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	32 

Abstract	33 

Background:	The	prenatal	period	is	a	critical	window	to	study	factors	involved	in	the	34 

development	of	autism	spectrum	disorder	(ASD).	Environmental	factors,	especially	in	utero	35 

nutrition,	can	interact	with	genetic	risk	for	ASD,	but	how	specific	prenatal	nutrients	in	36 

mothers	of	children	later	diagnosed	with	ASD	or	non-typical	development	(Non-TD)	37 

associate	with	gestational	gene	expression	is	poorly	understood.	Maternal	blood	collected	38 

prospectively	during	pregnancy	provides	a	new	opportunity	to	gain	insights	into	nutrition,	39 

particularly	one-carbon	metabolites,	on	gene	pathways	and	neurodevelopment.		40 

Methods:	Genome-wide	transcriptomes	were	measured	using	microarrays	in	300	41 

maternal	blood	samples	from	all	three	trimesters	in	the	Markers	of	Autism	Risk	in	Babies	-42 

Learning	Early	Signs	(MARBLES)	study.	Sixteen	different	one-carbon	metabolites,	including	43 

folic	acid,	betaine,	5’-methyltretrahydrofolate	(5-MeTHF),	and	dimethylglycine	(DMG)	were	44 

measured.	Differential	expression	analysis	and	weighted	gene	correlation	network	analysis	45 
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(WGCNA)	were	used	to	compare	gene	expression	between	children	later	diagnosed	as	46 

typical	development	(TD),	Non-TD	and	ASD,	and	to	nutrient	metabolites.	47 

Results:	Using	differential	gene	expression	analysis,	six	transcripts	associated	with	four	48 

genes	(TGR-AS1,	SQSTM1,	HLA-C	and	RFESD)	showed	genome-wide	significance	(FDR	q	<	49 

0.05)	with	child	outcomes.	Genes	nominally	differentially	expressed	compared	to	TD	50 

specifically	in	ASD,	but	not	Non-TD,	significantly	overlapped	with	seven	high	confidence	51 

ASD	genes.	218	transcripts	in	common	to	ASD	and	Non-TD	differential	expression	52 

compared	to	TD	were	significantly	enriched	for	functions	in	immune	response	to	53 

interferon-gamma,	apoptosis,	and	metal	ion	transport.	WGCNA	identified	co-expressed	54 

gene	modules	significantly	correlated	with	5-MeTHF,	folic	acid,	DMG,	and	betaine.	A	55 

module	enriched	in	DNA	methylation	functions	showed	a	protective	association	with	folic	56 

acid/5-MeTHF	concentrations	and	ASD	risk.	Independent	of	child	outcome,	maternal	57 

plasma	betaine	and	DMG	concentrations	associated	with	a	block	of	co-expressed	genes	58 

enriched	for	adaptive	immune,	histone	modification,	and	RNA	processing	functions.		59 

Limitations:	Blood	contains	a	heterogeneous	mixture	of	cell	types,	and	many	WGCNA	60 

modules	correlated	with	cell	type	and/or	nutrient	concentrations,	but	not	child	outcome.	61 

Gestational	age	correlated	with	some	co-expressed	gene	modules	in	addition	to	nutrients.	62 

Conclusions:	These	results	support	the	premise	that	the	prenatal	maternal	blood	63 

transcriptome	is	a	sensitive	indicator	of	gestational	nutrition	and	children’s	later	64 

neurodevelopmental	outcomes.		65 

	66 

Keywords	67 
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	70 

Background	71 

Autism	spectrum	disorder	(ASD)	is	a	group	of	neurodevelopmental	disorders	characterized	72 

by	persistent	impairment	in	social	interactions,	communication,	restricted	interests	or	73 

repetitive	behaviors,	and	sensory	sensitivities	[1].	Current	data	show	that	one	in	every	59	74 

children	in	the	United	States	has	ASD	[1].	One	major	component	of	ASD	risk	is	genetic	75 

heritability,	based	on	studies	of	twins,	siblings,	and	other	family	members	[2–4].	Common	76 

genetic	variants	each	having	small	effects	dominate	most	ASD	risk	compared	with	rare	77 

gene	variants	with	large	effects	[5].		Large	genome-wide	association	studies	(GWAS)	78 

support	the	role	of	common	genetic	variants	in	ASD	with	remaining	challenges	in	ASD	79 

complexity	and	heterogeneity	[6–8].	Mutations	in	single	genes	can	only	explain	less	than	80 

1%	of	ASD	cases	[9,10].		81 

	82 

Accumulating	lines	of	evidence	suggest	that	ASD	risk	arises	from	both	genetic	and	83 

environmental	risk	factors.	In	utero	maternal	exposures	can	contribute	as	ASD	risk	factors,	84 

including	air	pollution,	fever,	asthma,	and	nutrition,	especially	nutrients	involved	in	the	85 

one-carbon	metabolic	pathway	[11–14].	Other	studies	suggest	that	one-carbon	metabolism	86 

is	implicated	in	gene-environment	interactions	in	ASD	[15,16].	Maternal	prenatal	87 

nutritional	supplements	containing	folic	acid	and	additional	B	vitamins	that	play	a	role	in	88 

one-carbon	metabolism	are	associated	with	an	estimated	40%	ASD	risk	reduction	89 

[13,17,18].			90 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.096586doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.096586
http://creativecommons.org/licenses/by-nd/4.0/


 5 

	91 

Gene	expression	levels	are	also	influenced	by	both	genetic	and	environmental	factors,	92 

especially	by	in	utero	maternal	nutrition	[19,20].	Maternal	peripheral	blood	therefore	93 

offers	a	unique	window	to	study	transcriptome	alterations	during	pregnancy	that	may	94 

reflect	altered	fetal	development	associated	with	nutrition	[21,22].	Numerous	95 

environmental	factors	during	pregnancy	can	alter	gene	expression	levels	[23,24].	Recent	96 

studies	of	schizophrenia	demonstrated	a	significant	interaction	of	genetic	risk	with	97 

maternal	perinatal	environmental	factors	that	affected	the	transcriptome	[25,26].	98 

Postmortem	brain	gene	expression	studies	showed	gene	co-expression	was	enriched	at	99 

immune	response	and	neuronal	development	in	ASD	[27,28].	Other	studies	using	child	100 

peripheral	blood	and	cord	blood	showed	differential	gene	expression	in	ASD	was	enriched	101 

for	immune	and	inflammatory	processes	[29–31].		102 

	103 

While	numerous	studies	have	investigated	specific	genes	or	pathways	in	children	with	ASD,	104 

none	have	focused	on	the	maternal	transcriptome	during	pregnancy.	Further,	most	105 

previous	ASD	transcriptome	studies	used	data	from	specimens	collected	postmortem	or	106 

after	childbirth,	as	opposed	to	prospective	studies	to	help	understand	potential	etiologic	107 

changes	that	occur	before	behavior	symptoms.	Other	large	epidemiology	studies	examined	108 

environmental	effects	in	ASD,	but	how	the	environment	influences	alterations	at	the	109 

molecular	level	remains	to	be	understood.	The	goal	of	this	study	was	to	examine	maternal	110 

prenatal	gene	expression	profiles	associated	with	both	maternal	serum	one-carbon	111 

metabolites	and	the	child’s	later	autism	diagnosis	to	shed	light	on	molecular	changes	112 

during	pregnancy.	113 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.096586doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.096586
http://creativecommons.org/licenses/by-nd/4.0/


 6 

	114 

Materials	and	Methods	115 

MARBLES	study	design	116 

The	MARBLES	study	recruited	mothers	in	Northern	California	with	at	least	one	child	with	117 

ASD	who	were	pregnant	or	planning	another	pregnancy.	A	previous	publication	detailed	118 

the	study	design	of	MARBLES	[31,32].	In	order	to	enroll	into	MARBLES,	all	five	following	119 

criteria	needed	to	be	met:	(1)	the	fetus	of	interest	has	one	or	more	first	or	second	degree	120 

relatives	with	ASD;	(2)	mother	is	18	years	or	older;	(3)	mother	is	pregnant	or	able	to	121 

become	pregnant;	(4)	mother	is	able	to	speak,	read,	and	understand	English	and	plans	to	122 

raise	the	child	with	English	spoken	at	home;	(5)	mother	lives	within	2.5-hour	drive	123 

distance	from	Davis/Sacramento,	California	region.	Due	to	a	shared	genetic	background,	124 

the	next	child	has	higher	risk	for	ASD.	Demographic,	diet,	environmental,	and	medical	125 

information	were	collected	by	telephone	interviews	or	questionnaires	through	the	126 

pregnancy.	Infants	received	standardized	neurodevelopmental	assessments	from	6	months	127 

until	3	years	old	[32].	At	3	years	old,	the	child	was	assessed	clinically	using	the	gold	128 

standard	Autism	Diagnostic	Observation	Schedule	(ADOS)	[33],	the	Autism	Diagnostic	129 

Interview	–	Revised	(ADI-R)	[34],	and	the	Mullen	Scales	of	Early	Learning	(MSEL)	[35].	130 

Based	on	a	previously	published	algorithm	using	ADOS	and	MSEL	scores	[18,31],	131 

participants	were	classified	into	three	outcome	groups	including	ASD,	TD,	and	Non-TD	132 

[36,37].	Children	with	ASD	had	scores	over	the	ADOS	cutoff	and	fit	ASD	DSM-5	criteria.	133 

Children	with	Non-TD	outcomes	were	defined	as	children	with	low	MSEL	scores	(two	or	134 

more	MSEL	subscales	with	more	than	1.5	standard	deviations	(SD)	below	averages	or	at	135 

least	one	MSEL	subscale	more	than	2	SD	below	average)	and	elevated	ADOS	scores.	136 
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Children	with	TD	outcome	had	all	MSEL	scores	within	2.0	SD	and	no	more	than	one	MSEL	137 

subscale	that	is	1.5	SD	below	the	normative	mean	and	scores	on	the	ADOS	at	least	three	138 

points	lower	than	the	ASD	cutoff.		139 

	140 

RNA	isolation	and	expression	microarray	141 

Maternal	peripheral	blood	was	collected	at	study	visits	during	all	three	trimesters	of	142 

pregnancy	in	PAXgene	Blood	RNA	tubes	with	the	RNA	stabilization	reagent	(BD	143 

Biosciences)	and	stored	frozen	at	-80°C.	The	first	timepoint	was	used	for	mothers	who	had	144 

multiple	blood	draws	(n	=	12)	during	pregnancy.	RNA	was	isolated	using	the	PAXgene	145 

Blood	RNA	Kit	(Qiagen)	according	to	the	manufacturer’s	instructions.	Total	RNA	was	146 

converted	to	cDNA	and	biotin	labeled.	Expression	was	measured	using	Human	Gene	2.0	147 

Affymetrix	microarray	chips	by	the	John	Hopkins	Sequencing	and	Microarray	core	148 

following	washing,	staining,	and	scanning	procedures	based	on	manufacture’s	protocol.		149 

	150 

Data	preprocessing	and	normalization	151 

Robust	Multi-Chip	Average	(RMA)	[38–40]	from	the	oligo	R	package	was	used	for	152 

normalization	of	Affymetrix	CEL	files.	For	quality	control,	we	used	the	oligo	and	153 

ArrayQualityMetrics	R	packages	[41,42].	No	samples	were	identified	as	outliers	by	154 

principal	component	analysis,	the	Kolmogorov-Smirnov	test,	or	distance	to	other	arrays.	155 

Probes	were	mapped	at	the	transcript	level	using	the	pd.hugene.2.0.st	R	package,	and	those	156 

annotated	to	genes	(36,459)	were	used	in	subsequent	analyses.		157 

	158 

One-carbon	nutrient	metabolite	measurements	159 
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Serum	and	plasma	samples	from	the	same	blood	draw	as	specimens	used	for	RNA	160 

expression	analysis	were	used	to	measure	one-carbon	and	nutrient	metabolites.	S-161 

adenosylmethionine	(SAM)	and	S-adenosylhomocysteine	(SAH),	adenosine,	homocysteine,	162 

cystine,	cysteine,	glutathione	(GSH)	and	glutathione	disulfide	(GSSG)	were	measured	in	the	163 

James’	laboratory	at	the	Arkansas	Children’s	Research	Institute	using	HPLC	with	164 

electrochemical	detection	as	previously	described	[43,44].	Serum	pyridoxal	phosphate	165 

(PLP),	the	biologically	active	form	of	vitamin	B6	(Vit	B6),	was	measured	by	HPLC	using	166 

fluorescence	detection	in	the	Green-Miller	laboratory	at	the	UC	Davis	Medical	Center	(inter-167 

assay	CV	=	4.8%)	[45].		Total	serum	vitamin	B12	(Vit	B12)	was	measured	using	automated	168 

chemiluminescence	in	the	CLIA-approved	Medicine	Clinical	Laboratories	at	UC	Davis	169 

Medical	Center	(inter-assay	CV	=	6.2%).	Plasma	choline,	betaine	and	dimethylglycine	170 

(DMG)	were	measured	using	LC-MS/MS	stable	isotope	dilution	methods	in	the	Caudill	171 

laboratory	[46,47]	with	modifications	to	include	measurements	of	trimethylamine	N-oxide	172 

(TMAO)	and	methionine	[48,49].		Intra-assay	and	inter-assay	CVs	of	the	in-house	controls	173 

were	3.0%	and	3.6%	for	choline;	1.5%	and	1.7%	for	betaine,	2.5%	and	2.4%	for	DMG;	2.6%	174 

and	2.6%	for	methionine;	and	3.1%	and	3.4%	for	TMAO.	Serum	5-methyltetrahydrolate	(5-175 

MeTHF)	and	folic	acid	were	quantified	in	the	Caudill	laboratory	using	LC-MS/MS	stable-176 

isotope	dilution	methods	[50]	with	modifications	based	on	the	instrumentation	[51].	Intra-177 

assay	and	inter-assay	CVs	of	in	-house	controls	were	1.8%	and	1.9%	for	5-178 

methyltetrahydrofolate;	and	4.9	and	8.5%	for	folic	acid.				179 

	180 

Differential	gene	expression	181 
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After	normalization,	surrogate	variable	analysis	(SVA)	was	used	to	estimate	and	adjust	for	182 

hidden	cofounding	variables	on	gene	expression	[52].	Differential	gene	expression	was	183 

identified	using	the	limma	R	package	by	a	linear	model	that	included	the	children’s	184 

diagnosis	outcome	and	all	surrogate	variables	[53].	Differential	gene	expression	analysis	185 

with	children	diagnosed	as	ASD	and	children	diagnosed	as	Non-TD	were	included	in	the	186 

same	model	with	three	levels	of	diagnosis	[53].	Fold	change	and	standard	error	were	187 

calculated	using	the	limma	R	package.	Differentially	expressed	transcripts	were	identified	188 

as	those	with	an	unadjusted	p-value	<	0.05.	Genome-wide	significant	differentially	189 

expressed	transcripts	were	classified	as	those	with	a	false	discovery	rate	(FDR)	adjusted	p-190 

value	(q-value)	<	0.05.	191 

	192 

Gene	ontology	(GO)	term	and	pathway	enrichment	analysis	193 

Transcripts	with	significant	expression	levels	or	selected	gene	lists	were	exported	to	194 

DAVID	bioinformatics	software	with	default	settings	for	GO	analysis	[54,55].	The	analysis	195 

was	done	using	the	GO	ontology	database	and	Fisher’s	exact	test	with	multiple	test	196 

correction	by	the	FDR	method	[55].	GO	term	enrichments	were	presented	by	hierarchical	197 

terms.	GO	terms	with	an	FDR	q-value	<	0.05	were	considered	statistically	significant.		198 

	199 

Weighted	Gene	Co-Expression	Network	Analysis	(WGCNA)	200 

A	weighted	gene	co-expression	network	was	built	using	the	WGCNA	R	package	[56,57]	with	201 

normalized	expression	levels	after	adjustment	for	batch	effects	using	the	ComBat	function	202 

from	the	sva	R	package	[58].	The	correlation	matrix	included	all	probes	and	all	samples.	To	203 

construct	a	signed	adjacency	matrix,	estimated	soft	thresholding	power	was	used	with	204 
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approximately	scale-free	topology	(R^2	fit	more	than	0.8).	Adjacency	values	were	205 

transformed	into	a	signed	topological	overlap	matrix	(TOM).	Co-expression	modules	were	206 

identified	from	a	dissimilarity	matrix	(1-TOM)	with	a	minimum	module	size	of	30	probes.	207 

Module	eigengenes	were	clustered	on	correlation.	Similar	modules	were	merged	based	on	208 

a	cut	height	of	0.25	to	generate	co-expression	modules.	Each	module’s	expression	profile	209 

was	summarized	into	a	module	eigengene	(ME)	using	the	matched	module’s	first	principle	210 

component.	The	correlation	between	each	gene	in	the	module	with	the	ME	was	211 

represented	as	intramodule	connectivity	(kME).	Module	hub	probes	were	defined	as	the	212 

probe	in	each	module	with	the	highest	module	membership.	Pearson’s	correlation	213 

coefficient	was	used	to	measure	the	correlation	between	traits	and	modules.		214 

	215 

Cell	type	proportion	deconvolution	216 

CIBERSORT	was	used	to	estimate	the	proportions	of	each	cell	type	using	the	default	217 

settings	and	the	LM22	adult	peripheral	blood	signature	gene	expression	profiles	[59].	218 

Normalized	expression	levels	adjusted	for	batch	effects	were	used	to	estimate	cell	type	219 

proportions.	Both	relative	and	absolute	modes	were	performed	together	with	100	220 

permutation	tests.	P-values	were	calculated	using	FDR	multiple	test	adjustment.	Significant	221 

associations	were	defined	based	on	FDR	q-value	<	0.05.	222 

	223 

Results	224 

Study	sample	characteristics	and	nutrient	measurements		225 

High	quality	RNA	was	isolated	from	300	maternal	peripheral	blood	samples	collected	226 

during	pregnancy	in	the	MARBLES	high	risk	ASD	cohort	(Supplementary	Table	1).	227 
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Children	from	MARBLES	pregnancies	were	diagnosed	at	3	years	old	as	ASD	(67,	including	228 

47	male	and	20	female),	Non-TD	(79,	including	46	male	and	33	female),	and	TD	(154,	229 

including	79	male	and	75	female)	(Table	1).		230 

	231 

Nutrients	in	the	one-carbon	metabolism	pathway,	including	methionine,	SAM,	SAH,	232 

adenosine,	homocysteine,	5-MeTHF,	folic	acid,	Vit	B6,	Vit	B12,	choline,	DMG,	betaine,	233 

cystine,	cysteine,	GSH,	and	GSSG	were	directly	measured	from	maternal	blood	in	14%	-	234 

62%	of	all	collected	samples	(Table	2).	None	of	these	metabolites	in	maternal	blood	were	235 

significantly	associated	with	clinical	outcomes	of	children	(Table	2).		236 

	237 

Differential	gene	expression	analyses	by	child	outcome	238 

Expression	was	measured	using	Human	Gene	2.0	Affymetrix	microarray	and	adjusted	for	239 

surrogate	variables,	followed	by	differential	gene	expression	analysis	for	child	diagnosis	240 

(ASD,	Non-TD,	TD)	on	36,459	transcripts.	There	were	28	surrogate	variables	(SVs)	241 

identified,	including	some	significantly	associated	with	batch	effect	and	gestational	age	of	242 

maternal	blood	draw	(Supplementary	Fig.	1).	Six	transcripts	located	at	four	genes	(TGR-243 

AS1,	SQSTM1,	HLA-C,	and	RFESD)	showed	genome-wide	significance	with	child	outcomes	244 

(FDR	adjusted	p-value	<	0.05)	(Supplementary	Table	2).	Three	out	of	six	transcripts	245 

mapped	to	HLA-C	(Major	Histocompatibility	Complex,	Class	I,	C)	(FDR	adjusted	p-value	<	246 

0.05).	For	those	three	HLA-C	transcripts,	increased	levels	were	observed	in	ASD	vs	TD	as	247 

well	as	Non-TD	vs	TD	(unadjusted	p-value	<	0.05)	(Supplementary	Fig.	2).		248 

	249 
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 12 

Comparing	the	maternal	blood	transcriptome	between	ASD	and	TD	outcomes	revealed	250 

2,012	differentially	expressed	transcripts	at	a	marginal	confidence	level	(unadjusted	p-251 

value	<	0.05)	that	mapped	to	1,912	genes,	including	980	up-regulated	and	1,032	down-252 

regulated	transcripts,	with	none	significant	after	FDR	adjustment	(Fig.	1A,	Supplementary	253 

Table	3).	There	was	a	significant	overlap	between	these	1,912	differentially	expressed	254 

genes	and	a	list	of	strong	ASD	candidate	genes	from	the	Simons	Foundation	Autism	255 

Research	Initiative	(SFARI	Gene,	including	TRIO,	GRIA1,	SMARCC2,	SPAST,	DIP2C,	FOXP1,	256 

CNTN4,	Fisher’s	exact	test,	p-value	<	0.05)	[60].		257 

	258 

Comparing	the	maternal	blood	transcriptome	between	Non-TD	and	TD	outcomes	revealed	259 

1,987	differentially	expressed	transcripts	at	a	marginal	confidence	level	(unadjusted	p-260 

value	<	0.05)	that	mapped	to	1,919	genes,	including	1,044	up-regulated	and	943	down-261 

regulated	transcripts	(Fig.	1B,	Supplementary	Table	4).	Two	of	these	transcripts	at	262 

RFESD	and	TRG-AS1	genes	also	passed	genome-wide	significance	(FDR	adjusted	p-value	<	263 

0.05).	Unlike	the	ASD	vs	TD	comparison,	however,	no	significant	overlap	was	observed	264 

between	Non-TD	differentially	expressed	genes	and	SFARI	gene	lists.		265 

	266 

A	significant	overlap	of	218	transcripts	was	observed	between	ASD	associated	267 

differentially	expressed	transcripts	and	Non-TD	associated	differentially	expressed	268 

transcripts	(Fisher’s	exact	test,	p-value	<	2.2E-16)	(Fig.	1C).	Gene	ontology	(GO)	analysis	of	269 

these	218	transcripts	revealed	significant	enrichment	for	the	interferon-gamma	mediated	270 

signaling	pathway,	apoptosis	in	muscle,	response	to	interferon	gamma,	and	metal	ion	271 

transport	(Fig.	1D,	Supplementary	Fig.	3).	CaMK	(calmodulin-dependent	protein	kinase)	272 
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families	(CAMK2A,	CAMK2B,	CAMK2D	and	CAMK2G)	and	HLA	(human	leukocyte	antigen)	273 

systems	(HLA-B,	HLA-C	and	HLA-E)	were	included	in	those	pathways	(Fig.	1D).	In	contrast,	274 

neither	list	of	ASD-	or	TD-specific	differentially	expressed	transcripts	were	significantly	275 

enriched	for	any	GO	terms.	276 

	277 

Weighted	gene	co-expression	network	analysis	(WGCNA)	identified	gene	modules	correlating	278 

with	specific	maternal	nutrient	levels		279 

WGCNA	was	performed	as	a	complementary	bioinformatic	approach	that	incorporates	the	280 

independent	and	inter-related	associations	of	transcript	levels	with	measured	281 

concentrations	of	maternal	nutrients.	First,	expression	values	were	adjusted	for	batch	282 

effect,	then	correlation	patterns	among	all	transcripts	were	analyzed	across	all	300	283 

samples.	WGCNA	identified	27	co-expressed	gene	modules	in	our	dataset,	representing	284 

17,049	transcripts,	distinguished	from	19,410	transcripts	not	clustered	and	grouped	into	285 

the	“grey”	module	(Fig.	2A,	Fig.	2B,	Supplementary	Fig.	4,	Supplementary	Table	5).	For	286 

each	module,	the	number	of	transcripts,	as	well	as	the	hub	gene,	defined	as	the	gene	with	287 

the	highest	correlation	with	the	module	eigengene,	were	determined	(Fig.	2B,	288 

Supplementary	Table	6).	Out	of	those	27	co-expression	modules,	23	modules	showed	289 

associations	between	eigengene	expression	level	and	at	least	one	variable	related	to	290 

demographics,	diagnosis,	or	maternal	nutrients,	after	correction	(FDR	adjusted	p-value	<	291 

0.05)	(Fig.	2A,	Supplementary	Fig.	4).	All	27	modules	were	significantly	associated	with	292 

one	or	more	covariates	at	unadjusted	p-value	<	0.05	(Fig.	2A,	Supplementary	Fig.	5).		293 

	294 
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Multiple	co-expression	modules	were	significantly	correlated	(FDR	adjusted	p-value	<	295 

0.05)	with	gestational	age	at	blood	draw	and	four	maternal	metabolites,	including	5-296 

MeTHF,	folic	acid,	DMG,	and	betaine	(Fig.	2A).	None	of	the	additional	measured	variables	297 

was	associated	with	any	co-expression	gene	modules	at	a	high	confidence	level,	including	298 

clinical	outcome.	However,	the	module	“greenyellow”	showed	a	marginally	significant	299 

positive	correlation	with	outcome	(unadjusted	p-value	=	0.02,	FDR	adjusted	p-value	=	0.14)	300 

and	a	negative	significant	correlation	with	both	5-MeTHF	(FDR	adjusted	p-value	=	0.02)	301 

and	folic	acid	levels	(FDR	adjusted	p-value	=	0.02)	(Fig.	2A,	Fig.	3A,	Fig.	3B,	302 

Supplementary	Fig.	4,	Supplementary	Fig.	5,	Supplementary	Table	7).	This	303 

greenyellow	module	eigengene	also	showed	opposite	correlation	between	ASD	and	5-304 

MeTHF,	consistent	with	5-MeTHF	protective	functions	in	ASD	(Fig.	3A,	Fig.	3B).		305 

	306 

This	“greenyellow”	module	contained	224	transcripts	with	TRNAI2	as	hub	gene	307 

(Supplementary	Table	7).	These	224	transcripts	showed	a	significant	enrichment	for	308 

gene	ontology	functions	in	methylation-CpG	binding,	methyl-dependent	chromatin	309 

silencing,	and	keratinocyte	differentiation	(Fisher’s	exact	test,	FDR	adjusted	p-value	<	0.05)	310 

(Fig.	3C,	Supplementary	Table	8).	The	three	known	genes	with	methyl-binding	functions	311 

included	MBD3L3,	MBD3L4	and	MBD3L5,	represented	by	16857547,	16867905,	and	312 

16867910	transcripts	(Fig.	3C).	Normalized	expression	of	those	three	transcripts	was	also	313 

significantly	associated	with	the	“greenyellow”	module	eigengene,	supporting	their	314 

membership	in	the	module	(Fig.	3D).		315 

	316 

Eight	co-expression	modules	strongly	clustered	with	betaine	and	DMG		317 
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Among	the	27	identified	co-expression	modules,	eight	modules	(darkred,	lightgreen,	cyan,	318 

darkgrey,	brown,	magenta,	orange	and	white)	were	highly	correlated	with	each	other	and	319 

clustered	based	on	unsupervised	hierarchical	clustering,	representing	a	total	of	2,582	320 

transcripts	(Fig.	4,	Supplementary	Fig.	6,	Supplementary	Table	9).	Betaine	and	DMG	321 

were	significantly	associated	and	clustered	together	with	this	distinct	block	of	co-322 

expression	modules.			323 

	324 

Transcripts	inside	these	eight	clustered	co-expression	modules	associated	with	betaine	and	325 

DMG	showed	significant	enrichment	for	18	gene	pathways	involved	in	adaptive	immune	326 

response,	RNA	processing,	histone	modification,	inflammatory	response,	and	Rett	327 

syndrome	(Fisher’s	exact	test,	FDR	adjusted	p-value	<	0.05)	(Supplementary	Fig.	7).	328 

Network	analysis	using	GeneMANIA	[61]	identified	a	network	with	EVL	in	the	center,	329 

linked	with	other	hub	genes	(Supplementary	Fig.	8).		330 

	331 

Cell	type	composition	in	maternal	peripheral	blood	associated	with	maternal	metabolites	but	332 

not	child	clinical	outcomes	333 

In	order	to	determine	the	effects	of	cell	composition	differences	on	the	findings	associated	334 

with	maternal	transcriptomes,	cell	type	specific	information	from	22	immune	cell	types	335 

was	deconvoluted	using	the	CIBERSORT	web	tool.	Maternal	peripheral	blood	samples	336 

reflected	a	mixture	of	cell	types,	with	neutrophils	as	the	largest	and	most	variable	337 

population	ranging	from	17%	to	48%	(Fig.	5A,	Supplementary	Table	10).	The	eigengenes	338 

for	21	out	of	27	modules	were	significantly	correlated	with	at	least	one	cell	type	(FDR	339 

adjusted	p-value	<	0.05)	(Supplementary	Fig.	9).	No	significant	difference	was	observed	in	340 
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cell	type	composition	between	child	diagnosis	outcomes	or	gender	(Fig.	5A.	5B,	341 

Supplementary	Fig.	10).	Furthermore,	neither	the	“greenyellow”	module,	nor	the	betaine	342 

and	DMG	variables	were	significantly	associated	with	cell	type	proportions,	suggesting	that	343 

the	associations	identified	with	these	modules	were	largely	cell	type	independent	(Fig.	5B,	344 

Supplementary	Fig.	9,	Supplementary	Fig.	10).	345 

	346 

In	contrast,	some	cell	type	proportions	were	significantly	correlated	with	some	maternal	347 

metabolites.	Vit	B6,	5-MeTHF,	choline,	cysteine,	the	ratio	of	DMG/betaine,	and	the	ratio	of	348 

cystine/cysteine	were	separately	associated	with	six	cell	types	(FDR	adjusted	p-value	<	349 

0.05)	(Fig.	5B,	Supplementary	Fig.	10).	Vit	B12,	folic	acid,	the	ratio	of	DMG/betaine,	and	350 

the	ratio	of	SAM/SAH	were	associated	with	more	than	one	cell	type	(FDR	adjusted	p-value	351 

<	0.05)	(Fig.	5B,	Supplementary	Fig.	10).	The	most	significant	association	was	between	352 

vit	B12	and	memory	B	cells	(FDR	adjusted	p-value	=	0.0001)	(Fig.	5B,	Supplementary	Fig.	353 

10).			354 

	355 

Discussion	356 

Maternal	blood	collected	during	pregnancy	provides	molecular	insights	into	the	in	utero	357 

environment	relevant	to	the	etiology	of	ASD.	This	was	the	first	study	to	our	knowledge	to	358 

examine	gene	expression	differences	in	maternal	peripheral	blood	during	pregnancy	359 

together	with	in	utero	maternal	one-carbon	metabolites	for	children	that	went	on	to	360 

develop	ASD,	TD,	or	Non-TD	at	36	months.	Using	complementary	bioinformatics	361 

approaches,	we	identify	several	genes	and	gene	pathways	consistent	with	proinflammatory	362 

and	oxidative	stress	responses	in	mothers	of	children	with	adverse	neurodevelopmental	363 
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outcomes.	We	also	identify	eight	novel	coregulated	gene	modules	associated	with	maternal	364 

blood	betaine	and	DMG	concentration.	365 

	366 

Genes	and	gene	patterns	common	to	mothers	of	children	with	ASD	and	non-typical	367 

neurodevelopment	368 

Using	differential	gene	expression	analysis	of	individual	genes,	we	describe	four	genes	369 

(SQSTM1,	HLA-C,	TRG-AS1,	RFESD)	that	were	differentially	expressed	in	mothers	of	TD	370 

children	compared	with	those	diagnosed	as	either	ASD	or	non-TD.	SQSTM1	encodes	the	371 

p62	sequestosome	that	acts	as	a	receptor	for	ubiquitinated	cargo	in	the	selective	autophagy	372 

response	induced	by	oxidative	stress	[62],	and	also	links	mTOR	and	GABA	signaling	373 

pathways	in	brain	[63].	RFESD,	encoding	an	iron-sulfur	cluster	binding	protein	with	374 

oxidoreductase	activity,	is	located	on	5q15,	a	hotspot	for	copy	number	variants	in	375 

intellectual	and	developmental	disabilities	[64,65].	TRG-AS1,	T-cell	receptor	gamma	locus	376 

antisense	RNA	1,	is	located	on	7p14.1,	another	locus	previously	associated	with	377 

developmental	delay,	intellectual	disability,	and	ASD	[64,66,67].	HLA-C	belongs	to	the	HLA	378 

(human	leukocyte	antigen)	polymorphic	loci	encoding	major	histocompatibility	class	I	379 

(MHC	I)	proteins	involved	in	antigen	presentation	to	CD8+	T	cells	and	NK	cells.	HLA-C	is	380 

important	for	both	tolerance	to	fetal	allo-antigens	and	viral	immunity	during	pregnancy	381 

[68].	Proinflammatory	cytokines	such	as	interferon	gamma	(IFNγ)	induce	HLA-C	382 

expression	in	both	lymphocytes	and	placental	trophoblasts.	A	number	of	previous	studies	383 

have	shown	that	the	HLA	locus	is	associated	with	ASD	[69–71]	or	HLA	locus	activation	in	384 

ASD	children	and	their	mothers[72–74],	which	is	consistent	with	our	findings	of	elevated	385 

HLA-C	expression	levels	in	ASD	and	Non-TD	compared	to	TD	mothers	.	Furthermore,	two	386 
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additional	class	I	loci,	HLA-B	and	HLA-E,	were	also	differentially	expressed	in	mothers	of	387 

children	classified	as	ASD	and	Non-TD	compared	to	TD	children	in	this	study,	providing	388 

further	evidence	of	an	MHC	I	response	in	pregnancies	of	atypical	neurodevelopment.		389 

	390 

Furthermore,	gene	pathway	analysis	of	differentially	expressed	genes	common	to	391 

nontypical	development	revealed	enrichment	for	the	interferon-gamma	mediated	signaling	392 

pathway,	which	has	been	previously	found	to	be	elevated	in	mothers	of	children	with	ASD	393 

and	other	neurodevelopmental	disorders	[75,76].	In	one	such	study,	elevated	interferon-394 

gamma	levels	in	maternal	midgestation	peripheral	blood	was	associated	with	a	50%	395 

increased	risk	of	offspring	ASD	risk	[75].	A	second	enriched	pathway	included	CaMK	family	396 

members	which	play	an	important	role	in	neuronal	connectivity	and	synaptic	plasticity	397 

[10,77,78]	as	well	as	immune	response	and	inflammation	[79].	Prior	ASD	studies	have	398 

implicated	the	CaMK	pathway	in	the	dendritic	growth	and	local	connectivity	alterations	399 

related	to	gene-environment	interactions	in	ASD	[10,77,78].	400 

	401 

While	genome-wide	significance	of	individual	differentially	expressed	genes	was	not	402 

observed	between	samples	from	mothers	whose	children	developed	ASD	compared	to	TD	403 

after	adjusting	for	multiple	comparisons,	seven	genes	with	significant	unadjusted	p	values	404 

were	also	on	the	SFARI	list	of	strong	ASD	candidate	genes.	TRIO,	Trio	Rho	guanine	405 

nucleotide	exchange	factor,	promotes	exchange	of	GDP	for	GTP	and	provides	necessary	406 

support	for	cell	migration	and	cell	growth	related	to	Alzheimer	disease	and	other	types	of	407 

neurological	conditions	[80,81].	GRIA1,	the	predominant	excitatory	neurotransmitter	in	408 

brain,	is	associated	with	the	activation	of	normal	neurophysiologic	processes	[80,82].	409 
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SMARCC2	encodes	a	chromatin	remodeling	protein	with	helicase	and	ATPase	activities	410 

which	has	been	implicated	in	altering	chromatin	structure	in	ASD	[83].	CNTN4	functions	in	411 

neuronal	network	formation	and	plasticity,	and	is	associated	with	nervous	system	412 

development	at	the	transcriptome	level	[84,85]	.	Mutations	in	FOXP1,	a	developmental	413 

transcription	factor,	are	observed	in	rare	cases	of	intellectual	disability	with	ASD	[86,87].	414 

	415 

Methylation	and	methyl-binding	functions	in	a	gene	module	oppositely	associated	with	folic	416 

acid	and	ASD	risk	417 

The	complementary	co-expression	network	analysis	further	revealed	a	module	of	224	co-418 

expressed	genes	in	maternal	blood	showing	an	association	with	folic	acid	and	5-MeTHF	419 

levels	in	the	opposite	direction	from	ASD	risk	that	could	not	be	explained	by	cell	type	420 

differences.	Interestingly,	these	ASD	and	nutrient	associated	genes	were	functionally	421 

enriched	for	DNA	methylation	binding	and	methylation-dependent	chromatin	silencing,	422 

consistent	with	prior	DNA	methylation	changes	observed	in	ASD	[88–91]	as	well	as	ASD-423 

like	syndromes	associated	with	methyl	binding	proteins	[92,93].	Folic	acid,	the	synthetic	424 

form	of	folate	that	contributes	substrate	for	one-carbon	metabolism,	and	5-MeTHF,	one	of	425 

the	active	biological	forms	of	folate	that	plays	a	critical	role	in	one-carbon	metabolism,	have	426 

also	been	shown	to	be	inversely	associated	with	developmental	delay	[14,15,94,95].	427 

MBD3L	is	predicted	to	assist	with	demethylation	reactions	and	functions	as	a	428 

transcriptional	repressor	[96–98].		429 

	430 

One-carbon	metabolites	associated	with	changes	in	gene	expression	in	this	study	have	also	431 

been	associated	with	prevention	of	numerous	conditions	[89,99–101].	The	coregulated	432 
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block	of	betaine	and	DMG	co-expression	modules	contained	genes	enriched	in	the	adaptive	433 

immune	system	and	chromatin	modification	functions,	as	well	as	Rett	syndrome,	a	known	434 

syndromic	form	of	ASD	[102–105].	Choline	can	be	metabolized	to	betaine,	which	converts	435 

homocysteine	to	form	methionine	and	generates	DMG	in	the	one-carbon	pathway	436 

[106,107].	A	previous	study	of	maternal	peripheral	blood	collected	at	term	showed	that	437 

changes	of	betaine	and	DMG	were	in	the	opposite	direction	from	choline	when	compared	438 

with	nonpregnant	women	[108].	EVL	(Enah/Vasp-like)	is	involved	in	actin	cytoskeleton	439 

remodeling	and	is	crucial	for	central	neuron	system	processes	and	immune	system	440 

functions	[109–111].	One	study	also	showed	EVL	as	a	differentially	expressed	gene	in	441 

schizophrenia	in	peripheral	blood	[110].		442 

	443 

Previous	studies	in	ASD	have	been	focused	on	post	mortem	brain	tissue	[28,112],	as	a	444 

tissue	relevant	to	the	disorder,	but	collected	after	diagnoses	were	made,	raising	concerns	445 

about	reverse	causation	in	determining	etiologically-relevant	expression	changes.	Few	446 

studies	have	focused	on	prospective	transcriptomic	profiles	collected	prior	to	the	447 

presentation	of	the	disorder	[31,113],	and	none	have	examined	maternal	gene	expression	448 

profiles	during	pregnancies	at	high	risk	for	developing	ASD.	In	addition,	few	studies	have	449 

integrated	maternal	transcriptome	and	one-carbon	metabolite	data	within	biospecimens.	450 

Furthermore,	most	studies	of	ASD	expression	biomarkers	have	not	considered	the	roles	of	451 

nutritional	factors	during	pregnancy	that	could	be	relevant	to	fetal	development.	452 

	453 

Limitations	454 
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A	limitation	of	using	maternal	peripheral	blood	to	examine	expression	is	that	it	contains	455 

multiple	cell	types,	and	proportions	can	differ	across	samples.	However,	estimated	cell	type	456 

composition	of	maternal	blood	was	not	significantly	associated	with	the	child’s	clinical	457 

outcomes,	the	“greenyellow”	module,	betaine,	or	DMG,	which	suggests	that	our	main	458 

findings	were	not	driven	by	differential	cell	type	proportions.	After	correcting	for	multiple	459 

comparisons,	this	study	did	not	identify	any	individual	differentially	maternally	expressed	460 

genes	specifically	associated	with	ASD,	although	6	transcripts	from	4	genes	reached	461 

genome-wide	significance	with	diagnosis	of	either	ASD	or	Non-TD.	Furthermore,	lack	of	462 

genome-wide	evidence	of	individual	differentially	expressed	genes	specific	to	a	pairwise	463 

comparison	of	ASD	vs.	TD	is	likely	due	to	the	relatively	small	sample	size	that	is	inherent	to	464 

a	prospective	ASD	study,	but	likely	underpowered	to	detect	small	differences	in	transcript	465 

levels.	However,	this	does	not	eliminate	the	importance	of	identifying	and	understanding	466 

the	biologically	significant	gene	set	enrichments	and	co-expression	network	modules	using	467 

differential	expression	gene	and	WGCNA	analysis.	Additionally,	other	factors,	including	468 

genetics,	epigenetics,	and	other	environmental	factors	can	influence	the	transcriptome	and	469 

ASD	risk.	Approaches	incorporating	those	factors	will	be	important	in	future	studies.		470 

	471 

Conclusions	472 

In	summary,	genome-wide	gene	expression	analysis	of	maternal	peripheral	blood	samples	473 

revealed	transcriptome	changes	associated	with	maternal	one-carbon	metabolites	and	474 

child	neurodevelopmental	outcomes	implicating	maternal	immune,	apoptotic,	and	475 

epigenetic	mechanisms	in	ASD.	In	addition,	folic	acid	and	5-MeTHF	were	associated	with	476 

expression	of	genes	involved	in	methylated-CpG	binding	in	an	opposite	direction	to	that	of	477 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.096586doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.096586
http://creativecommons.org/licenses/by-nd/4.0/


 22 

ASD,	consistent	with	prior	evidence	of	protection.	Finally,	maternal	betaine	and	DMG	levels	478 

clustered	with	co-expressed	genes	related	to	immune,	chromatin	modification,	and	479 

development	functions.	These	results	therefore	provide	important	biological	insights	into	480 

maternal	gene	pathways	associated	with	adverse	neurodevelopment	in	the	child,	as	well	as	481 

the	protective	role	of	one	carbon	metabolites	in	the	complex	etiology	of	ASD.	482 
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Tables	840 

Table	1.	Demographic	characteristics	of	mother	participants	and	their	children	in	841 

MARBLES,	stratified	by	child	diagnosis	outcomes.	842 

	 Children	36	Month	Diagnosis	
	 ASD	 Non-TD	 TD	 p-

value		 (n	=	67)	 (n	=	79)	 (n	=	154)	
Child	male	gender,	n	(%)	 47	(70)	 46	(58)	 79	(51)	 0.034	
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Maternal	blood	draw	trimester	during	
pregnancy,	n	(%)	

	 	 	 0.240	

Trimester	1	 19	(28)	 23	(29)	 30	(19)	 	

Trimester	2	 15	(22)	 24	(30)	 52	(34)	 	

Trimester	3	 33	(49)	 32	(41)	 72	(47)	 	

HomeOwn	 38	(59)	 47	(60)	 97	(64)	 0.738	
Gestational	age	of	maternal	blood	draw	

(days),	mean	(SD)	
165.87	
(77.92)	

162.65	
(72.22)	

174.21	
(67.47)	 0.949	

Maternal	age	(years),	mean	(SD)	 35.32	
(5.07)	

34.20	
(4.12)	

33.97	
(4.73)	 0.139	

Maternal	bachelor’s	degree	+,	n	(%)	 32	(48)	 41	(52)	 98	(64)	 0.063	
Maternal	Smoke	Pre-Pregnancy	+,	n	(%)	 5	(8)	 6	(8)	 4	(3)	 0.120	
Maternal	weight	before	pregnancy	(kg),	

mean	(SD)	
75.13	
(23.18)	

74.42	
(22.36)	

69.75	
(16.75)	 0.783	

Maternal	race	and	ethnicity,	n	(%)	 	 	 	 0.061	
White	 50	(75)	 53	(67)	 128	(83)	 	

Black/African-American	 4	(6)	 5	(6)	 4	(3)	 	

Asian	 8	(12)	 18	(23)	 18	(12)	 	

Others	 5	(7)	 3	(4)	 4	(3)	 	

ASD:	Autism	Spectrum	Disorder;	TD:	Typical	development;	Non-TD:	Non-typical	843 

development.	p-values	from	Fisher’s	exact	test	for	categorical	variables	and	one-way	844 

ANOVA	for	continuous	variables.		845 

	846 

Table	2.	Descriptive	statistics	of	maternal	peripheral	blood	nutrients	level	in	847 

MARBLES,	stratified	by	children	diagnosis.		848 

Maternal	Metabolites	
Children	36	Month	Diagnosis	

ASD	 Non-TD	 TD	 Total	 p-
value	(n	=	67)	 (n	=	79)	 (n	=	154)	 (n	=300)	

Methionine	(nM/ml),	
mean	(SD)	 21.89	(5.04)	 22.52	

(4.44)	 21.5	(4.33)	 	 0.448	

n	(%)	 47	(70)	 49	(62)	 91	(59)	 187	(62)	 	

SAM	(nM/ml),	mean	
(SD)	 52.99	(9.87)	 52.26	

(9.13)	 53.44	(9.68)	 	 0.787	

n	(%)	 47	(70)	 49	(62)	 90	(58)	 186	(62)	 	

SAH	(nM/ml),	mean	
(SD)	 26.99	(4.35)	 25.92	(4.1)	 25.85	(3.52)	 	 0.240	

n	(%)	 47	(70)	 49	(62)	 90	(58)	 186	(62)	 	
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ratio	(SAM/SAH),	
mean	(SD)	 2.01	(0.49)	 2.06	(0.5)	 2.11	(0.49)	 	 0.547	

n	(%)	 47	(70)	 49	(62)	 90	(58)	 186	(62)	 	

Adenosine	(nM/ml),	
mean	(SD)	 0.25	(0.04)	 0.24	(0.05)	 0.24	(0.05)	 	 0.379	

n	(%)	 47	(70)	 49	(62)	 90	(58)	 186	(62)	 	

Homocysteine	
(nM/ml),	mean	(SD)	 8.72	(1.71)	 8.91	(2.05)	 8.56	(1.69)	 	 0.562	

n	(%)	 47	(70)	 49	(62)	 90	(58)	 186	(62)	 	

5-
Methyltetrahydrofolat
e	(nM/ml),	mean	(SD)	

30.11	(5.26)	 29.56	
(10.16)	 26.49	(5.67)	 	 0.353	

n	(%)	 14	(20)	 12	(15)	 15	(10)	 41	(14)	 	

Folic	acid	(ng/ml),	
mean	(SD)	 1.06	(1.33)	 1.23	(1.64)	 2.77	(6.91)	 	 0.518	

n	(%)	 14	(20)	 12	(15)	 15	(10)	 41	(14)	 	

Vitamin	B6	(pg/ml),	
mean	(SD)	

116.09	
(161.96)	

62.83	
(45.88)	

62.83	
(45.88)	

	 0.350	

n	(%)	 18	(27)	 14	(18)	 37	(24)	 69	(23)	 	

Vitamin	B12	(pg/ml),	
mean	(SD)	

320.25	
(117.39)	

350.25	
(98.8)	

347.13	
(163.84)	

	 0.796	

n	(%)	 16	(24)	 12	(15)	 23	(15)	 51	(17)	 	

Choline	(nM/ml),	
mean	(SD)	 7.94	(2.96)	 8.74	(2.12)	 8.68	(1.99)	 	 0.367	

n	(%)	 27	(40)	 22	(28)	 45	(30)	 94	(31)	 	

DMG	(nM/ml),	mean	
(SD)	 1.53	(0.88)	 1.4	(0.49)	 1.35	(0.92)	 	 0.685	

n	(%)	 27	(40)	 22	(28)	 45	(30)	 94	(31)	 	

Betaine	(nM/ml),	
mean	(SD)	 15.52	(7.89)	 14.53	

(6.47)	 12.85	(6.18)	 	 0.253	

n	(%)	 27	(40)	 22	(28)	 45	(30)	 94	(31)	 	

ratio	(DMG/Choline),	
mean	(SD)	 0.2	(0.15)	 0.17	(0.06)	 0.16	(0.15)	 	 0.522	

n	(%)	 27(40)	 22	(28)	 45	(29)	 94	(31)	 	

ratio	(DMG/Betaine),	
mean	(SD)	 0.11	(0.05)	 0.11	(0.04)	 0.11	(0.04)	 	 0.998	

n	(%)	 27	(40)	 22	(28)	 45	(29)	 94	(31)	 	

Cystine	(nM/ml),	mean	
(SD)	 26.6	(3.9)	 26.06	

(3.54)	 26.04	(3.98)	 	 0.769	

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

Cysteine	(nM/ml),	
mean	(SD)	 23.32	(3.42)	 22.73	

(2.96)	 22.14	(2.92)	 	 0.200	

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.096586doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.096586
http://creativecommons.org/licenses/by-nd/4.0/


 40 

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

ratio	
(Cystine/Cysteine),	

mean	(SD)	
1.15	(0.16)	 1.16	(0.15)	 1.18	(0.16)	 	 0.537	

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

Glutathione	(nM/ml),	
mean	(SD)	 1.65	(0.25)	 1.65	(0.18)	 1.71	(0.27)	 	 0.371	

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

Glutathione	disulfide	
(nM/ml),	mean	(SD)	 0.24	(0.03)	 0.23	(0.04)	 0.25	(0.04)	 	 0.131	

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

ratio	
(Glutathione/Glutathio
ne	disulfide),	mean	

(SD)	

6.97	(1.56)	 7.37	(1.8)	 7	(1.32)	 	 0.435	

n	(%)	 34	(50)	 41	(52)	 58	(38)	 133	(44)	 	

p-values	from	one-way	ANOVA.	849 

	850 
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Figures851 

852 

Figure	1.	Identification	and	function	of	ASD	associated	and	Non-TD	associated	853 

differentially	expressed	genes	in	maternal	peripheral	blood	854 

Differential	expression	analysis	was	performed	in	maternal	peripheral	blood	855 

transcriptomes	(n	=	300)	after	adjustment	for	surrogate	variables.		856 
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A)	Identification	of	1,912	differentially	expressed	genes	(2,012	transcripts,	p-value	<	0.05)	857 

compared	between	children	diagnosed	as	ASD	(n	=	67)	and	TD	(n	=	154).		858 

B)	Identification	of	1,919	differential	expressed	genes	(1,987	transcripts,	p-value	<	0.05)	859 

compared	between	children	diagnosed	as	Non-TD	(n	=	79)	and	TD	(n	=154).	Two	860 

transcripts	located	at	RFESD	and	TRG-AS1	were	genome-wide	significant	in	the	Non-TD	to	861 

TD	comparison	and	at	an	unadjusted	p	value	in	ASD	to	TD	comparison	(Supplementary	862 

Table	2).	863 

C)	Venn	diagram	represents	the	overlap	in	differentially	expressed	transcripts	(unadjusted	864 

p<0.05)	identified	in	ASD	to	TD	versus	Non-TD	to	TD	comparisons,	which	was	greater	than	865 

expected	by	random	using	a	Fisher’s	exact	test	(p-value	<	0.001***).		866 

D)	Gene	ontology	(GO)	and	pathway	analysis	was	performed	on	the	218	transcripts	867 

differentially	expressed	in	both	ASD-TD	and	non-TD-TD	comparisons,	with	significant	868 

enrichments	(Fisher’s	exact	test,	FDR	p-value	<	0.05).		In	contrast,	the	differentially	869 

expressed	transcripts	uniquely	associating	with	either	ASD	or	non-TD	were	not	870 

significantly	enriched	for	any	GO	terms.	871 

	872 
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873 

Figure	2.	Co-expression	network	modules	with	demographic	factors	and	maternal	874 

peripheral	blood	one-carbon	metabolites	875 

A)	Heatmap	of	Z-scores	of	modules	eigengenes	with	sample	covariates	with	27	co-876 

expression	network	modules	on	all	300	maternal	blood	samples.	Each	row	represents	a	877 

different	module	eigengene	and	each	column	is	the	associated	trait,	which	include	child	878 

clinical	outcome,	demographic	factors,	and	maternal	blood	metabolite	concentrations.	The	879 

matrix	was	calculated	by	Pearson	correlation	and	p-values	adjusted	for	the	total	number	of	880 

Color n hub_GeneName

darkred 111  IGKV1-37 
lightgreen 141  CD79A 

cyan 189  TGFBR3 
darkgrey 84  NPIPB4 
brown 1547  EVL 

magenta 386  ESYT1 
orange 79  DDX39B 
white 45  MRPS18B 
pink 404  IFIH1 

purple 341  SCIMP 
yellow 1094  PPP1R12A 
blue 4123  WDR75 

salmon 206  HNRNPU-AS1 
lightyellow 129  PSMA2 
royalblue 116  SNORD116-24 

greenyellow 224  TRNAI2 
lightcyan 145  ABCA13 

red 926  ZER1 
tan 212  SH3BGRL2 

darkturquoise 88  SNORD115-5 
midnightblue 187  DBET 

darkgreen 94  IFITM4P 
turquoise 4181  SSPO 

black 865  WDFY3 
grey60 144  LOC101928670 

darkorange 58  HSPA1A 
green 930  PREX1 

A BModule−trait relationships

−1

−0.5

0

0.5

1

Ba
tch

Ch
ild_
Ge
nd
er

Ch
ild_
Dia
gn
os
is

Ge
sta
tio
na
l_a
ge
_b
loo
d_
dra
w

Ma
ter
na
l_a
ge

Me
thi
on
ineSA

M
SA
H

SA
M_
SA
H

Ad
en
os
ine

Ho
mo
cys
tei
ne
Vit
_B
6

Vit
_B
12

5_
me
thy
lte
tra
hy
dro
fol
ate

Fo
lic_
ac
id

Ch
olin
e
DM
G

Be
tai
ne

DM
G_
Ch
olin
e

DM
G_
Be
tai
ne

Cy
stin
e

Cy
ste
ine

Cy
stin
e_
Cy
ste
ineGS

H
GS
SG

GS
H_
GS
SG

MEdarkred
MElightgreen

MEcyan
MEdarkgrey
MEbrown

MEmagenta
MEorange
MEwhite
MEpink

MEpurple
MEyellow
MEblue

MEsalmon
MElightyellow
MEroyalblue

MEgreenyellow
MElightcyan

MEred
MEtan

MEdarkturquoise
MEmidnightblue
MEdarkgreen
MEturquoise

MEblack
MEgrey60

MEdarkorange
MEgreen
MEgrey

* ^ ^ * * * ^
* ^ * ^ ^
* * ^ ^ * ^ ^ ^ ^

^ * * ^ ^ ^ ^
^ * ^ ^ ^ * * * ^ ^
^ * ^ ^ ^ ^ ^ * * * ^ ^
^ * ^ * * * ^

^ ^ ^ ^ ^ * * ^ ^
^ ^ ^

^ ^ * ^ ^
^ ^ ^ ^ ^

^ ^ ^
^ ^ * ^ ^ ^

^ * ^ ^ ^ ^ * ^ * ^ ^
^ ^ ^ ^ ^ ^ ^ ^ * ^ ^ ^

^ ^ * * ^ ^ ^ ^ ^ ^
^ * ^ ^ ^ ^ ^ ^ * * *

* ^ * * *
^ * ^ ^ ^ ^ ^ * * ^ ^

^ ^ * ^ ^
^ ^ ^ * ^ * ^ ^ ^

^ * * ^ ^ ^
^ ^

^ ^ ^ * ^ ^
^ * ^ * ^ * ^ ^

^ ^ ^ * ^
* ^ ^ ^ * ^ ^ ^ ^ ^ ^

^

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.14.096586doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.14.096586
http://creativecommons.org/licenses/by-nd/4.0/


 44 

comparisons.	Color	represents	the	direction	(red,	positive	correlation;	blue,	negative	881 

correlation)	and	intensity	reflects	the	significance.	(^	unadjusted	p-value	<	0.05	and	FDR	882 

adjusted	p-value	>	0.05;	*	FDR	adjusted	p-value	<	0.05)	883 

B)	Number	of	transcripts	and	hub	genes	from	all	27	co-expressed	modules	are	listed.	884 

	885 

886 

Figure	3.	“Greenyellow”	module	was	positively	associated	with	diagnosis	and	887 

negatively	associated	with	folic	acid	and	5-MeTHF		888 
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 45 

A)	“Greenyellow”	module	eigengene	was	significantly	associated	with	child	diagnosis	(one-889 

way	ANOVA,	unadjusted	p-value	<	0.05).		Greenyellow	eigengene	values	were	higher	in	890 

maternal	blood	from	ASD	pregnancies	than	TD	or	non-TD	pregnancies.		891 

B)	“Greenyellow”	module	eigengene	level	was	significantly	negatively	associated	with	5-892 

MeTHF	concentrations	in	maternal	blood	(ANOVA,	p-value	<	0.05).		893 

C)	Bar	graph	shows	gene	ontology	(GO)	and	pathway	significant	enrichments	from	the	224	894 

transcripts	in	“greenyellow”	module	(Supplementary	Table	8).	895 

D)	Transcripts	(16857547,	16867905	and	16867910)	from	MBD3L3-5	genes	encoding	896 

proteins	involved	in	methylation-CpG	binding	functions	were	significantly	negatively	897 

associated	with	“greenyellow”	module	eigengene.			898 

	899 
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900 

Figure	4.	Eight	weighted	gene	co-expression	modules	associated	with	maternal	901 

betaine	and	DMG	concentrations	were	strongly	clustered		902 

A)	Unsupervised	hierarchical	clustering	dendrogram	was	performed	with	module	903 

eigengenes,	betaine	and	DMG.	The	height	of	each	node	represents	the	intergroup	904 

dissimilarity.	Similar	nodes	clustered	together	under	one	branch.	905 
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B)	Unsupervised	hierarchical	clustering	adjacency	heatmap,	with	color	and	intensity	906 

representing	the	degree	of	correlation	(dark,	high;	light,	low	correlation).		907 

Black	box	indicates	the	block	of	eight	weighted	gene	co-expression	modules	associated	908 

with	betaine	and	DMG	concentrations.		909 

	910 
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911 

Figure	5.	Imputed	cell	type	proportions	in	material	peripheral	blood	associated	with	912 

demographic	factors	and	maternal	nutrients	913 

A)	Barplot	of	each	cell	type	mean	estimated	proportion	separated	by	children	diagnosis	914 

outcomes	using	peripheral	blood	reference	panel	in	CIBERSORT.	915 

B)	Heatmap	of	correlation	between	sample	demographic	factors	and	maternal	nutrients	916 

with	cell	type	proportions.	Each	row	represents	a	cell	type	proportion	and	columns	917 
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represent	traits,	including	child	diagnostic	outcome,	demographic	factors,	and	maternal	918 

blood	nutrient	concentrations.	p-values	adjusted	for	the	total	number	of	comparisons.	919 

Color	represents	the	direction	(red,	positive	correlation;	blue,	negative	correlation)	and	920 

intensity	reflects	the	significance,	*	p-value	<	0.05	after	FDR	correction.			921 

	922 

Additional	Files	923 

Supplementary	Figures:	924 

Supplementary	Figure	1.	Surrogate	variable	analysis	in	MARBLES	subjects.	925 

Supplementary	Figure	2.	Three	transcripts	at	HLA-C	reached	genome-wide	significance	926 

with	diagnosis.		927 

A,	B	and	C	show	the	expression	level	at	each	transcript.	The	y-axis	shown	the	normalized	928 

and	adjusted	expression	level.	The	x-axis	represented	three	diagnosis	groups,	ASD,	Non-TD	929 

and	TD.		930 

A)	Transcript	17039281,	F-test	showed	the	significant	association	between	expression	and	931 

diagnosis	(unadjusted	p-value	=	3.16E-06,	FDR	adjusted	p-value	=	0.038).	For	ASD	932 

compared	with	TD	group,	expression	was	significantly	associated	with	ASD	prior	to	933 

genome-wide	correction	(unadjusted	p-value	=	5.17E-04,	FDR	adjusted	p-value	=	0.57).	In	934 

Non-TD	compared	to	TD,	expression	was	also	significant	associated	with	Non-TD	prior	to	935 

genome-wide	correction	(unadjusted	p-value	=	0.017,	FDR	adjusted	p-value	=	0.81).			936 

B)	Transcript	17041782,	diagnosis	(unadjusted	p-value	=	6.07E-06,	FDR	adjusted	p-value	=	937 

0.046);	ASD	vs	TD	(unadjusted	p-value	=	5.83E-04,	FDR	adjusted	p-value	=	0.57);	Non-TD	938 

vs	TD	(unadjusted	p-value	=	0.025,	FDR	adjusted	p-value	=	0.84).	939 
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C)	Transcript	17031781,	diagnosis	(unadjusted	p-value	=	7.96E-06,	FDR	adjusted	p-value	=	940 

0.048);	ASD	vs	TD	(unadjusted	p-value	=	6.5E-04,	FDR	adjusted	p-value	=	0.57);	Non-TD	vs	941 

TD	(unadjusted	p-value	=	0.027,	FDR	adjusted	p-value	=	0.86).	942 

Supplementary	Figure	3.	Gene	ontology	and	pathway	analysis	using	directed	acyclic	943 

graph	(DAG)	on	the	218	transcripts	common	to	ASD	vs.	TD	and	Non-TD	vs.	TD	differentially	944 

expressed	gene	lists.		945 

Supplementary	Figure	4.	Co-expression	network	modules	with	diagnosis,	demographic	946 

factors,	and	maternal	blood	nutrient	concentrations.	The	values	in	the	cells	represent	947 

Pearson	r	(adjusted	p-value).	p-value	were	adjusted	for	all	comparisons.	948 

Supplementary	Figure	5.	Co-expression	network	modules	with	diagnosis,	demographic	949 

factors,	and	maternal	blood	nutrient	concentrations.	The	values	in	the	cells	represent	950 

Pearson	r	(p-value).	p-value	shown	here	were	unadjusted	p-value	without	adjustment.		951 

Supplementary	Figure	6.	Unsupervised	hierarchical	clustering	adjacency	heatmap	952 

correlation	and	p-value.		953 

Supplementary	Figure	7:	Gene	ontology	and	pathway	analysis	for	the	block	of	eight	954 

weighted	gene	co-expression	modules	associated	with	betaine	and	DMG.		955 

Supplementary	Figure	8:	Association	network	on	hub	genes	from	the	block	of	eight	956 

weighted	gene	co-expression	modules	associated	with	betaine	and	DMG.		957 

Supplementary	Figure	9:	Heatmap	of	correlation	between	module	eigengenes	and	cell	958 

type	proportions	with	FDR	adjusted	p-value.			959 

Supplementary	Figure	10:	Heatmap	of	correlation	between	sample	demographic	factors	960 

and	nutrients	and	cell	type	proportions	with	FDR	adjusted	p-value.	961 
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Supplementary	Tables:	963 

Supplementary	Table	1:	Sample	variables	on	RNA	quality	in	MARBLES	subjects.	964 

Supplementary	Table	2:	Differential	expression	analysis	on	maternal	gene	expression	and	965 

diagnosis.	966 

Supplementary	Table	3:	ASD	related	significant	genes	from	differential	expression	967 

analysis.		968 

Supplementary	Table	4:	Non-TD	related	significant	genes	from	differential	expression	969 

analysis.		970 

Supplementary	Table	5:	Weighted	gene	co-expression	network	module	memberships.		971 

Supplementary	Table	6:	Weighted	gene	co-expression	network	module	features,	972 

including	number	of	transcripts	and	hub	genes	characters.		973 

Supplementary	Table	7:	“Greenyellow”	gene	co-expression	network	module	974 

memberships	on	224	transcripts.		975 

Supplementary	Table	8:	“Greenyellow”	gene	co-expression	network	module	224	976 

transcripts	gene	ontology	terms	and	gene	lists.		977 

Supplementary	Table	9:	Eight	weighted	gene	co-expression	modules	block	memberships	978 

on	2,582	transcripts.		979 

Supplementary	Table	10:	Cell	type	proportions	in	all	300	maternal	peripheral	blood	980 

samples	estimated	with	CIBERSORT.	981 
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