Extended Data Table 1. The incidence of isolated and syndromic heart defects in the G1 fetuses
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	G1 defect rate

	Heart defects w/o external defects
	1082/1109 (97.6%)

	Valvular abnormality
	446 (41%)

	Septal defect
	483 (45%)

	Outflow tract defects
	44 (4%)

	Coronary artery fistula 
	10 (1%)

	Noncompaction
	9 (1%)

	>1 type defect
	154 (14%)

	Heart defects with external defects
	26/1109 (2.4%)

	Heart defects with Cleft palate
	1 (3.8%)

	Heart defects with Eye dysplasia
	18 (69.2%)

	Heart defects with Neural tube defect
	6 (23.0%)

	Heart defects with Body wall closure defects
	2 (7.7%)

	Extracardiac defect w/o heart defects
	47/10285 (0.5%)

	Cleft palate and cleft lip
	3 (6.4%)

	Eye dysplasia
	35 (74.5%)

	Neural tube defect
	6 (12.8%)

	Body wall closure defects
	6 (12.8%)
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Extended Data Fig. 1: Summary of the ENU dominant screening procedures and variants filtering processes.

Extended Data Table 2. Summary sequencing statistics for the mouse cases and controls 
	[bookmark: _Hlk147580733]
	WGS
	WES

	Category
	Case
(N=550)
	Control
(N=559)
	Case (N=170)
	Control
(N=52)

	Reads length (bp)
	150
	150
	150
	150

	# of reads per sample (M)
	1076.1
	1091.6
	81.0
	78.2

	Median coverage at each targeted base (X)
	59.2
	59.9
	102.6
	112.9

	Mean coverage at each targeted base (X)
	55.9
	56.4
	115.3
	121.6

	% of all bases that map target
	95.4 %
	95.5%
	99.2 %
	99.8%

	% of targeted bases read at least 10X
	94.5 %
	94.0 %
	97.3 %
	98.4 %

	% of targeted bases read at least 20X
	92.1 %
	91.1 %
	94.3 %
	96.2 %

	% of targeted bases read at least 30X
	87.3 %
	85.7 %
	90.5 %
	93.4 %

	% of targeted bases read at least 40X
	79.6 %
	77.3 %
	85.9 %
	89.8 %

	% of targeted bases read at least 50X
	66.4 %
	64.2 %
	80.7%
	85.6 %
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Extended Data Fig. 2 Characterization of ENU-induced mutations a, The proportion of ENU-induced mutations of different types. b, The bar chart shows the average number of different ENU-induced base mutations per fetus, distributed in case and control groups. Adenine and thymine transversions were the main types of ENU-induced mutations in both disease and control groups. c, The distribution of ENU-induced mutations on all chromosomes, red for CHD cases and green for controls.


Extended Data Table 3. Variant class enrichment by expectation analysis
	[bookmark: _Hlk147581377]
	Case N=598
	
	Control N=532

	
	Observed
	Expected
	Enrichment
	P
	
	Observed
	Expected
	Enrichment
	P

	
	n
	rate
	n
	rate
	
	
	
	n
	rate
	n
	rate
	
	

	Syscilia genes 274
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	910
	1.5 
	881.1
	1.5 
	1.03
	0.17
	
	755
	1.4 
	783.9
	1.5 
	0.96
	0.85

	Synonymous
	198
	0.3 
	221.5
	0.4 
	0.89
	0.95
	
	184
	0.3 
	197.0
	0.4 
	0.93
	0.83

	Missense
	645
	1.1 
	601.8
	1.0 
	1.07
	0.04
	
	508
	1.0 
	535.4
	1.0 
	0.95
	0.89

	D-mis
	339
	0.6 
	329.5
	0.6 
	1.03
	0.31
	
	267
	0.5 
	293.1
	0.6 
	0.91
	0.94

	LoF
	62
	0.1 
	57.2
	0.1 
	1.08
	0.28
	
	56
	0.1 
	50.9
	0.1 
	1.10
	0.25

	Damaging
	401
	0.7 
	386.7
	0.6 
	1.04
	0.24
	
	323
	0.6 
	344.0
	0.6 
	0.94
	0.88

	Cilia genes 608
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	1821
	3.0 
	1753.8
	2.9 
	1.04
	0.06
	
	1493
	2.8 
	1560.2
	2.9 
	0.96
	0.96

	Synonymous
	403
	0.7 
	441.0
	0.7 
	0.91
	0.97
	
	351
	0.7 
	392.4
	0.7 
	0.89
	0.98

	Missense
	1286
	2.2 
	1196.4
	2.0 
	1.07
	0.01
	
	1034
	1.9 
	1064.3
	2.0 
	0.97
	0.83

	D-mis
	705
	1.2 
	683.9
	1.1 
	1.03
	0.22
	
	578
	1.1 
	608.5
	1.1 
	0.95
	0.90

	LoF
	125
	0.2 
	115.1
	0.2 
	1.09
	0.19
	
	100
	0.2 
	102.4
	0.2 
	0.98
	0.61

	Damaging
	830
	1.4 
	799.0
	1.3 
	1.04
	0.14
	
	678
	1.3 
	710.8
	1.3 
	0.95
	0.90

	Chromatin genes 159
	
	
	
	
	
	
	
	
	
	
	
	

	Total
	621
	1.0 
	589.0
	1.0 
	1.05
	0.10
	
	492
	0.9 
	524.0
	1.0 
	0.94
	0.92

	Synonymous
	171
	0.3 
	155.2
	0.3 
	1.10
	0.11
	
	136
	0.3 
	138.0
	0.3 
	0.99
	0.58

	Missense
	401
	0.7 
	396.5
	0.7 
	1.01
	0.42
	
	324
	0.6 
	352.8
	0.7 
	0.92
	0.94

	D-mis
	235
	0.4 
	236.1
	0.4 
	1.00
	0.54
	
	180
	0.3 
	210.0
	0.4 
	0.86
	0.98

	LoF
	49
	0.1 
	36.9
	0.1 
	1.33
	0.03
	
	31
	0.1 
	32.8
	0.1 
	0.95
	0.65

	Damaging
	284
	0.5 
	273.0
	0.5 
	1.04
	0.26
	
	211
	0.4 
	242.8
	0.5 
	0.87
	0.98


[bookmark: _Hlk148533773]
n, number of ENU-induced mutations; rate, number of ENU-induced mutations divided by the number of fetuses in the group (N); Enrichment, ratio of observed to expected rate of mutations; Syscilia genes, for structural cilia genes. P values compare the number of variants in each category between observed and expected using a one-tailed Poisson test. Bold numbers indicate Enrichment >1.1 and P < 0.05.

Extended Data Table 4. Variant class enrichment in cases versus controls. 
	[bookmark: _Hlk147581304]
	Total No. of variants
	No. of variants/fetus
	Enrichment
	P

	
	case=598
	ctrl=532
	case=598
	ctrl=532
	
	

	All genes
	　
	　
	　
	　
	　
	　

	Total
	36148
	30780
	60.4 
	57.9 
	1.04 
	1.3E-16

	Synonymous
	8446
	7392
	14.1 
	13.9 
	1.02 
	0.13 

	Missense
	25029
	21219
	41.9 
	39.9 
	1.05 
	3.8E-14

	D-mis
	13729
	11723
	23.0 
	22.0 
	1.04 
	1.8E-06

	LoF
	2518
	2008
	4.2 
	3.8 
	1.12 
	6.7E-08

	Damaging
	16247
	13731
	27.2 
	25.8 
	1.05 
	8.7E-11

	CHD genes 1044
	
	
	
	
	
	

	Total
	3367
	2690
	5.6 
	5.1 
	1.11 
	8.8E-10

	Synonymous
	770
	647
	1.3 
	1.2 
	1.06 
	0.11 

	Missense
	2341
	1866
	3.9 
	3.5 
	1.12 
	1.8E-07

	D-mis
	1415
	1073
	2.4 
	2.0 
	1.17 
	4.6E-09

	LoF
	234
	163
	0.4 
	0.3 
	1.28 
	0.0003 

	Damaging
	1649
	1236
	2.8 
	2.3 
	1.19 
	1.2E-11

	HHE genes 4420
	
	
	
	
	
	

	Total
	9025
	7562
	15.1 
	14.2 
	1.06 
	8.9E-09

	Synonymous
	2137
	1881
	3.6 
	3.5 
	1.01 
	0.31 

	Missense
	6164
	5150
	10.3 
	9.7 
	1.06 
	5.5E-07

	D-mis
	3623
	3030
	6.1 
	5.7 
	1.06 
	1.2E-04

	LoF
	694
	504
	1.2 
	0.9 
	1.23 
	1.2E-07

	Damaging
	4317
	3534
	7.2 
	6.6 
	1.09 
	3.6E-08

	LHE genes 3145
	
	
	
	
	
	

	Total
	5736
	4912
	9.6 
	9.2 
	1.04 
	0.004 

	Synonymous
	1259
	1130
	2.1 
	2.1 
	0.99 
	0.77 

	Missense
	4108
	3477
	6.9 
	6.5 
	1.05 
	0.002 

	D-mis
	2193
	1889
	3.7 
	3.6 
	1.03 
	0.13 

	LoF
	343
	280
	0.6 
	0.5 
	1.09 
	0.11 

	Damaging
	2536
	2169
	4.2 
	4.1 
	1.04 
	0.05 


[bookmark: _Hlk148533679]Enrichment, ratio of observed to control rate of mutations; HHE, high heart-expressed genes (top quartile of expression); LHE, lower heart-expressed genes (bottom quartiles of expression); D-Mis, damaging missense variants predicted by SIFT-4g; Damaging, D-Mis+LoF variants.
P values compare the number of variants in each category between cases and controls using a one-tailed Poisson test. Bold numbers indicate Enrichment >1.1 and P < 0.05


Extended Data Table 5. Heart rates and heart defect rates of Ryr2 and Madd heterozygous mutant embryos
	
	N
	Arrhythmia Rate
(%)
	Averaged Arrhythmia Burden (%)
	Heart Defect Rate(%)

	
	E11.5
	E13.5
	E15.5
	E18.5
	E11.5
	E13.5
	E15.5
	E11.5
	E13.5
	E15.5
	E18.5

	Ryr2+/+
	9
	9
	6
	5
	0
	0
	0
	0
	0
	0
	0

	Ryr2+/Δ6bp
	15
	15
	9
	4
	0
	67
	0
	0
	46.7
	0
	0

	Madd+/+
	15
	15
	4
	4
	0
	0
	0
	0
	0
	0
	0

	Madd+/-
	20
	20
	3
	3
	0
	50
	0
	0
	35.6
	0
	0
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