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Abstract

Fetal growth is an important determinant of cardiometabolic disease risk during childhood and
adulthood. The genetic architecture of fetal growth remains largely understudied in ancestrally
diverse populations. We conducted genome-wide admixture mapping scan and analysis of genetic
ancestry among Hispanic American, African American, European American, and Asian American
pregnant women to identify genetic loci associated with fetal growth measures across 13 to 40
weeks gestation. Fetal growth measures were associated with genome-wide average African,
European, Amerindigenous and East Asian ancestry proportions (Pranged from1073 to 4.8x1072).
Admixture mapping analysis identified 10 African ancestry loci and 3 Amerindigenous ancestry
loci significantly associated with fetal growth measures at Bonferroni-corrected levels of
significance (Pranged from 2.18x1078 to 3.71x1076). At the chr2¢23.3-24.2 locus in which
higher African ancestry was associated with long bone (femur and humerus) lengths, the T allele
0f rs13030825 (GALNT13) was associated with longer humerus length in African Americans (p=
0.44, P= 6.25x1076 at week 27; p= 0.39, P=7.72x107° at week 40). The rs13030825 SNP
accounted for most of the admixture association at the chr2g23.3-24.2 locus and has substantial
allele frequency difference between African and European reference samples (Fs1=0.55, £=0.03).
Regulatory annotation shows that rs13030825 overlaps with the serum response factor (SRF)
transcription factor previously implicated in postnatal bone development of mice. Overall, we
identified ancestry-related maternal genetic loci that influence fetal growth, shedding light on
molecular pathways that regulate fetal growth and potential effects on health across the lifespan.

Keywords

admixture mapping; fetal growth; early origins of disease; African ancestry; Amerindigenous
ancestry

Introduction

Abnormal fetal growth has immediate and life-long consequences on health. Several studies
found consistent associations of fetal growth measures with infant mortality and morbidity
(Rossen and Schoendorf 2014), childhood morbidity (Gaskins et al. 2010; Mikkola et al.
2005), and adult cardiometabolic diseases and cognitive function (Barker et al. 1992;
Godfrey and Barker 2000; Hales et al. 1991). Complex interactions between genetic and
environmental factors contribute to variations in growth trajectories (Kiserud et al. 2018).
The fetal genome directly influences fetal growth, whereas the maternal genome can
contribute to offspring birthweight through maternally inherited offspring risk alleles or the
influence of maternal genotypes on the intrauterine environment (Warrington et al. 2019).

In European ancestry populations, genome-wide association studies (GWAS) have identified
several genetic markers associated with birthweight (Beaumont et al. 2018; Freathy et al.
2010; Horikoshi et al. 2016; Horikoshi et al. 2013; Warrington et al. 2019), and documented
that 7.6% of the variance in birthweight could be attributed to maternal genetic variants on
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the genome-wide arrays (Warrington et al. 2019). However, the genetic contribution to fetal
growth at different gestational ages may be different from that of size at birth (Roland et al.
2012; Workalemahu et al. 2018). Apart from a recent trans-ethnic GWAS meta-analysis that
identified a maternal variant in the /7PRI gene associated with lower fetal weight and head
circumference during late second trimester and early third trimester of pregnancy (Tekola-
Ayele et al. 2020), the genetic architecture of fetal growth is not clearly understood.
Moreover, the genetic basis of early life growth remains understudied in non-European
ancestry populations.

The majority of present-day human populations have mixed genetic ancestries that vary
tremendously even among people from the same population group (Baker et al. 2017;
Shriner et al. 2014), and the diversity of the United States (U.S.) population is increasing
(Cooper et al. 2018). Genomes of present-day African Americans have admixed genomic
segments derived from African and European ancestries (Reiner et al. 2005) and Hispanic
Americans have genomic segments derived from European, African, and Amerindigenous
ancestries (Bonilla et al. 2004). Ancestry of admixed individuals can be characterized as
genome-wide averages of ancestral proportions namely global ancestry, and ancestral states
at each locus namely local ancestry (Shriner 2017). This mosaic pattern of ancestry varies
among individuals belonging to an admixed population, and admixture mapping analysis
strategies can be used to identify ancestry-related genetic loci associated with a phenotype
(Shriner 2017). Using an admixture mapping scan, one study has found an association
between higher African ancestry at chr12q14 locus and lower birthweight (Ochs-Balcom et
al. 2018). We hypothesized that differentially distributed genetic variants that vary with
genetic ancestry may underlie fetal growth variations. Using a cohort of ancestrally diverse
pregnant women in the U.S., we investigated the following: (1) identified local ancestry loci
associated with fetal growth in African Americans and Hispanic Americans using genome-
wide admixture mapping, and (2) examined association of global ancestry proportion with
fetal growth among African American, Hispanic Americans, European Americans and Asian
Americans.

Study participants

This analysis included 1,935 pregnant women (i.e., 531 Hispanic Americans, 587 African
Americans, 601 European Americans, and 216 Asian Americans) from the NICHD Fetal
Growth Studies — Singletons. Briefly, the NICHD Fetal Growth Studies — Singletons was a
multi-ethnic prospective cohort study designed to establish standards for fetal growth in the
U.S. population. A total of 2,802 pregnant women were recruited between 8-13 gestational
weeks between July 2009 and January 2013 from 12 clinic sites in the U.S. Women self-
identified themselves to be Hispanic (here after called Hispanic Americans), non-Hispanic
Black (African Americans), non-Hispanic White (European Americans), and Asian (Asian
American). Detailed recruitment and inclusion criteria of the study have been reported
previously (Buck Louis et al. 2015; Grewal et al. 2018). The study implemented a
standardized ultrasonography protocol with established quality control after intensive
training and credentialing of sonographers (Hediger et al. 2016). After the first ultrasound to

Hum Genet. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tekola-Ayele et al. Page 4

confirm gestational age, pregnant women underwent five standardized ultrasounds at a priori
defined gestational ages.

Fetal growth measures

At each ultrasound visit, head circumference, biparietal diameter, abdominal circumference,
humerus length, and femur length were measured. Estimated fetal weight was calculated
from head circumference, abdominal circumference, and femur length using the Hadlock
formula (Hadlock et al. 1985). Fetal growth trajectories were created using a linear mixed
model with a cubic spline mean structure and a cubic polynomial random effect (Pinheiro
and Bates 2000). The study was approved by the institutional review boards of NICHD and
each of the participating clinic sites. Written informed consent was obtained from all study
participants.

Genotyping and quality control

DNA was successfully extracted from stored buffy coat specimens obtained from 2,215
individuals (582 Hispanic Americans, 652 African Americans, 641 European Americans,
and 340 Asian Americans). Single nucleotide polymorphisms (SNPs) were genotyped using
the Infinium Multiethnic Global BeadChip microarray (lllumina) that has 1,710,785
autosomal SNPs. Genotype positions were aligned to the human reference genome build
GRCh37. Quality control of genome-wide SNP data was carried out within each population
group using PLINK version 1.9 (Purcell et al. 2007). First, we applied sample quality filters
which removed samples with more than 5% missing SNP genotypes, high degree of
relatedness (Pi hat =0.25), excess heterozygosity (=3 S.D. from the mean), and outliers from
the distribution of the Hispanic, African, European, and East Asian clusters of the 1000
Genomes reference population based on multi-dimensional scaling plots (Genomes Project
et al. 2015). Next, we applied SNP quality filters which removed insertion-deletions, SNPs
that are multi-allelic and duplicated, SNPs that had more than 5% missing values, minor
allele frequency <0.5%, and not in Hardy-Weinberg equilibrium (P <1074). Details of
samples and SNPs removed based on these quality control filters has been previously
described (Tekola-Ayele et al. 2020). After additional removal of individuals that did not
have at least two fetal ultrasound measures and live birth data, a total of 1,935 women were
included in subsequent analyses.

Estimation of global ancestry

We estimated global ancestry to determine the proportions of African, European,
Amerindigenous, and East Asian ancestries of women. Reference samples for African,
European and East Asian ancestries were obtained from genotype data of the 1000 Genomes
samples: Yoruba in Ibadan, Nigeria (YRI), Utah residents with Northern and Western
European ancestry from the CEPH collection (CEU), and Han Chinese in Beijing, China
(CHB), respectively (Genomes Project et al. 2015). Representative samples for
Amerindigenous ancestry were obtained by combining samples from the 1000 Genomes
project and the Human Genome Diversity Project (HGDP) (n=938) (Li et al. 2008). First, we
integrated genotype data for SNPs with a minor allele frequency =25% (n=148,335 SNPs)
from samples in HGDP (n=938) (L. et al. 2008), and samples from the 1000 Genomes
Project with at least one of the four continental ancestries (n=761; Peruvian from Lima, Peru
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(PEL), Mexican ancestry from Los Angeles USA (MXL), Puerto Ricans from Puerto Rico
(PUR), and Colombians from Medellin, Colombia (CLM) for Amerindigenous ancestry;
YRI for African ancestry; CEU for European ancestry; and CHB for East Asian ancestry)
(Genomes Project et al. 2015). We removed 62 HGDP samples identified as second degree
or closer relatives using the --genome function in PLINK version 1.9 (Purcell et al. 2007),
three SNPs with a call rate <5%, and 494 SNPs in the HLA (chr6:29640000-33120000) and
LCT (chr2:136545415-136594750) gene loci. We performed linkage disequilibrium pruning
using an r2 threshold of 0.1 and a sliding window of 50 SNPs by skipping 10 SNPs between
consecutive windows resulting in a genome-wide dataset of 1,637 individuals with
genotypes of 42,523 SNPs that were not correlated with each other.

Next, unsupervised clustering analysis was performed using ADMIXTURE version 1.3
(Alexander et al. 2009) with 10-fold cross-validation for the number of ancestral
components (K)=2 to K=7 on the combined HGDP and 1000 Genomes dataset (n=1,637).
At K=4, the value of K'in which cross-validation error was the lowest, we obtained 46
samples with percent Amerindigenous ancestry of 90% or higher (25 PEL, 12 Maya, 2
Colombian, 2 Suri, 2 Pima, 2 MXL, and 1 Karitiana). Finally, we combined the
representative ancestral samples (i.e., 46 Amerindigenous, 108 YRI, 99 CEU, and 103 CHB)
with our dataset that passed quality control and performed ADMIXTURE analysis at K=4 in
order to estimate the respective percent global ancestries in our study samples. The
admixture proportions were plotted using Genesis v 0.2.6b (http://www.bioinf.wits.ac.za/
software/genesis/). The mean £ S.D. global ancestry percentages in each population group
was as follows: 46.8% + 19.8% European, 34.8% + 27.0% Amerindigenous and 16.6% +
16.6% African ancestries among Hispanic Americans; 79.5% + 13.7% African and 17.5% +
13.1% European ancestries among African Americans; 96.3% + 3.3% European ancestry
among European Americans; and 95.5% =+ 3.4% East Asian ancestry among Asian
Americans (Fig S1, Table S1). We evaluated whether the ancestry estimates were stable to
reference sample size differences by downsizing each of the representative reference
samples to 46. The ancestry percentages in the original and downsized analyses were highly
correlated (Pearson correlation >0.99). There were also high correlations between global
ancestry percentages estimated using ADMIXTURE and genome-wide average of local
ancestry estimates using RFMix (Maples et al. 2013) (Pearson correlation =0.96 for African
ancestry in African Americans, and 0.96, 0.97, and 0.98 for African, European, and
Amerindigenous ancestry in Hispanic Americans. In each population group, an ancestry
component was taken forward for analyses if the mean percent ancestry in the respective
population group was at least 5%, minimizing inclusion of ancestries that are not well
differentiated and artefacts in ancestry estimation (Alexander and Lange 2011; Alexander et
al. 2009). Moreover, among African Americans, the proportions of European and African
ancestries per sample mirror each other adding to ~100%; so only African ancestry was
included in analysis to avoid duplication. Overall, the subsequent analyses included African,
European, and Amerindigenous ancestries in Hispanic Americans; African ancestry in
African Americans; European ancestry in European Americans; and East Asian ancestry in
Asian Americans.
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Local ancestry inference

Local ancestry was inferred separately for African Americans and Hispanic Americans, two
ancestrally admixed populations in the U.S. with widely varying proportions of genetic
ancestry (Bryc et al. 2015), using RFMix v.2.0 (Maples et al. 2013). Analysis was performed
using imputed and phased genotype data. Imputation procedures have been described
previously (Tekola-Ayele et al. 2020). The reference panels from the 1000 Genomes Project
and HDGP were used for each population group as described above. The input parameters
for RFMix were included per recommendation (Maples et al. 2013): 5 minimum number of
haplotypes per node, 3 EM iterations, and 6 and 11 generations of admixture for African
Americans and Hispanic Americans, respectively. To evaluate the local ancestry estimates,
we repeated the analysis using raw (unimputed) genotypes and found high concordance
between the estimate based on imputed and genotyped markers (Pearson correlation ranged
from 0.98 to 0.99). Details of how RFMix defines local ancestry intervals (windows) for
inferring local ancestry has previously been described (Maples et al. 2013). To account for
local ancestry assignments that span multiple loci, one locus was selected for each 0.2 cM
window as defined by RFMix v.2.0, resulting in a total of 23,150 local ancestry intervals in
African Americans and 13,071 local ancestry windows in Hispanic Americans.

Statistical analysis

We evaluated the association between each percent increase in genetic ancestry and
estimated fetal growth measure at each week of gestation from 13 to 40 weeks using linear
regression models. Analyses were adjusted for maternal pre-pregnancy weight (continuous),
height (continuous), education (some college or more, high school or less), employment
(employed or student, unemployed), marital status (married, other), health insurance
coverage (private or managed care, other), age (continuous), parity (continuous), and fetal
sex (male, female).

Genome-wide admixture mapping analysis was performed in African Americans and
Hispanic Americans to identify local ancestry signals associated with fetal growth measures
at end of the first, second, and third trimester of pregnancy. In African Americans, we tested
whether the number of African ancestry alleles at a locus was associated with fetal growth
measures, and in Hispanic Americans we separately tested whether the number of African,
European and Amerindigenous ancestry alleles at a locus was associated with fetal growth
measures. Analyses were adjusted for fetal sex and the first five genetic principal
components. The first five PCs were included based on visual inspection of principal
components analysis and scree plots, as previously described (Tekola-Ayele et al. 2020).
Statistical significance was established at the Bonferroni-corrected P value threshold of
2.16x107% in African Americans (i.e., 0.05/23150 local ancestry windows) and 3.83x1078 in
Hispanic Americans (i.e., 0.05/13071 local ancestry windows). All analyses, unless specified
otherwise, were implemented using the software package R version 3.1.2 (R Development
Core Team) or PLINK version 1.9 (Purcell et al. 2007). Genetic positions were aligned
based on the human genome reference build GRCh37 (hg19).
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Distribution of genetic ancestry percentages vary by characteristics of participants. For
African Americans for example, mean African ancestry percentage was higher among
unmarried compared to married women (81% vs. 77.8%, £=0.004) and among women
without compared to those with private or managed care health insurance (81.4% vs. 77.4%,
P=0.0004). For Hispanic American women, mean Amerindigenous ancestry percentage was
higher among married compared to unmarried (36.8% vs. 29%, P=3.3x1073), among
unemployed compared to employed (41.4% vs. 29.9%, P=1.7x1075), and among high school
or less educated compared to college or higher educated (42.8% vs.26.1%, P=1.6x10713),
and among women without compared to women with private or managed care health
insurance (38.7% vs. 27.6%, P=2.0x107), and was inversely correlated with maternal pre-
pregnancy weight (p=—0.14, £=0.001) and height (p=-0.35, P=1.3x10713) (Table S2).

Associations of global ancestry with fetal growth

In covariate-adjusted models, fetal weight was inversely associated with percentage of
African ancestry in Hispanic Americans at 23-40 weeks and East Asian ancestry in Asian
Americans at 38—-40 weeks, but was positively associated with percentage of
Amerindigenous ancestry in Hispanic Americans at 27-40 weeks and European ancestry in
European Americans at 13-40 weeks (Pranged from 0.001 to 0.048; Fig 1). Similar patterns
were found for other growth measures, except long bones (humerus and femur lengths)
which were positively associated with percentage of African ancestry in Hispanic Americans
and African Americans at 24-40 weeks and inversely associated with percentage of East
Asian ancestry at 31-40 weeks (Fig S2 and Table S3). The variance in fetal growth measures
explained by the model showed a small increment (adjusted coefficient of determination
(adjusted R?) ranging from 0.01% to 3.6%) in models that contained genetic ancestry and
socio-demographic factors compared to models that contained only socio-demographic
factors (Table S4).

Novel admixture mapping loci associated with fetal growth

A genome-wide admixture mapping identified 13 local ancestry regions significantly
associated with fetal growth measures (Pranged from 2.18x1078 to 3.71x107%). To evaluate
robustness of the findings, empirical P values were obtained based on 1000 permutations
and found no instances in which Pvalues from the permutation tests were greater than those
observed to be genome-wide significant (empirical £=0.000999). These local ancestry
regions marked higher African ancestry at chr4.q26 associated with decreased fetal weight at
27 and 40 weeks’ gestation; higher African ancestry at chr2.q21.2, chr4.q25, chr7.q11.22,
chr9.p22.1-p21.3, and chr10.923.1 associated with decreased abdominal circumference at 27
and/or 40 weeks; higher Amerindigenous ancestry at chr2.p22.2, chr6.q21, and chr8.p22
associated with increased abdominal circumference at 27 and/or 40 weeks; higher African
ancestry at chr6.p25.3 and chr14.q31.1 associated with decreased head circumference at 40
weeks; and higher African ancestry at chr2q14.3-921.1, and chr2.923.3-q24.2 associated
with longer long bones (femur and humerus lengths at 27 and 40 weeks) (Table 1, Table S5
and Fig S3). Annotation of the local ancestry intervals using the National Human Genome
Research Institute-European Bioinformatics Institute (NHGRI-EBI) Catalog of published
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GWAS (Welter et al. 2014) found that 9 out of the 13 local ancestry regions harbor genes
previously found to be associated with anthropometry traits (Table 2).

Further analyses of associations between SNPs in the local ancestry regions and the
respective fetal growth measures found that variants in the chr2923.3-q24.2 locus were
associated with humerus length among African Americans after correction for multiple
testing (Table 3). All variants had strong LD (r?>0.8), with rs13030825 (intronic in
GALNT13) having the strongest association with humerus length (T allele frequency = 0.90
among African Americans, f (s.e)= 0.44 (0.10), P= 6.25x1076 at week 27; B (s.e.)= 0.39
(0.10), P=7.72x107° at week 40) (Fig 2). When the analysis was conditioned on the local
African ancestry at the chr2q23.3-g24.2 locus, the association of rs13030825 with humerus
length was attenuated, but was not eliminated (B (s.e.)= 0.37 (0.12), P= 3x1073 at week 27;
B (s.e.)=0.33 (0.13), P=9x1073 at week 40). This observation suggests that the SNP is not
merely an ancestry informative marker. The frequency of rs13030825 T allele is 0.99 in the
YRI (the parental African sample from the 1000 Genomes Project used in our admixture
analysis) but 0.42 among the CEU (the parental European sample used in the admixture
mapping). The Weir and Cockerham Fst, which measures population differentiation based
on allele frequency differences, for rs13030825 between YRI and CEU was 0.55 (P=0.03).

To determine whether rs13030825 accounted for the association finding at the chr2g23.3-
g24.2 locus, we repeated the admixture mapping analyses by adding rs13030825 as a
covariate in the model. When adjusted for rs13030825, the association of African ancestry at
the chr2g23.3-g24.2 locus with humerus length was no longer significant (8=0.17, £=0.08 at
week 27 and p=0.14, P=0.15 at week 40). Evidence from Haploreg (Ward and Kellis 2012)
shows that rs13030825 overlaps with enriched regulatory annotations for enhancer histone
marks and altered regulatory motifs in multiple tissues including serum response factor
(SRF) transcription factor.

Discussion

This is the first genome-wide admixture mapping scan and analysis of genetic ancestry on
fetal growth. The genome-wide averages of African, European, Amerindigenous and East
Asian ancestry composition were associated with fetal growth measures. Admixture
mapping analysis identified several novel signals in genetic regions that differ in local
ancestry. Specifically, we found ten loci at which higher African ancestry was associated
with smaller fetal weight, smaller abdominal circumference, smaller head circumference and
longer skeletal bones, and three loci at which higher Amerindigenous ancestry was
associated with larger abdominal circumference. Notably, the rs13030825 (GALNT13)
variant at the chr2g23.3-24.2 local ancestry locus was found to be strongly associated with
long bone length and appears to explain most of the association between higher African
ancestry at the locus and longer bone length in African Americans.

Most of the admixture mapping loci overlap with genetic loci found to be associated with
anthropometric and cardiometabolic traits in previous GWASs (Welter et al. 2014). Notably,
the chr2q.23.3-g24.2 locus at which African ancestry was found to be associated with long
bones in the present study harbors the ACVRIC, GALNT13and CYTIPloci that have been
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associated with birthweight in the most recent GWAS of birthweight (Warrington et al.
2019). ACVRIC:is a receptor for transforming growth factor beta family of signaling
molecules and is highly expressed in adipose tissues. Studies in mice have shown that
ACVRIC down-regulates glucose-stimulated insulin release in pancreatic beta cells
(Bertolino et al. 2008), and participates in the molecular regulation of adipose tissue
homeostasis (Andersson et al. 2008).

We also observed that common SNPs within the chr2q.23.3-g24.2 locus were associated
with long bone length in African Americans and the lead SNP explained most of the
admixture signal. Particularly, SNP rs13030825 (GALNT13) most strongly associated with
humerus and femur lengths overlaps with regulatory motifs including SRF, which is a
widely expressed transcription factor that regulates expression of genes involved in cell
proliferation, differentiation, migration, survival, and apoptosis (Miano 2003). In addition to
its well documented role in embryonic organ development, a recent study in mice has
demonstrated that SRF deletion downregulates insulin like growth factor 1(IGF-1), a growth
factor crucial in skeletal development and bone remodeling (Chen et al. 2012). The same
study also found that osteoblast-derived SRF deletion resulted in decreased postnatal bone
development of adult mice (Chen et al. 2012). Altogether, the admixture signal identified in
our study identified genetic variants that have a role in skeletal bone development.

Global ancestry was associated with fetal growth after adjustment for some socio-
demographic factors. The ancestry effect direction on fetal growth was consistent with
studies that found that adult height is inversely correlated with Amerindigenous ancestry
(Asgari et al. 2020) and positively correlated with African and European ancestries (Ruiz-
Linares et al. 2014). Fetal weight has been found to be smaller in African Americans and
Asian Americans compared to European Americans (Buck Louis et al. 2015), and fetal long
bones have been found to be longer in African Americans and shorter in Asian Americans
compared to European Americans (Buck Louis et al. 2015; Chang et al. 2003; Harper et al.
2010; Kovac et al. 2002; Shipp et al. 2001). Genetic risk scores of birthweight-reducing
variants exhibited population differences (Tekola-Ayele et al. 2018); however, the loci were
discovered in GWASs involving predominantly European ancestry populations and may not
tag the causal variants in non-Europeans (Martin et al. 2019). In our study, there was a small
increment of the variance in fetal growth measures explained by models incorporating global
ancestry and sociodemographic factors compared to models incorporating only
sociodemographic factors. However, we observed that higher African and Amerindigenous
ancestries are correlated with lower socioeconomic indicators such as unemployment and
lower educational status. We did not have data to account for inter-generational and early life
social experiences that could influence fetal growth (Astone et al. 2007; Burris and Hacker
2017; Geronimus 1996; Mutambudzi et al. 2017). Given possible relationships between
ancestry and structural disadvantages (Krieger et al. 1998; Parra et al. 2004), it is important
to be cautious that unaccounted social factors correlated with global ancestry may in part
explain the observed associations between global ancestry and fetal growth.

We acknowledge that our study’s sample size may have limited our ability to identify
admixture signals with modest effect. Replication of the local ancestry signals is needed in
an independent dataset but was not possible within the scope of our study because similar
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cohorts with longitudinal fetal biometry measures in diverse populations are not common.
We also observed that the signals detected in African Americans did not transfer to Hispanic
Americans and vice versa. Absence of cross-population extrapolation is not unexpected
because the causal variants may be outside the local ancestry interval boundaries which are
predicted with some degree of uncertainty. In addition, local ancestry inference by RFMix
depends on both the reference and admixed sample chromosomes to determine window
interval size, model training and assignment of ancestry per window. Demographic
differences between African Americans and Hispanic Americans in the number of admixture
events, selective pressures, and their historical timing may also lead to widely different
contributions of an ancestry tract (Bryc et al. 2015). Moreover, the loci may interact with
environmental factors that differ between the two groups. The maternal local ancestry
signals could impact fetal growth through their direct influence on the intrauterine
environment or by contributing alleles to the fetus (Eaves et al. 2014; Warrington et al.
2019). Future large cohorts with maternal and paternal genotypes or maternal and offspring
genotypes are needed to differentiate these effects and identify molecular pathways. Finally,
sequence data is being increasingly generated for global and diverse population including
the HGDP samples (Bergstrom et al. 2020). In the future, these improvements in coverage of
denser genetic markers and rarer variants from genetic sequence data can be leveraged to
identify local ancestry association signals at population- differentiated and clinically relevant
loci such as the exome.

In conclusion, in a cohort of pregnant women in the U.S. with high quality repeated
longitudinal measurement of fetal biometry, we found novel African and Amerindigenous
local ancestry signals associated with fetal growth measures. Notably, the admixture
mapping signal at the chr2¢g23.3-g24.2 locus associated with long bone lengths in African
Americans may be driven by a difference in allele frequency between the African and
European ancestry at rs13030825, a SNP that overlaps with the SRF transcription factor
previously implicated in postnatal bone development. Future functional studies may give
insights into the molecular pathways that underlie the relationships between the novel local
ancestry markers and fetal growth.
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Black horizontal line along the 0-mark on the vertical axis represents the null. Color shaded
areas represent the lower and upper bounds of 95% Confidence Intervals. All models were
adjusted for maternal age, education, insurance, employment, height, pre-pregnancy weight,

parity, and marital status.
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Fig 2.

Rggional plot of variants in the ch2923.3-g24.4 African ancestry locus associated with
longer bone lengths

Data span 500 kb centered at the top associated SNP (rs13030825). The x-axis denotes
genomic position (hg19) and the y axis denotes the log10 ~-value, and recombination rate
(cM/Mb). The purple circle point represents the index SNP. The color of each data point
indicates its linkage disequilibrium value (r2) with the index SNP based on HapMap2’s
African reference genome.
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Table 1

Page 18

Local ancestry signals significantly associated with fetal growth measures based on genome-wide admixture

mapping
Number of
significantly
associated fEeftfeﬁCt on
Fetal growth Iocacl ancestry growth
measure Ancestry Locus loci measure P Genes within locus
i -6
;etal weight at week African ancestrya chr4.q26 4 Decrease 1_17x10_6_ C4orf32, APIAR, TIFA
7 1.94x10
i -6
thal weight at week African ancestrya chr4.q26 4 Decrease 1_59x|o_6_ C4orf32, AP1IAR, TIFA
2.67x10
Abdominal . a chr4.q25 15 Decrease 1.55x1077— MIR297, AC024198.1,
circumference at African ancestry 3.71x10°6 LYPLAIPZ, APIAR,
week 27 NEUROGZ, ZGRFI,
LARP7, MIR367,
MIR302, C40rf32,
APIAR, TIFA,
NEUROG2Z, ZGRF1,
LARP7, MIR367,
MIR302, ANKZ,
MIR1243 MIR80S2,
CAMKZD, ARSJ
Amerindigenous chré.g21 6 Increase 7.81x1077— PRDM1, ATG5, AIM1,
a 3.39x10-6 RTN4IP1, QRSLI,
ancestry MIR587, C60rf203,
BENDS3, PDSS2, SOBP,
SCML4, SEC63,
OSTM1, AS1
. a chr7.q11.22 6 Decrease 7.36x1077— AUSTZ, CCDS5540.1,
African ancestry’ 3.63x10-6 WBSCR17-001
. a Chr10.g23.1 7 Decrease 1.35%1076— HMGNZP8, GHITM,
African ancestry 2 47%10-6 C100rf99, CDHR1, RGR,
CCSER2Z, LINCO0858,
TNPOI1P1, RPS3AP5
. a Chr14.q31.3- 4 Decrease 3.22x1075- FAMB35CR, GPR65,
African ancestry’ q32.1 3.64x10-6 GALC, LINCO1146,
KCNK10, EFCABI11,
RAB42P1, TDP1
Abdominal African ancestr a chr2.q21.2 6 Decrease 1.32x1076— MIR3679, RMDNZ2, AS1,
circumference at y 3.17x10°6 CYP1BI1
week 40
Amerindigenous chr2.p22.2 2 Increase 2.47x1076- RMDNZ, CYP1B1
ancestry? 2.95x1076
. a chr4.q25 13 Decrease 1.24x1077— C4orf32, APIAR, TIFA,
African ancestry’ 2.98x10-6 NEUROG2, ZGRF1,
LARP7, MIR367,
MIR302, ANKZ2,
MIR1243, MIR8082,
CAMKZD, ARSJ
Amerindigenous chr6.q21 16 Increase 2.32x1077— PRDM1, ATG5, AIM1,
v 2.78x1076 RTN4IP1, QRSLI,
ancestry MIR587, C60rf203,
BENDS3, PDSS2, SOBPR,
SCML4, SEC63,
OSTM1, AS1
Amerindigenous chr8.p22 20 Increase 2.52x1077— DEFB134, DEFB135,
3.53x1076 DEFB136, USP17L2,

a
ancestry’
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Page 19

Fetal growth
measure

Ancestry

Locus

Number of
significantly
associated
local ancestry

.C
loci

Effect on
fetal
growth
measure

Genes within locus

FAMG66A, DEFB109F1,
FAM90AZ5F, FAMSE6B2,
MIR5692A2, LONRFI,
MIR3926-1, MIR3926—
2, KIAA1456, DLC],
C8orf48, SGCZ, TUSCS3,
MSR1

African ancestrya

chr9.p22.1-
p21.3

16

Decrease

2.59x1077—
3.57x1076

IFNAZ1, IFNA4, IFNA?7,
IFNA10, IFNA16,
IFNA17, IFNA14,
IFNAZ2F, IFNAS,
KLHLY, IFNAG,
IFNA13, IFNAZ, IFNAS,
SLC24A2, MLLTS3,
MIR4473, FOCAD,
FOCAD-AS1, MIR491,
HACD4, IFNB1, IFNW1,
IFNA1, MIR31HG,
IFNE, MIR31, MTAP

Head circumference

at week 40

African ancestryb

chr6.p25.3

15

Decrease

3.00x1078-
1.88x1076

EXOCZ, EXOCS,
FOXQ1, FOXF2Z,
MIR6720

African ancestryb

Chrl4.g31.1

Decrease

5.24x1077—
1.93x1076

DIO, AS1, CEP128,
TSHR

Femur length at
week 27

African ancestryb

chr2.q24.2

Increase

2.13x1076

BAZZB

Femur length at
week 40

African ancestryb

chr2.q14.3-
g21.1

Increase

1.84x1076-
1.42x107

Humerus length at
week 27

African ancestryb

chr2.923.3-
q24.2

28

Increase

4.05x10-8-
2.11x1076

GALNTI3, RPRM,
KCNJ3, ACVRI1, UPPZ,
TANCI1, BAZZB,
MARCH?7, CD302,
LY75, CD302, PLAZRI,
1TGB6

Humerus length at
week 40

African ancestryb

chr2.923.3-
q24.2

Increase

1.56x107"—
1.74x1076

GALNTI13

a .. . .
Hispanic Americans

bAfrican Americans
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DBonferroni-corrected P<2.16 x 1076 in African Americans and < 3.83x10 76 in Hispanic Americans. For exact P per locus, see Table S5.
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Page 20

Overlaps between admixture mapping signals associated with fetal growth measures (present study) and loci
associated with anthropometry traits in published genome-wide association studies.

Published genome-wide association studies
Locus SNP Position (hgl9)  Gene Disease/trait P-value PubMed ID
2p22.2 rs6706045 37888051 RMDNZ2 Height 6.00E-14 30595370
1s162332 38095219 CYPIBI1-ASI  Height 2.00E-08 30595370
2g24.1  rs55920843 157556189 ACVRIC Waist-to-hip ratio adjusted for body mass index 3.00E-20 30239722
s56188432 157550353 ACVRIC Birth weight 1.00E-16 31043758
rs55920843 157556189 ACVRIC Waist-to-hip ratio adjusted for body mass index 3.00E-14 30778226
1s7563664 157487943 CYTIP Birth weight 2.00E-08 31043758
s2444770 157647227 ACVRIC Waist-to-hip ratio adjusted for body mass index 3.00E-16 30575882
12444770 157647227 ACVRIC Waist-hip ratio 5.00E-08 30575882
rs55920843 157556189 ACVRIC Waist-hip ratio 2.00E-11 30239722
rs55920843 157556189 ACVRIC Waist-hip ratio 9.00E-19 30595370
1s72927479 157659825 ACVRIC Waist-hip ratio 3.00E-13 30595370
s12620249 154170934 GALNTI3 Body mass index 2.00E-08 30595370
2024.2 rs10173538 159712765 MARCH7 Birth weight 1.00E-08 31043758
rs11674055 159023593 TANCI1 Height 4.00E-09 30595370
rs2124969 160132975 1TGB6 Waist circumference adjusted for body mass index ~ 7.00E-09 25673412
4925 s4833407 112390634 ALPK1 Body mass index 4.00E-08 26426971
1s7668738 113208714 TIFA Body mass index 4.28E-08 17903300
4026 1s7669672 113824425 CAMKzZD Height 8.00E-11 30595370
1S7677674 113968218 ARSJ Height 1.00E-15 30595370
6021 rs803522 106394073 CRYBG1 Visceral fat 1.00E-09 30942860
1s803522 106394073 CRYBG1 Visceral fat 4.00E-10 30942860
8p22 rs4123853 14233516 SGcz Body mass index 1.00E-15 30239722
1s354508 15677717 TUSC3 Body mass index 3.00E-10 30239722
rs74871039 12805555 AC123777.1 Height 1.00E-13 30595370
rs59738387 13342703 DLC1 Height 2.00E-20 30595370
1s76364830 13514611 DLC1 Height 1.00E-43 30595370
1s6990042 14316465 SGcz Body mass index 1.00E-08 26426971
rs13263601 14238391 SGcz Body mass index 2.00E-14 30595370
1s12679528 15708655 TUSC3 Body mass index 4.00E-11 30595370
9p21.3 rs143138242 21159039 IFNW1 Height 4.00E-08 30595370
14931.1 rs935728 80491580 CEP128 Height 2.00E-11 30595370
rs10498603 86610956 FLRT2, GALC Body mass index 1.56E-10 17903300
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Table 3

Page 21

Single nucleotide polymorphisms associated with long bone length at the chr2q24.1-g24.2 locus in African

Americans
Humerus length z-score at week Humerus length z-score at week
Chr: position Effect Non-effect il ©

SNP (hgl9) allele allele B (s.e) P B (se) P

rs13030825 | 2:154816802 T Cc 0.44 (0.1) 6.25x1076 0.39 (0.1) 7.72x107°
rs6714832 2:154808697 T Cc 0.44 (0.1) 9.32x1076 0.39 (0.1) 8.51x107°
rs6738659 2:154826521 A G 0.44 (0.1) 7.64x1076 0.38(0.1) 1.07x107*
rs10205027 | 2:154828241 T G 0.44 (0.1) 7.95x1076 0.38(0.1) 1.12x1074
1s6761233 2:154837081 A G 0.44 (0.1) 1.01x107% 0.38(0.1) 1.46x1074
rs7603550 2:154849933 G A 0.43 (0.1) 9.22x1076 0.38(0.1) 1.20x107*
rs7578311 2:154850187 C A 0.43 (0.1) 9.22x1076 0.38(0.1) 1.20x107*
rs7578960 | 2:154851413 T C 0.43(0.1) 9.21x1076 0.38 (0.1) 1.20x107
rs11689769 | 2:154856671 A G 0.43 (0.1) 1.33x10°5 0.37(0.1) 1.94x1074
rs1596637 | 2:154858857 A C 0.43 (0.1) 1.33x10°5 0.37 (0.1) 1.94x1074
rs6736399 2:154869895 G A 0.43(0.1) 8.96x1076 0.38 (0.1) 1.18x107*
rs6435010 2:154873967 A Cc 0.43(0.1) 1.25x107° 0.37 (0.1) 1.85x107*
1s7572016 2:154874149 T Cc 0.43 (0.1) 1.25x107° 0.38 (0.1) 1.85x107*
rs10195968 | 2:154880327 T G 0.43(0.1) 1.09x107° 0.38 (0.1) 1.34x107*
1s7608978 2:154889809 A G 0.44 (0.1) 1.37x107° 0.37 (0.1) 1.98x107*

Abbreviation: SNP, single nucleotide polymorphism, chr: chromosome, s.e: standard error
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