support
G x B %4 SER B b S 23 B 5 T BT
Structured & integrated Real-time algorithm Impact analysis &
\_ G x E data integration JAN processing JAN actionable outputs )

- SRR MR - s
Strategic planning Trait selection Trial design
MNSEBGHIAT L B TR Ak
From experiment executors to intelligent decision partner

Kl 4 BREEE SR AT WEIRFR R B AR R SE SR
FIVE: 184 JEoR T B REL B R IRSS BE I ORI A BR AR, SRR OGRS, PriEdL SR, 2SI AL #2 O SEHL MR . 20
GG IRIAT SR, R 2R TR A SE IR SRR AR . X RS SR B F CRO MBI SR AR 8 1 71 8 e TR SR SCRFIR
e
Figure 4 Pathway for developing Al capabilities: from data accumulation to intelligent decision support
Figure Caption: Figure 4 illustrates the pathway for developing intelligent capabilities in breeding CRO platforms. It emphasizes the
transformation from fragmented data integration, standardization, and modeling to the deployment of Al interfaces for trait prediction,
optimization, and trial design. Finally, the use of visual dashboards enables actionable decision support. This framework empowers

breeding CROs to shift from data collectors to intelligent decision enablers
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2.5 - £ R A LAY

G S BE R IZ T, A SCHELT B AR CRO S AR 1), T RSB B
PEffc

R CRO F £3 I AR E B T B TR A BU1L. B0L = MR R TR £ . AH
R B R O DU SR S IR T IR R BB BRI T AR A1 RGBT
I CRO FE MRS 1 R Tk B034 55 RGBT IO HIX R L. %O 1 CRO B4 T Ml Lk
— P 5L TV O A

* 1 B CRO V5 e 1 ALY
Table 1 Maturity Model for Breeding CRO Platforms

JA A FREfLaE HREE T BRetLaE - B RHIE

Maturity level Standardization capability =~ Compliance capability  Intelligent capability ~ Platform feature

Level 1 #1467 FH#i sop ANLEM Hdia i WA N5

Level 1 initial stage Fragmented SOPs Manual compliance Isolated data analysis ~ Experience-based

operations
Level 2 #E 7Y Hfil SOP BRI Bl SR A7 il SCHF I H
Level 2 defined stage Basic SOPs Streamlined compliance Centralized data Single project support
storage

Level 3 £ SOP+GLP #5#1 BRI ATRE Bl & ZIHIFAT

Level 3 integrated stage SOPs+GLP Compliance Embedded compliance Data-driven decision Concurrent project
workflow hub management

Level 4 % ge7Y R IRANERIN PRI R AT RFESFF H b &

Level 4 intelligent stage  Cross-Institutional SOPs Cross-jurisdiction Al-enabled  decision International  service
compliance support platform

2.6 /s MRESIBINENEREN

S LA R A [0 B S 4R, KRG AR S B RN G — B IR R, E RN CRO ISR
AT LR 55 )P & BRSO I BRIE . X — R R A B B 1 S AT A 5 SRR 77, B E R
CRO fEATERAEY)E A BB i 5 bR SH 3 e J2 J ) (0 308 1 kAt

3R EHFFENRE: NEEIRGEHNRSZEY
3.1 AL £ B MR 55 8 2 P U Dh RE v 2

BEE A E RN 2 AR A SRR R A, N TR RE(ADAE B IRk 55 T ) A 0 15 B i T BT
GO RK G5, TUF MWRERCREE . R, BAMEIR AR 2] & A LA i) 4d 72 (Xu et al., 2022; Zhu
etal,2024) . Jy 7 SEPL Al HIERIARS T &, AMUFREARIEN, EH SIAE L RS LIMS, ELN, &
R R GRS, TE RSB RBUE A S B 5).

(DM E iR E BB AR B e R RGN R A

TEEMIRS , RBEERE G KRN THE, T WMER. BEEMNZE. EFER, DARES I +HE
JE 28 X 2% A% O 1 R R 51 F & (W1 OpenPheno, PhenoBox) £ 32 2 FHE W 7E 2 I35 25 448 °F 1 B a4k Il &=
(Ampatzidis and Partel, 2019; Hu et al., 2025). BITE BT AN Z HIEAZ . HHEL RS . LB
HEWS, HIEEZRTFENHE LIMS/ELN 241, 1B R —AF i — AR A% IR bR o A A0 B i

Bilhn, TraitMill 7 & (BASF)BLRHAL K R MR E50  HmA, o 1R bn 80l Bl E ot
8, SERX Z MR HAT @RS Z A XA TR O R, A R AR AT A T
HIEN 7 TN SN B [ RO ek DA

Q)M AEARTII 22 H AL MR RHSCHF 51 %
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BRI =&, Puite)2 2K SR B, RN IEMEIE . ATBA, el 22k
223 A M SRR AL 7325, CLRESEBL R 4E IR & i@ 5 5 L4k HEF (Cheng and Wang, 2024; Zhou
et al., 2024).

1E Corteva '] EBS(Enterprise Breeding System)H', AT #5784 H - SEIF VP45 205 A4 BHEAS [F 3R 5E 1 T
KM, PR —RIEFR IR MASHEE . XERGAMAS GIS VP&, damti®, Ko 5RmF
KBS FabR, St R X R P —FE SR A = Y S AR .

AR, FEANRIX TR E P, 8 R 7 S AL S 2 AN B R 1B K R R B S = s, RS T
XA BRI N IR KR B, R 1 AL FERERAS-PAT 808 75 50 T & Rl g

B PR % HH ATRE ) i i B A2

Evolution of Al capabilities in breeding services

TR —

X ; ; <
S SR S - L 4
AE RIS S HE a5t HE T
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» 76 SOP/GLPI1 R4 - PRI TR o A8 . 2/ME B RA AR
SOP/GLP-compliant Standardization Interactive/responsive
trials and annotation dashboards
« DI EIEELER RS » B AR RS » SEIT AR S ROR
High Throughput multi Cross-platform Real-time interpretation
source sensor systems data integration and display
BESRRUIET/PIS ZOIMCHBF R RS 5 5 RGN
Studium supportive Color-phase DII systems Transform and cross systems
Kl R ) S BRe T Tt
Data-driven support Intelligent decision Prediction optimization

Bl 5 BRIRSS H AL Bt 77 s ik 1

PIE: AR T N TR REAE B MRS fRE i BE R AR, W 55 B KA (N 2 A% &4 5 SOP/GLP & Uik, 4y
hhrdEd s RS G2 IR T CE BLAGRIR . Sem R A R, R IE— B4R T AL BRI RS
SRR A I BEAL A, A< Pl A SRl 18 R A6 " s Bt AUALAE S, & T AR AL EF CRO A
Figure 5 Evolution of Al Capabilities in breeding services

Figure Caption (APA format): This figure illustrates the evolution of Al capabilities in breeding services, highlighting a progressive
pathway from data collection (e.g., SOP/GLP-compliant trials and multi-source sensing systems), through data structuring
(standardization, annotation, and cross-platform integration), to data visualization (interactive dashboards and real-time displays).
The bottom sequence demonstrates how Al capabilities transition from data-driven support to intelligent decision-making and
predictive optimization—serving as a foundational framework for building future-oriented breeding CRO platforms
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GO H MR B ERBE 1 SCRFATIE P ok

&40 F P AR SR = K TSRS SR IS RS AL . MATHY AT RGO T M2 BB 0L E A SIS = (in
silico breeding), #&T GEBV. ZMHAUBI L ifE ZFEELET L)%, SCIIR SR AL+, CME. HAR
HEE S5 S 1Y) B BE HE 77 (Farooq et al., 2024; Zhu et al., 2024).

PSR ARG AR CRO 1 & A ik S B, 5 ulia ol R AR R SR R R SR A, seBl bl —
PAT—RIE" e RE SO, MRS+ IS S BRI R AR AL A 3h

32 FEEME Al ARG NEERES
-G BB BE J KR Z IR T B0EI S M8, EICHE ALIRMAIE S A% . #IERESH AR ER
MM, e8RS 4%

(OB SCRE2EY) . 2SR E
T ) S B FH 75 SR 22 57, F 3 R B IR 25 22 R B 38 AN [R) AT BB (R BRG] PRI A HERE S,
FEE T A AL B R EA FEY 5 T B A R 35 B (Varshney et al., 2016; Zhao et al., 2022).

PRz, Fok o 7R it . HIR RGBS AT HER Dhagds 70 vl SR, JRAEH] P T
B s SR B SRR 5707 SR B2 AT 55 PROE M (Zhu et al., 2024), XA RFRAR 77 6 55
MUEENTTHE, $TF 1 #5T0 H B HI R

QFRUERE O S KRG I, ERAESASZET RS
LIMS. ELN. f&&#s 24 LR AV G HEEBAR BIFE, BEEsEA—. BF CRO &M FH
2% BrAPI. MIAPPE %5 [E FrbrERI 2 APLAK R, Gi— AR B, FARERRA (Sempéré et al., 2019).

%0, OpenPheno i#if BrAPI 5 4MRE AL G A%s b & SEI L EIE ;1 EBS REUEIL 5 SAP.
ArcGIS Z5 AV X4, I H & B, PR s 5 5 R T G — B E R R

)AL i R T AL &
AR I R AR P SR A Rl 1 & RS T AL CORBE+ I R B AF S, seBlitie:
BEREPRER . PRBEAS A N2 73 M 5 45 R TR0 45 SR 1) B TR AL B H (Zhao et al., 2022).

SR U1 OpenPheno. PhenoApp 5515 L&A JJ &L IS 1al4 . GIS FRBINSRA . SCRFIH R 2
L R E HEL IR, XMERITIGHIEG 2. Z2MEHEMDUE IR, EA 0= HR R 5 HdE %
EMAIPE T, SEIEE I .

3.3 M AL I “REHEF & RE S
BT G R B AR RN AR T, 2B M CRO IRGTERM ARG EW, FEFRNAELINT
=Kfe

VAR oL DRe N/ RREEs %N
Capability type Core functions Example platforms/Technologies
HaRESEH RS E R . LIMS &8, JeHIR bRl TraitMill, OpenPheno

Data collection & management Automated sensor-based data acquisition, LIMS management,
metadata standardization

REIHT SR ZARIRTII . WAL 2. GXE A 5 SRR HERE EBS, CropGPT
Decision analysis support Multi-trait prediction, genetic gain simulation, GXE modeling
and strategy recommendations
P B R 5 ik AR AL S H B AR, B AL H PhIE] & Fh =, PhenoApp
User collaboration interface Visual dashboards, real-time logs, role-based access control, Jinzhong Cloud, PhenoApp

cross-institutional project collaboration

KK, HFH CRO TG B LAKHE TR SR A — A 55 P R D 42, $TIERA R 3I6e/. F 6T
JECE 5 [ P& BE PR BE A, IR SEBLASER A [ < e B A A S I
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4 45i5: FEHERM CRO KIRRKE
4.1 CRO FEHIAGES. NRES/ILREE R

% 2 42 BRI . I 2R B I T LR B RIS K, B FP CRO IEFE ML Sl 4L
RS BB B AU B A R P OO 5. R A& A, WAk 5 A MU E R B Fh CRO, 5
JRA 4 R RO Q7 1 2 o B R B e R BB AR AL A R ALAE T3S 00 AT 5 00 4317
Mg, SEAETEEBRINLM. . MBI SERSEKEE, CHAREZIRE. 2 EhS 58 REM
1 H (Xu et al., 2022; Zhu et al., 2024). 75X —5E A0 K, CRO P& T I HL i B0 (1188 /7 PR, 50025 B 42 %
BB . RIGHAT HE IR, (EHESNBAE I AR THI IR, A BRI A 22 4 5 TR R AR (L3 05
A S o

4.2 HE R 5T MR ] (8 HiE 7 2

RE G FH CRO MEFAR S HLTEE AW, (H AR A AT = B B Shs e =i . H
BUAT M s T I AR s AR EA — . B O AIA SR, EK L) 7Pl EEE S5 R%S
¥R B¢ J1(Brookes and Smyth, 2024; Panwar et al., 2025). X — @, FTEMNNDNERLNTF: H—, 717
MV E A G — ¥ SOP £ds e« £dim ah i Five 5 i 4 il Fe bk R, SEIUIR S ARt S5 R itk H—,
TEME BT LB A CRO WSV &, R & L. AL TRA N 5 5 UGENLE], NP
B OH HR A2 R85 5 i) {4 [ (Alexander et al., 2023; Goktas and Grzybowski, 2025). H 4 il id BUk 45
547\ AR & 1, A ReESN B R CRO JE R & i &— 1] & th—nl BN AR A

4.3 Al W BRIE: B HE e A & FAAR

B CRO KKK ERIZOGIEE, KRN TR RRNE R TREARR. MR R
WAL, BRIE PRSI, AL IEIZ A N B MRS B & AT (Zhou et al., 2024). SRTT, AT RS
AR HTEE LIMS. ELN. f£/% R SRR ERE A FHRA M P R SR fE 5 A4 seRei. ik, CRO
P 6 M ACAL TR R [ <AL K3 G, TR s SRR FE S S0 R BB I & g A4
Fo (EULEEAN b, O TR 55 B AT R . AR AP . SR SR S 1 S AR A S 4 AR i A A AL
VRERAESY, B LRB AR I A] RF 22 5 7] {5 #i P (Shahriar et al., 2023; Al-Kfairy et al., 2024).

AR FE AT HE— 2P Bl 58 CRO 7 G 45 2 EAR Y [F & FHLE] A B7E R IFRAN T, el 2 JLAE K 3k
BB G S I BT R A5 A S R B T fE

(=LA
7B R AT AAAAT A, SRR AT S SR AT, W SCMIRER S (F S . PRI A0 B R R A
A

Boat
SR oz b A4 [T VP o A SR D B AR S, I3 Bt B O G T g 5 259 TR B W L AR S
A PS 255 -
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Appendix A: Proposed framework for certification standards of breeding CRO platforms

INIEEE B0 RIR T FU
Certification dimension ~ Key indicators Evaluation method Notes/Remarks
IR45 6873 RIEPATHER 2, HEMIIEEE 2, & EWIF5(0-5) R ESE R =05 PN B P S st

Service capability

Kt o &=
Data quality

PRUEAREE

Degree of standardization

HHE
Compliance capability

ARtk

Level of intelligence

AHTRE )

Innovation capacity

FrE
Timeliness of

reproducibility verification pass rate; client

trial execution;

satisfaction

Bl e e nHUR AR BRI
il RZEVEH
Data completeness; metadata richness;
missing data control mechanisms; error
rates

SOP SCRUZE 3%, MURIEHIHLE], AT 1w
Zing 5 IEd%
SOP  documentation
control mechanisms; deviation records and

coverage; version

corrective actions

GLP & 2, itk H B e 8, B i
BORE R, SMFMFRER

GLP compliance level; completeness of

audit  trails; data  access  control
management; incidence of compliance
events

Al THIRARER TR, AR
(AUC/HEHIR), W] flRett: T A Ak

Number of Al tools embedded in
workflows; model performance
(AUC/accuracy); availability of

explainability tools
MBI, TFRS 5, B/E
IR

Frequency of adoption of new technologies;
participation initiatives;
outputs in publications/patents

in open-source

Quantitative scoring
(0-5)

H SR I+ % K
iy

Automated validation+
expert review

X EIT+RG T W
E3%

Document
audittsystem-generate
d comparison reports

R B B A% VR )
Checklist inspection+
expert review

BER PP+ 2 45 1) g
s

Model
evaluation+system
functionality review

TR o0+ SCHk/ B R
i)

Expert scoring
+literature/patent
review

Can be evaluated by third-party
assessors or via client feedback

I\ B i s TEAR IRl
Supported by automated quality
assessment tools

KFEET SOP RGN
Relies on  evaluation  of
standardized SOP management

systems

& GMO 5l A1
Includes GMO  and
compliance requirements

data

7 i 3k S SR A9 A R S A

Requires submission of real-world

application cases and model
documentation
RYSE SR IRE) /)

Reflects platform-driven research
and innovation capacity

BLEA: @12 % ISO/IEC 17025, OECD GLP, FAIR ¥ br#E 5 B PRl s RAE E F CRO TSP HEN, B2 47l |
FANUE+H =07 WAL G A R
Notes: It is recommended that this framework be developed with reference to international certification and standards systems such
as ISO/IEC 17025, OECD GLP, and FAIR data principles, and progressively evolve into a hybrid mechanism combining industry
self-certification and third-party independent auditing
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Appendix B: Recommended items for breeding service platform regulatory sandbox mechanism

WEAR I
Pilot theme

W R
Core testing content

T BORR R H br
Expected policy output and goals

AL B TH A MRS
Al-based decision tools and
algorithm traceability

Hdfe w5 Bt sl il s

Data cross-border flow testing

7 SOP 5 B Fit sk AikE
SOP and electronic record
compliance

TF IR I it A = AL

Contract template
compatibility testing
mechanism

AL SR 5 HE A E Al L
Al training and data labeling
risk review mechanism

BEREWRE . PSRFTEAJE . d PP R AL
R A5 P 5

Scope of model use, clarification of attribution
and liability, application boundaries of
evaluation materials and Al

Z EHARIL . MUE SRS  wa
Wik

Multi-location  data  sharing, crop
cross-border transfer, data security flow
HLFOCRY, 24, 22 ] ARV AESE T i m)
KAGTERE

Metadata, signatures, and traceability under the
electronic recording framework

2V 60 A — M)/ = o, TRl 5
Hdl ) )

Agreement signing process, version consistency,
data authorization and sharing

w22 R, BRI i £ 20 B
ZEor R AL

Type of datasets used for training, data labeling
quality and audit process, and sensitive

data

information filtering

B B R B T T3 R e VPR XU VT
i WIS LR

Determine whether Al-based evaluations, risk
assessments, and test recommendations can be
used for submission materials

o3 PR AR I A R 43 SR B A AL o]
Develop classification management and approval
rules for data crossing borders

PR 10 SR AE W o AR A 3 Ve
ol

Assess whether electronic records comply with
data integrity reporting effectiveness

ST W T AR HEPME PR S TP/MTA
R

Promote cross-institution agreement templates for
data, IP, and MTA models

B H MR G AR S 4

Establish an Al sandbox framework for
“Trustworthy AI” governance

A IV SRR A AR AR H7 AT BE B X RS E AU S R HE, 2B ERREG BT AL SRR

AT

Note: The regulatory sandbox is recommended to be led by the Ministry of Agriculture and Rural Affairs or by local pilot zones or
Free Trade Zones in conjunction with the Ministry of Science and Technology's regulatory divisions. Reference can be made to best
practices from the financial technology, medical Al, and other sectors
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Appendix C: Al governance evaluation framework (Applicable to breeding CROs)

[EWAREELEs i fetrEl T A PR 1 A
Governance Dimension Indicators or Tools Evaluation Notes
BAAY PR KR, AR RE IR FPER, SR GRS % e s A v

Model Performance

Z AR
Robustness

AR
Explainability

AP 2

Fairness and Inclusiveness

AL B R
Compliance  and
Privacy

Data

Az i A B
Traceability
Reproducibility

and

AUC, RMSE, Accuracy,
RecallAUC, RMSE

Precision,

ZINRIIE ., 58 IR ER I
Multi-environment data, Performance
across environments

SHAP {H 73 #7 RFAEE 2
SHAP values, Feature importance
ranking

PERNE S5 LG MREU D
Yoiwifes %

Coverage of underrepresented varieties,
representation of marginal traits

MR E g, 2o, Uik
Fa il <%

Existence of user agreements/training,
differential privacy, access control

BRI BRI . IRBHLH] . ST
Model versioning, training records,
task accountability

Evaluated based on context; model performance metrics
should match the complexity and scale of application
scenarios

FETATAEA U, A FIAS DX 4ERR AR E TR RE
Assesses stability under different conditions and ecological
scenarios

T RACA TR R AR EE R AN 1 2%
Evaluates  whether outputs are interpretable
understandable by non-Al experts

and

B RESHER, 5 BAILS SN
Evaluates whether model overlooks rare traits or species, or
reinforces biased decisions

B AR AT 22 42, AN NAR B RS 5 b s A K
Ensures data security and ownership compliance in sensitive
contexts like genetic and farmer data

R A B B ZRLA], #E H &, SUEHEO
Assesses whether model development process and outcomes
are fully traceable and reproducible

Y BUCK IR RN T E S 5 ERTIH, EEEETH SRk G SR I H H PP R 2 —, 30 ATIEE

il B A 16 il FE 3 )

Notes: It is recommended that this type of indicator system be used as an evaluation reference for breeding platforms participating in

national projects, international collaborations, or industry fund-supported projects—thus promoting the transition of Al governance

from corporate self-discipline to regulatory coordination
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