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Abstract:  Association analysis between genes and phenotypes is crucial to reveal the inherent genetic association of
organisms. Random walk-based algorithms can fuse multiple omics data, aggregate the label information of first-order or
higher-order neighbors, complete the association information between different nodes in the network, improve the accuracy
of association prediction and further discover the potential genetic associations between genes and phenotypes. However,
existing random walk algorithms usually treat each node equally and ignore the varying importance of different nodes, as
such non-important nodes can be excessively propagated and the model performance is compromised. To this end, an indi-
vidual multiple random walks (iMRW) algorithm based on multi-omics data fusion is proposed. On the heterogeneous ge-
netic network composed with genes, miRNAs and phenotype nodes, we design the individual multiple random walks strate-
gy based on the network topology, assign nodes of different importance with different walking lengths. We then complete
the genetic information of different nodes by fusing multi-source association matrix, Gaussian interaction profile kernel sim-
ilarity and random walk, and accurately obtain the gene-phenotype association prediction matrix. Under different experi-
mental settings, iMRW can achieve the best prediction performance compared with the state-of-the-art algorithms. The case
study with respect to maize photosynthetic ability and starch content further confirm the usefulness and effectiveness of

iMRW in identifying potential gene-phenotype associations.
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R, (g.m)FIR,, (m,.t,) 53 B A8 55 DF ) 246 il e )
T M b2t REAF LA j-miRNA i Al miRNA i-
TR I R, R =W RO =W, s 2 1> L, (m))
B, M, FF IR B BEALITE S H S5 22 1k .
3.2.3 REME

W (12)~(17) B B4R, BT A4S 31 S i I 46 B
R, R, R, R, R, FIR . HTLLEATELBEHL
A R M ST AB AT Y miRNA R 15 BN B8 1 #2144
196 25 R - U OC TR I 2, ] 48 5 5 PR - 3% 28 DG 1K 7
. FLE,IMRW B el it LR A0S T miRNA A2
) TR <

R, = (R, +R,..)2
R,= (R, +R,..)2

H A5 21 A -miRNA S U B R, AT miRNA-3
RISCHR TR RS R,

iMRW il i 7 2% R, (7 PIZ5 R ) o] BE LAY 2 (3R
T O, SRR A miRNA {3 8 0 35 PR AR AL BE (36
RUAHABLURE ) , T35 3 R A AR BE 8 4 , 3l 2o B AIL Ui
S E — 0 A B O R - 3R RN DG I, TR 2 ml A SR A
-miRNA- R AL (5 B, e 2 52 PR 36 PR - 6 R0 S Bk 19
bRt E =R M N TTRE 41 BT BU D S U

155 T A A S PR A% A B (Gaussian Interaction
Profile Kernel Similarity , GIP Kernel Similarity)%ﬁ TN
FH T A W 24 S B WNAT 4502 IMRW 2R F b
AFARLEE B 5 1M 0 & miRNA {5 B A JE DR Y s
U R ARLEE . T LD -miRNA SCHRI 45 R, , A
BEIH g, i g, 0 e SR AR s PR AR AU E SN

G (8- )= 50 | P&~ TR |

y= y/(;i” IP(gl-)Hz)

H, Gy, € R RIRFLG miRNA {5 BB 5L X GIP
MR 1P (g, ) HE I R, W55 AT 5y 4 i B 5
A H0 m e HE DR A2 . A1, 3 miRNA-3R AL CHK
W% R, 7T LIS Rl miRNA {5 B A9 250 2 [] Y i 407
FEAEBHAZARUNE G, € R

BT AR 5 A miRNA {5 51 5 DR {8132 e 7
AEARLRE , AR SCHE— 25 2R U T AL B ke 1S B 1A -
FIUSK

(18)

(19)

R, < aG W, +(1-aW,
R, < aR, G, +(1-aW,
Hrr R, e R™ EflA miRNA {5 B 3 H - A 5C %
TIHE R4 5 0> 0 S BEALIFAE 19 TG Gy, 71 G 53
B Gy FN G (P IR T TR

ggm

(20)

B ASCRG T =R P -R RO U 4R
FAYE BRI T 5k PR - 2 1] S I T AL -
R,=R,,+R,+R,,)3 (21)

R T T b P A S 5T 0 28 1 1 2 T PE AL BE LT
AR A SCHE R L g T AT AR R
k1 O IMRWEE
BN BURIEE W yo Wi W W W FIW, 380
B HE PR -SRI OCHK AL I R,
LARYER( AL . miRNA R E L K L, L,
ML,
2. A — b ST
Wy Wy /sumW,)
W <= Wy /sum(W,,. )
W W, /sum(W,_ )
3. FOR #=1to max(L,) DO
FOR i=1tomdo
W2 MR(13)EH R IR,
END FOR
END FOR
4.FOR =1 to max(L,) DO
FOR i=1ton do
HHXAHFK5)EH R, FIR,,,
END FOR
END FOR
5.FOR t=1to max(L,) DO
FORi=1toldo
il FH=R(16) R (17)E# R,
END FOR
END FOR
6. YL A
Ry (R, + Ry, )2

MR,

R, < (lem +Rmu)/2

mt

G ygn < GIP(R,,. 1)

ggm

G, < GIP(R,.1)

ttm

THENCY
Rgt<— (R +Rg“+Rglm )/3

gtg

7.iEFIR,

4 LIRS
4.1 TEEEIFME

X HEA BT IMRW (P RE , AR SCEE RS T AT 8
Fl 5 3% BIRW'™ IDLP?" | NewGOA'™ | ThiRW'™/ |
UDLP'™  TCRW'™* . GCN'" /I GAT W Jyxif be k. H
o BiRW 2 BB AIL Ui A 33035 5 IDLP 2 etk i) AU 25 1%
P& BRI E B ) T I DA LS AN R AR BB ; New-
GOA FF 1 I M R 4 2 3 LA U I 45, 76 3L R AT TO
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ZH R TR A B SR AT B MLIF AE ; TheRW 56 F = ST
BLIFEFE HEA T3 PR -2 R SC I T s ADLP A AL AS 24 )
s B A BE PR -2 TR G I  TCRW b 4 = 22 55 I I 4%, -
1 PR 2 8 AN ST Al X AL U S 1 AT DG IBE L 5 GCN AN
GAT & L R R BE 2 2] T vk AT TR A2 K 4B T 15 it
B RRAE B A 2 0 19 5 B, GON S 3 7% hir 307 4 [
HEATRR SRR A, M GAT B I T B R E AT 405 2R
4. 7ELL EXF I R, ThiRW tIDLP 1 TCRW J& 224
2275 ¥, 1 BIRW . LDLP . NewGOA . GCN F1 GAT VAL %
& T AN E S B 7EIMRW H R O E S B a=
0.1 AE H AT L7 vk v, S50 B R A RS g BR A
{8, 5LAEAS F SCHRTE E S % Ju B N T Ak . 245 Fh
SEIGECE T AR SO A R E R 10K SEE, e SR SE T
SRR E RN 7 22 B A g R Jrh BRI i 4k
Pt RN B T ¢ K 90 G IS Bl i 4G

R T AT R A SR T 403z 6
#4645, Bl AUROC ,AUPRC . F,, "1 S, ¥ F &
A5 T B D] - 3 2 O IR B R, 75 25 2 A ) 1 (B
0 [0, 1] L33 B 2 i R RN 4R 0 B KR A

2x P(@)x RO
Froa= gggﬁﬁ (22)

Horpr, P(O)FIRO) 535N TEBIE N 0 45 T A i
A 4. S RHET TO JZ IR HITE L AN F BIE 0 1
TS 0 PR AN B Sh R =22 ] i N S s

S_. =min+/ru(d)*+ mi(0)*

1 m
ru(f)= ;;teﬂzp’@lca) (23)
. 1 &
i) = ; i:IteP,ZG)—T,IC(t)

Hodp | P(0) £ R i A TN R KT 0 AR 25 4
G5 T 3RR 5 i B B B SR 2 1 4R 5 ru(0) F mi(6)
O3 FRTE BB A 0 I EAF T BRI A A1 2 1 (remain-
ing uncertainty) FliR 515 B 1 (misinformation) ; 1C (1) 3¢
INRAIEREE (R TR R s (3) R
4.1.1 FARZTXWIE

i 3 RS 45 R AT L& B iMRW £E AUROC .
AUPRC .F 1S, LB T B PEGe . 534 %
JriE, BiRW J& SR BILE AL S IDLP J2& el (1) XL
BLUEE B, BATAAUE T 366 PR ) 4% A 3 2 1 )
4 ,IDLP Lt BiRW P B8 B 4 19 J5t X 2 IDLP 7R 26 Q72
FREH A ) T SR AR LR R TO AL, pd b TR A R
P 7 AR TR A S0 . NewGOA Bl 45 T TO (2 IR S5 14
FNC 0 JE PR AR A BRI R P 3 IR T A1 1)
XSt L7 A B3k St T 00 35 [ - 2 U (%) SC B, T e A
B 2% 10 0 25 2 AT W] ), b BiRW AT IDLP () F 9 % 57
T B, & A B R BT LA NewGOA [ AUROC Lt
BiRW I IDLP fi, AUPRC Lt BiRW F1 IDLP /& . GCN Fll
GAT JE WA JEFIRE = ik, e AU A T %L
2 AR LR 0 S 807 [ A5 e TS T 54r
PERE , (HX P RR 7 7k B = X 2R S 5000 AT fie bk

TEZ % )7 B, B4R TheRW L (DLP A1 TCRW #§
FIA T miRNA 4228005 B R EA TR % 84
T I P A G R R — AT S R /N
AR B AL A b ) AT RS AR T A
RIPERE . Wi i — W BB, E R TR G MLAR - )
D7k, 4207 H XU 2 0 vk MR AR T, 1
Bl A 2 2B BRI A R AR 5 2. 1 AL - 3R A
ST 2,

3 IMRW SXfLL AR XWIESRW FRER

AUPRC

F

max

Snin ¥

0.636 7+0.002 7

0.588 9+0.000 5

3.764 3+0.005 8

0.663 2+0.001 3

0.624 1+0.001 1

3.175 4+0.008 6

0.671 4+0.000 8

0.623 3+0.000 9

2.879 8+0.006 9

0.686 1+0.002 3

0.630 3+0.000 6

3.515 7+0.006 0

0.712 5+0.007 0

0.670 3+0.000 6

2.809 3+0.006 7

0.760 8+0.005 9

0.704 4+0.000 7

2.701 9+0.004 9

0.753 2+0.010 1

0.696 6+0.005 9

2.863 2+0.040 3

0.766 0+0.021 5

0.689 3+0.024 3

2.9332+0.108 0

Ak AUROC
BiRW 0.949 40.000 2
IDLP 0.952 40.000 4
NewGOA 0.924 30.000 4
ThrRW 0.962 8+0.000 4
tDLP 0.950 4+0.000 3
TCRW 0.959 5+0.000 4
GCN 0.940 3+0.002 8
GAT 0.938 6+0.006 3
iMRW 0.968 7+0.000 4

0.794 8+0.002 0

0.713 3+0.000 7

2.470 3+0.006 5

4.1.2 FHEMFE(FRE) KT

ARSI T iIMRW S0 5 3 36 PR (SR 7)) AH G 1 2%
RY(HE ) P RE T7, X B8 AH 56 1Y e 80 (FE R 7 i A B8
HhSE R T] L ELAROR U 3 Rk B AL S 43 i 5 A T
£ o — AN JE PR -4 0 T A A 6 3R Bk RS R O LA
FHHCA L PR 72 v (1) BE R - 3R R SR R4 T 7000 5 250l

I Ay J3E 1 S 50 23 3 AL Bk AH DG K R I i — 25 AT R
P8 SUHAIE . X F— A (R R IDLP AR & i 2
IR (G D) SCICHEAT T , Fir LAAS SCWEA 1 IS 56
I IDLP. 24 f136 545 H T iMRW 55X Hb 24 (1) 7
MZES  IMRW FETA R AR bR BB TR TERE .
55 3.0 B T A8 X UE AN R, F 5 3k A
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F4 IMRW SXLL A EERNIERE LR

Bk AUROC AUPRC Foon S &
BiRW 0.826 1+0.000 3 0.356 2+0.000 8 0.358 9+0.000 5 5.356 1+0.003 1
NewGOA 0.702 6+0.000 3 0.265 3+0.000 6 0.324 3+0.000 7 5.405 0+0.003 5
ThrRW 0.843 3+0.000 6 0.389 7+0.001 2 0.392 5+0.000 7 5.247 8+0.003 8
tIDLP 0.635 9+0.000 4 0.159 8+0.002 5 0.249 4+0.000 5 5.693 5+0.004 0
TCRW 0.843 4+0.000 O 0.393 3+0.007 7 0.383 9+0.000 2 5.375 9+0.000 5
GCN 0.847 2+0.000 3 0.401 4+0.001 2 0.395 1+0.001 O 5.258 1+0.005 7
GAT 0.854 4+0.003 4 0.407 2+0.002 0 0.408 7+0.003 7 5.214 7+0.009 5
iMRW 0.861 4+0.000 4 0.415 0+0.000 9 0.411 8+0.000 6 5.182 5+0.003 6
&S5 IMRWSXLbAEERMNFRE EHER
Sk AUROC AUPRC Fro S ¥
BiRW 0.932 6+0.005 0 0.505 6+0.018 7 0.520 5+0.018 0 4.2302+0.133 4
NewGOA 0.817 7+£0.042 7 0.609 1+0.048 7 0.584 6+0.031 4 2.854 3+0.155 8
ThrRW 0.935 3+0.006 7 0.507 3+0.026 0 0.589 1+0.016 0 3.956 4+0.171 8
tIDLP 0.939 7+0.007 0 0.685 9+0.029 9 0.650 2+0.031 6 2.926 6+0.186 2
TCRW 0.875 1+0.007 7 0.365 0+0.017 6 0.432 1+0.015 8 4.890 1+0.101 8
GCN 0.916 6+0.003 3 0.696 9+0.025 6 0.608 0+0.023 1 3.148 1+0.232 5
GAT 0.933 1+0.004 7 0.705 1+0.027 6 0.625 2+0.020 5 2.965 2+0.248 7
iMRW 0.951 6+0.003 8 0.730 7+0.028 9 0.678 6+0.018 4 2.601 2+0.233 9
(T ) RIS 0 (LI ) B ELAT P DR, i 45 008 -
T 7% 1 S 30 25 3 G T 758 LR IEAG . % T 037
5 O 9 B T 52 4 A L AR 0 205 475 I 55 g 43 T Q096 v 078 VT
AT, 7 2R ) R - R S T T 0 44 1 2 s ——MOWHRPR] 5 |l MRWARPR
P, DR M 57 25 50 6 0 LR 2 T 24 Y R B b
R, 500057 3 DR A X 2 T 2 AR R T %% . 1 T 005 065
ST 25 ST TO SR IREE M 37 11, IR T R 4 J2 PR eTRon P2t
JET LD A AR DL BE 5% PPTEE T 119, 28 160 I 4% [ 5 P (a) AUROC (b) AUPRC
T 90 2 A T/ B R LTI 5 2 TR A 5 e 3 s ‘o
T 97 52 DR R 6 ) 9 70 3 3 B 7 o SR
4.2 AMELBEHIEE SR ST T p— N e ——
S T WA PEAL BEBLI A () Tk, A SCis B T G || T M| B amwamsk
T SEE  IMRW ST 171 A A R e 25 4, 26 O ] s
KM AL R 10. 18 4 R T R IR BEHLIGEE K 7E 4 . ’o
AFER SRR F R4S . NI TT LA S BEHLIE 4 IZE4 S TRE0 P2aasTsow
K KT 20, AUROC AUPRC R F, AFETHE S, A () Fpy ) Sy

FEALG, 32 PR R A AH [R5 K i BE ALY A S R v, A R
S S R R Y A R I B VR A BT (A
RIPERE R T oA AL BEDLITEE R — EE T
AR R AR BELEE A PERE , HAS 2 0E K B 52 .
4.3 HRAKIGST

A SCCE T3 P AR R SE B iMRW (nM) L iMRW
(nMG) FTiIMRW (nMT) >R R & 5 2% 53+ I 28 XA AL 17
S0 . iMRW (nM) Z08 7 5 miRNA AH 5 A R 2%, A4 [
FHFEIR T 2% W, BRI F I 45 W, Fi1JE DR -8 70 DG 1K 1)
2% W, AT ORI ; iMRW (nMG ) 2B T 15 miRNA A

4 AR AR A A0 R X AL A R

5K 1) TR 246 R 5 PR - I 4%, (LA At P 3 287 ) 4% w7, i
PR -2 U ST W 2 W, HEAT SCHR T 5 iIMRW (nMT) 221
T 5 miRNA FH G A 0 265 128 801 o 28 | AL AUAtE P 3 1A
T W, R PR R A G 25 W, A TOCHE TR . 3 6
S5 T IMRW B HARFh S 56 1 0 45 28 . iMRW 7 fir
F& bR I iMRW (nM) P B8 00 8 A 4 68, 100 B il &
miRNA f 20 2 {7 80 56 DR -3 50 (%) S B T2 3] 1 48
SAEFH . iMRW (nM) F iMRW (nMG) F1 iMRW (nMT) 4
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SR U150 B ol ) 5 PR ) 4% R 3 7R - IR0 24 RE A% B 25 4 1
FERIPERE . IMRW (nMG) b iIMRW (nMT) BUAS 58 47 i P
fit, X 2 PR ok 26 T I 2 2 AR 4l TO J2 YR &5 4y i 4t 57

B, 5 A A MR P AR/ T A DR 1 8 4% 3 o i PR 47 A AR
JEMTES, SAM A Z . DL R RE G 2
A e T DR -2 R G BAT T A

K6 HRALIRAHT
RS AUROC AUPRC Foo Spin
iMRW 0.968 7:0.000 4 0.794 8+0.002 0 0.713 3+0.000 7 2.470 3+0.006 5
iMRW(nM) 0.959 9+0.001 1 0.753 1+0.001 7 0.672 6+0.000 9 2.698 1+0.007 8
iMRW(MG) 0.844 7+0.000 4 0.639 8+0.002 7 0.604 3+0.001 1 2.794 6+0.010 8
iMRW(nMT) 0.851 5+0.001 1 0.392 1+0.001 4 0.392 9+0.000 3 5.248 7+0.002 7

4.4 S

IMRW i FH T — > 2 85 o e 2 il BE ML AE (1) T
WL AR SCHFSE T 28 a X IMRW FiIN 1 RE A 20 . 1
SRt o BB A RS0 0~1, MO TTHALL 0.1 g2 K ik 184
AT AT AREU & a2 an T 5 (@) (D) B . 24
A M a=0 B , AUROC=AUPRC=0. F,, =0.1207.
Soin=122.799 3, ZCR AR, X JE B iMRW 3 A7 #E 17
BLIEAE 5 4 > 0.1 B, Bl 2 753 BRI K, iIMRW 191
REREAIS , 32 PR R B8 60 DGR BT (A (1 — o) 980/

4.5 EOIFR

AT TSRS, LA IMRW U 5 B Bk
YA AT A JE DR A 200 . FE R DR - 3R B G I N
S BT A% I 2 1 SR L L 38T IMRW A5 21 5 [N - SR AL G
HRFE R R, SR J5 515 O R0 Y BE DR - 3R BRI SCGHK , 724 7~8
ol F TR RE SO AR HTRE ) AIVE R 1 A Y
AT 10 A~ FE . 5 F 3 A K (Gene Ontology, GO) i
L AT A (A4 ) S TE T 4G SR

Sk (4 70 1 B 0 he T T A 0 e T S 1Y T 1) 5 F7 5*T0:0000316"(FEIEAEENEXHNEBEEER
. T o [0, 0. 10T, R AEA W i b THEE S itk S A REBGES |
—HCRFEAZIX ] o % F P RE A SZ R, A SCA 107 FF 1R ! CRMZM2G036996 v 60:0007165
LA 1045 A 20 K B A7 40 B, SR & A F8 A A2 4k an 2 GRMZM2G462986 J G0:0071704
E 5(e)M(d) PR, R ER, M a 0,107 1), AV GE 3 GRMZM2G072513 N G0:0009579
SIS bR R R R o B5/)N  iMRW H#EF 7 4 GRMZM2G 169967 J G0:0009416
T/I\lré{tﬁjﬁmﬁj?iﬁ 9%[‘%?%'%@2[‘&] E"J?‘QE% 9H.Exl 5 GRMZM2G169994 \/ G0O:0071705
RS BAFEI SRR . 2 o> 107 iIMRW AR 6 GRMZM2G170017 N G0:0016616
PERESE KA TR, IFFE o= 0.1 BFak B i RAH . R4S = 7 P J CO0071704
BTSSR AR SCGERT a=0.11E BRI SR X CRMZM2C 169962 ,
1.0 o 9 AC198371.3_FGO11 N G0:0009416
i 5 10 GRMZM2G104310 N G0:0071704
N s #8 5°T0:000066" (RHE B A EHERE
02 3 SR A ERWEIESE I
" ) 1 GRMZM2G095308 N G0:0008152
0 02 04 N 06 08 1.0 0 02 04 . 06 08 1.0 2 GRMZM2G095209 J G0:1901576
(@) LEXT0, 1] F =45k () X0, 11105, . 3 GRMZM2G170016 N G0:0071704
4 GRMZM2G015578 N G0:1901576
v e 5 GRMZM2G095305 ?
. 2475 6 GRMZM2G447847 N G0:1901576
v £2.470 7 GRMZM2G395114 N G0:1901576
:z " 8 GRMZM2G484344 J G0:0071704
, » 9 GRMZM2G170017 N G0:0071704
0107 107 107 107 107 0107 107 107 107 107 10 GRMZM2G169962 N G0:1901576

« «

(¢) TEX ][0, 0.1] F 1 =448 4R (d) TEXE][0,0.1] 11 S

min

5 BKLa X IMRW T RE A6 52 R

FL P “GRMZM2G036996” Fil“GRMZM2G072513” 43
M “GO:0007165"FH1“G0O:0009579” #5iF: . H,“GO:
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0007165” 5 21 ffd (8] (15 5 (5 L5555 )15 A ¢,
“G0:0009579" SEEMYI T EADOGE AR BRI A5+
K. B “GRMZM2G169967" 5 “AC198371.3_FGO11”
HHE “GO:0009416" HRTE , “GO: 00094167 5 X e #1384 ,
A NSEAR NS %L S i R IS R S
Db GORERM XN S5 T 566 EHM
K EY SR, BN 5 EEHGE ) HEAC. b s
(S P =R A Y VAN R O = L TR e =
gl 3 P “GRMZM2G170017” % “GO : 0016616
(R AL IR J5 R R AL ) bR . B ERH S R &R
%A O . B “GRMZM2G169994” VE B 4 “GO
0071705” ( & A AL &Y 09 L) , 1T BE 2% 5% W >t & 1
FARRCE . £ “GRMZM2G095209"“GRMZM2G015578"
“GRMZM2G447847GRMZM2G395114HIGRMZM2G169962"
FRHE“GO: 19015767 453, “GO: 1901576” [ i T F 5L
A HLYITE WG b 2 T g 4%, IF 5 AT & A ALY
0 AW A o A 6. 3 R “GRMZM2G170016”
“GRMZM2G484344” #1 “GRMZM2G170017” #% “GO:
00717047 FRiC , “GO: 0071704 35 AT WL ATAn] & 45 ik
B 43 F SR B Al 2 B 0 R A . Al 3 R - 3R AR SG  Ah
O S 50 5 A ) SCRR I IE

XS 485 e UE I T iMRW 781U 5 B
DR S P A BE R T A A A8

5 it

BEXS A 19 BEALR L 51 2 1 AN [R] 19 a5 i) o 2
PE AR B R B AL R AR TR B 1Y (R
AR T — LT 22 41 2 A A A BE AL
AR GMRW ). iMRW J T 6 24 3 $b 25 14 Sy A [
SRR E T A A W) i L 2P K, I S AR
HAF S PR AL 25 5 BEAL T AL | R 2 AR OR[N -
RASCHR O FE R . AEAR SR BCE T, 5 R
BT HE S B 4 SR R iIMRW SR U 1 80t iY )
PERE . 7B KIGEMEHIRE ) A 7 i B0 1 52 5070
Mrah P b — RS2 T iMRW 76§51 35 [H] - 38 A G B
SRR S R S A RO . BRI A AT R S B A R
W1 iIMRW e 78 73 | FH 22 41 2 50l | S %) 2 [A] - R 8
TR S A P TN 5 R B, iMR W AR Sy 3 1) 5 AR B
W0 265 Rl A HE SR, AT DA 107 P 381 245 0 e S0 |
A Al U
Sk
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