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Abstract
Background: In randomized trials, supplementation of omega-3 (ω3) long-chain polyunsaturated fatty acids (LC-PUFA) during pregnancy has resulted in increased size at birth, attributable to longer gestation. 
Objective: We examined this finding using a Mendelian randomization approach utilizing fatty acid desaturase (FADS) gene variants affecting LC-PUFA metabolism.
Design: As part of a tri-ethnic mother-offspring cohort in Singapore, 35 genetic variants in FADS1, FADS2 and FADS3 were genotyped in 898 mothers and 1,103 offspring. Maternal plasma ω3 and ω6 PUFA levels at 26-28 weeks gestation were measured. Gestation duration was derived from a dating ultrasound scan in early pregnancy and birth date. Birth length and weight were measured. Eight FADS variants were selected through tagging-SNP approach and examined in association with PUFA levels, gestation duration among spontaneous labors and birth size, using ethnicity-adjusted linear regressions and survival models that accounted for the competing risks of induced labor and pre-labor caesarean section.
Results: Maternal FADS1 variant rs174546, tagging for 8 other variants located on FADS1 and FADS2, was strongly related to plasma ω6 but not ω3 LC-PUFA concentrations. Offspring and maternal FADS3 variants were associated with gestation duration among women who had spontaneous labor: each copy of rs174450 minor allele C was associated with a shorter gestation by 2.2 (95% CI: 0.9, 3.4) and 1.9 (0.7, 3.0) days for maternal and offspring variants, respectively. In survival models, rs174450 minor allele homozygotes had reduced time to delivery after spontaneous labor compared with major allele homozygotes (hazard ratio (95% CI): 1.51 (1.18, 1.95) and 1.51 (1.20, 1.89) for maternal and offspring, respectively). 
Conclusions: Using a Mendelian randomization approach, we observed associations between FADS variants and gestation duration. This suggests potential role of LC-PUFAs in gestation duration.
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Introduction
The omega-3 (ω3) and omega-6 (ω6) long-chain polyunsaturated fatty acids (LC-PUFAs), such as docosahexaenoic acid (DHA, 22:6ω3) and arachidonic acid (AA, 20:4ω6) are required by the fetus for normal development of the brain, retina and central nervous system (1-3). Experimental and clinical evidence shows that the placenta, a tissue of fetal origin, transfers maternal LC-PUFAs to the fetal circulation (4). 
The ω3 and ω6 LC-PUFAs can be provided through the diet or synthetized from their respective precursors, alpha-linolenic (ALA, 18:3ω3) and linoleic (LA, 18:2ω6) acids. ALA and LA cannot be synthesized in mammals and are required in the diet (5). LC-PUFA synthesis from their precursors involves desaturation and elongation (Supplemental Figure 1), which are known to be inefficient in humans, especially for ω3 PUFAs (6). LC‑PUFA synthesis is more efficient in women than in men, and may be enhanced during pregnancy (7-9). It is controlled by the rate-limiting enzymes delta-5 and delta-6 desaturases, which are encoded by the FADS1 and FADS2 genes, respectively (10, 11). Located on the same gene cluster, FADS3 is presumed to have a role in PUFA metabolism; its encoded protein and exact function remain unknown (11, 12). Single nucleotide polymorphisms (SNP) within the FADS cluster are related to plasma, erythrocyte and breast milk PUFA content and to child health outcomes (11, 13-16).
Meta-analyses of randomized controlled trials suggest that supplementation of ω3 LC-PUFAs or fish oil (rich in ω3 LC-PUFAs) during pregnancy leads to a reduced risk of early preterm delivery and small increases in birth weight and length attributable to a longer gestation (17-19). Most, but not all, observational studies reported similar findings with maternal fish consumption as exposure (20-22). Yet, published RCTs and observational studies have limitations preventing from definitive inferences about causality (23, 24). The published RCTs were carried out in Western populations only, and less is known in other populations where both genetic background and LC-PUFA intake differ. Observational studies, mostly carried out in Western populations as well, are subject to confounding and reverse causality. Varying study designs and approaches may help overcome inherent pitfalls and strengthen the evidence base (25). Mendelian randomization (MR) has been proposed as a method to remove the risk of reverse causality and confounding, by using genetic variants as instrumental variables for the exposure of interest (26). 
Using data from the multiethnic mother-offspring cohort Growing Up in Singapore Towards healthy Outcomes (GUSTO), we examined whether maternal and offspring FADS gene variants, used as instrumental variables for maternal and antenatal LC-PUFA status, are related to gestation duration and size at birth. 
Subjects and Methods
Study population
Between June 2009 and September 2010, the GUSTO study recruited pregnant women of Chinese, Malay and Indian ethnicities and attending before the 15th week of pregnancy their first ultrasound scan at two public maternity units in Singapore. Women were ineligible for the study if they had non-homogeneous ethnic background (up to the four grandparents of the offspring), had no intention of delivering in the study centers or not staying in Singapore for the 5 years following delivery. The recruitment protocol has been described in detail (27). All participants signed informed written consent at enrolment. The study received ethical approval from the National Healthcare Group Domain Specific Review Board and the SingHealth Centralised Institutional Review Board. From the 1237 pregnant women recruited, 1171 singleton newborns were included. Twins were excluded from the current analysis (Supplemental Figure 2). Information on gestation duration, whether the labor was spontaneous or induced, and offspring sex were abstracted from birth records.
Maternal PUFA levels
Fasting blood samples were collected at 26-28 weeks’ gestation. Blood lipid extraction was undertaken with chloroform/methanol (Fisher Scientific, Hampton, NH, USA). Plasma phosphatidylcholine (PC) was separated by solid-phase extraction. Fatty acid methyl esters were prepared by reaction with methanolic sulphuric acid and then separated by gas chromatography (BPX-70 column mounted on a Hewlett-Packard HP6890) and detected by flame ionization before quantification as μg/mL of plasma. Inter- and intra-assay variation coefficients for all fatty acids identified in plasma PC were lower than 6% and 3%, respectively. Eleven PUFAs were identified (Supplemental Figure 1) and expressed as % of total fatty acids. Additional details have been published previously (28).
Genotyping and selection of FADS variants
Maternal and offspring DNA were extracted from maternal blood and umbilical cord, respectively. Samples were genotyped using Illumina Omniexpress + exome arrays (Illumina Inc., San Diego, CA, USA). DNA hybridization arrays and subsequent scanning were performed by Expression Analysis Inc. (Morrisville, NC, USA). Data were processed in GenomeStudio Genotyping Module v1.0 (Illumina Inc.).
We focused on FADS genes since they were reported being the most strongly related to LC-PUFA status, including in Asian populations (11, 13-16, 29, 30). Maternal and offspring genotypes of 35 variants from the FADS genes region (chromosome 11, 11q12-13.1) were available on our arrays. All were located on introns between positions 61569830 and 61656117. Data quality control procedures excluded the following: i) rate of missingness >5% in the whole sample (no variants), ii) monomorphism in the overall cohort (13 variants), iii) minor allele frequency <5% by ethnicity (5 variants), or iv) p-value for Hardy-Weinberg Equilibrium test by ethnicity <10-3 (no variants). Seventeen variants were retained after this quality control step (Supplemental Table 1). Linkage disequilibrium plots in mothers and offspring are shown in Supplemental Figures 3 and 4, respectively. Because high linkage disequilibrium was observed between variants, we then used a tagging-SNP approach with Haploview software v4.2 (Broad Institute of MIT and University of Harvard, Boston, MA, USA). Briefly, this method selects variants that are representative of regions in high linkage disequilibrium, and allows examination of a smaller number of variants that are less likely to be inherited together. Pairwise tagging-SNP selection was performed based on r² using a threshold of ≥0.80. The 17 variants were tagged by 8 variants as follows: rs174546 on FADS1, rs2727270, rs174593, rs498793 and rs17156506 on FADS2, and rs174450, rs1000778 and rs174455 on FADS3 (Supplemental Table 1).
Gestation duration and anthropometric measurements at birth
Gestational age and date of conception were estimated by ultrasonography when women attended their first dating scan during the first trimester of pregnancy (mean gestational age ± SD: 11.7 ± 1.7 weeks, range: 6.6-17.0). Gestation duration was derived from the estimated dates of conception and of delivery, and was reported in days. The offspring’s anthropometric measures were taken in duplicate by trained hospital staff within a few hours of birth and then averaged. Weight was measured to the nearest 1 g using a calibrated mobile digital scale (Seca 334, Seca GmBH & Co Kg, Hamburg, Germany). Length was measured in the recumbent position to the nearest 1 mm using a mobile infant mat (Seca 210). All research staff were unaware from the participants’ FADS genotype and maternal mid-pregnancy PUFA status. Gestational age-specific weight and length z-scores at birth for Singaporeans were derived from a previous reference based on our cohort (31).
Mendelian randomization (MR)
This study relies on a MR design, a design proposed to remove reverse causality and confounding (26). Figure 1 shows the directed acyclic graph (DAG) (24) that illustrates the MR design as applied to our study to estimate the causal effect of LC-PUFA status (exposure E) on gestation duration (outcome O) using FADS genetic variants (G) as instrumental variables for E. If G causes E (at least partly), has no effect on O other than through its effect on E, and is not associated with any E→O confounder U, then the relationship E→O can be estimated from the relationship G→O. Although maternal LC-PUFA intake (V) is a major determinant of E, it is not a confounder of the E→O and G→O relationships because it is unrelated to FADS variants and must not be controlled for (FADS genetic variants do not affect dietary LC-PUFA intake, and vice-versa). Potential confounding in estimating G→O may, however, arise from ethnicity (W), which affects G, E, O, and also V, and therefore should be controlled for.
Statistical analyses
As a preliminary analysis, we assessed the validity of using maternal FADS variants as instrumental variables within our population of Asian pregnant women by examining the associations of maternal FADS variants with maternal PUFA levels and ratios. This was carried out by linear regression: variants were first introduced into the models as categorical variables; since a codominant effect was observed in heterozygotes, we then used an additive genetic model by introducing variants as ordinal variables. We therefore report regression coefficients for each additional copy of the minor allele (major allele homozygous as reference). PUFA variables were standardized (mean=0, SD=1) to facilitate comparisons of regression coefficients across tests.
Associations of maternal and offspring FADS variants with gestation duration were examined by linear regression among the mother-offspring pairs who experienced spontaneous labor (excluding births after labor induction and pre-labor cesarean delivery). In a complementary approach, we examined the associations between FADS variants and gestation duration by using competing risks survival models for time to birth. In these models, spontaneous delivery after spontaneous labor was considered as the event of interest, while induced labor and pre-labor cesarean delivery were competing events. Indeed, FADS gene variants were associated with type of labor (Supplemental Table 2); not accounting for competing events in survival models may result in bias (32). We therefore used both cause-specific proportional hazards models and the Fine–Gray proportional subdistribution hazards models, yielding cause-specific hazard ratios (csHRs) and subdistribution hazard ratios (sdHRs), respectively (32). We reported the HRs for both the event of interest (spontaneous labor) and the competing events (induced labor and pre-labor caesarian delivery) (33). As a prerequisite, we assessed the proportional hazards assumption by plotting the Schoenfeld residuals (cause-specific hazard model) and the cumulative incidence function (subdistribution hazard model). Since potential departures from that assumption were observed, we performed sensitivity analyses by allowing a time-varying effect by adding the time*FADS interaction into the models. We plotted the cumulative incidence function when associations of FADS variants with gestation duration were observed. Finally, the associations of FADS variants with gestational age-adjusted birth size (length and weight) among offspring with birth after spontaneous labor were analyzed by linear regression.
All analyses were carried out both in the full study sample (with adjustment for ethnicity) and after stratification by ethnicity. Previous publication based on genome-wide data in GUSTO reported excellent agreement between self-reported ethnicity and genetic ancestry clustering (34). All statistical analyses were performed with SAS 9.4 (SAS Institute Inc, Cary, NC, USA).
Results
The flow diagram for study participation is shown in Supplemental Figure 1. Maternal (n=897) and offspring (n=1100) genotype frequencies for the 17 variants that passed quality control are shown in Table 1. Important frequency differences in FADS1 and FADS2 variants were observed by ethnicity; major alleles in Chinese and Malay participants were opposite to those in Indian participants (p-value χ² test=10-100 and 10-18 for rs174546 and rs174593, respectively). In Indian participants, the frequency of minor allele homozygotes was generally lower than 1%. FADS3 variant frequencies were more balanced across ethnicity but remained significantly different (p-value=10-10 for rs174450).
Most maternal plasma LC-PUFA levels differed by ethnicity (Supplemental Table 3). This was particularly striking for ω6 LC-PUFA levels, which were higher in Indian women, and for ω3 LC-PUFA levels, which were higher in Chinese women. The preliminary analysis comparing maternal plasma PUFA levels by maternal variants confirmed the validity of using FADS variants as instrumental variables (Supplemental Table 4). Strong associations (p-values <10-7) were seen between plasma ω6 PUFA levels and maternal FADS1 rs174546 and FADS2 rs2727270 (both being in negative linkage disequilibrium). Minor allele carriers had higher and lower levels of plasma ω6 LC-PUFA levels, respectively. The associations were less strong for the variants located on FADS3; minor allele carriers of rs174450, rs1000778 and rs174455 had lower plasma ω6 LC-PUFA levels (p-values between 10-3 and 10-7). In contrast, no association between FADS variants and ω3 PUFA levels reached a significance level <10‑3. These associations were, overall, similar by ethnicity (Supplemental Table 5).
Among mother-offspring pairs who experienced birth by spontaneous labor, all three maternal FADS3 variants were associated with gestation duration (Table 2). For rs174450, each additional copy of the minor allele C (associated with lower LC-PUFA levels) was associated with a shorter gestation by 2.2 (95% CI: 0.9, 3.4) days, with comparable effect sizes across ethnicity (P for interaction=0.92). When considering offspring variants, similar results were observed for FADS3; each additional copy of the minor allele of the variant rs174450 was associated with a shorter gestation by 1.9 (0.7, 3.0) days. This association was driven by the Chinese and Indian subgroups, although the test for interaction with ethnicity was not significant (P for interaction=0.42). Offspring, but not maternal, FADS1 variant rs174546 (associated with higher LC-PUFA levels) was also associated with longer gestation duration [1.7 (0.3, 3.0) days per additional copy of the minor allele G], and this association was driven by the Chinese subgroup [2.4 (0.8, 4.1) days]. The other FADS1 variants and the FADS2 variants (maternal and fetal) were not associated with gestation duration.
In the cause-specific hazard model considering induced labor and pre-labor caesarean section as competing events of spontaneous labor, mothers homozygous for the minor allele C of rs174450 (decreasing LC-PUFA levels) had an increased cause-specific hazard ratio (csHR (95% CI): 1.51 (1.18, 1.95)) of delivery compared to mothers homozygous for the major allele A (Table 3). This was consistent across ethnic groups: 1.44 (1.03, 2.03), 1.46 (0.90, 2.39) and 1.48 (1.08, 2.02) in Chinese, Malay and Indian, respectively. When considering the offspring variants, comparable results were found with FADS3 variants in the overall population (1.51 (1.20, 1.89) in minor allele homozygotes for rs174450; Figure 2); this association was, however, driven by the Chinese subgroup [1.80 (1.31, 2.48)]. No associations were observed with FADS1 and FADS2 variants in non-ethnic-stratified analyses. The Fine–Gray subdistribution hazard models yielded comparable results (Supplemental Table 6), although with this model, the assumption of proportional hazards was mildly violated; in sensitivity analyses allowing for time-varying effects resulted in similar associations (not shown). Overall, there was no evidence of associations between FADS variants and the competing events, with the exception of induced labor which was associated with maternal FADS2 rs17156506 [csHR (95%): 2.90 (1.19, 7.08)] (Supplemental Table 7).
Finally, FADS1 and FADS3 genes variants were associated with crude birth length and weight among participants who experienced spontaneous labor. However, this association was almost entirely removed after accounting for gestation duration (Table 4).
Discussion
In our tri-ethnic mother-offspring cohort, maternal FADS variants were associated with maternal ω6 but not ω3 PUFA levels. Among the mothers who experienced spontaneous labor, FADS3 variants rs174450, rs1000778 and rs174455 were associated with gestation duration, with similar magnitudes across ethnicities. Among offspring born after spontaneous labor, FADS1 variant rs174546 and all FADS3 variants were also associated with gestation duration, but less consistently so across ethnicities. In survival models considering induced labor and pre-labor caesarean section as competing events, FADS3 variants were similarly related to time to delivery after spontaneous labor. Finally, maternal and offspring FADS1 variant rs174546 and FADS3 variants were associated with length and weight at birth, but these associations were almost entirely removed after accounting for gestation duration.
Our study includes several novel features. First, ours is the first MR study of associations between genetic variants involved in PUFA metabolism and gestation duration and birth size. In offspring, minor allele of FADS1 variant rs174546, which is in high linkage disequilibrium with eight other variants located on FADS1 and FADS2 (Supplemental Table 1), was associated with longer gestation duration. This finding supports our initial hypothesis and adds new evidence to published meta-analyses of RCTs and observational studies reporting that exposure to LC-PUFAs during pregnancy is associated with duration of gestation (17-19). Our findings also suggest that most of the effect observed on birth size is mediated by gestation duration. However, our study falls short in demonstrating a causal role of DHA on gestation duration because FADS1 variants were not associated with plasma DHA levels in our cohort, which is in line with recently published genome-wide association studies in Chinese populations (29, 30). A strength of the MR design is to limit potential residual confounding that could arise from the different genetic background and dietary pattern between the three ethnic groups. A second strength of MR is to avoid potential reverse causality issues, although we cannot exclude the possibility that FADS variants lead to differences in growth very early in gestation and thus to a differential estimate of gestational age on the dating scan (35).
A second novel aspect of our study is the consistent association of FADS3 variants with pregnancy outcomes. The function of FADS3 remains largely unknown but is presumed to be involved in PUFA metabolism (11, 12). It is expressed in many brain areas in baboons and may be expressed in the human placenta (36, 37). It is well known that LC-PUFAs are required by the developing brain. During Homo sapiens’s speciation process, an evolutionary trade-off may have occurred to balance the constraints imposed by bipedalism (shorter maternal pelvic region) and encephalization (larger newborn head), thereby increasing maternal mortality. One of these trade-offs may have been shortening gestation and hence reducing the physiological maturity of the offspring at birth compared to other primates, thus leading to increased infant mortality (38). In this context, it is probable that the FADS variants maximizing survival of both the mother and the infant have been positively selected throughout human evolution. The fact that human breast milk contains higher levels of the ω3 LC-PUFA DHA than that of other mammals, including the other primates, corroborates such an evolutionary hypothesis (39). Other population genetics studies have shown the FADS gene cluster has been under strong selection pressure and may even have played a key role in evolutionary adaptation of modern humans (40-44). We speculate that the FADS genes cluster, including FADS3, could play enhanced roles during pregnancy, either via placental mechanisms or direct effects on the developing fetus. Mechanistic studies on placental and fetal tissues are required to further explore these speculations.
Our results related to FADS variants add new insights into how LC-PUFAs may affect gestation duration. Previous studies have found that ω3 LC-PUFA supplementation prolongs gestation duration. Our findings suggest an additional role of ω6 LC-PUFAs. AA is the precursor of prostaglandins, especially prostaglandin E2, which is involved in cervical ripening and labor initiation and is often administered vaginally to induce labor (45). Animal models report that supplementation with EPA- and DHA-rich food reduces AA metabolite synthesis and might thereby delay labor onset (46). A balance of ω3 and ω6 LC-PUFAs may influence the pathways involved in optimal gestation duration. In our study, LC-PUFA status was measured at mid-pregnancy, which may be a poor proxy for LC-PUFA status at delivery. ω3 LC-PUFA status is also more influenced by dietary intake than by FADS variants, thereby weakening those variants as causal instruments in the MR design, particularly in Chinese populations as compared to European populations (29). Using the formula from Brion et al. (47), we calculated that >300,000 participants would been necessary to detect an effect of DHA on gestation duration using rs174546 instrument in our study population. Future longitudinal measurements of AA metabolites in maternal blood, placenta and cord blood should provide a better understanding of the mechanisms differentially regulated by ω3 and ω6 LC-PUFAs. An additional area of investigation will be the competition between the mother and the fetus for sharing limited resources of LC-PUFA. This will help address the issue of supply and demand and its impact on gestation duration and fetal growth. 
The main limitation of our study is that FADS variants were, in our setting, poor causal instruments of ω3 LC-PUFA status. Additional limitations must be noted. First, MR assumption that there is no horizontal pleiotropy cannot be assessed (48). FADS variants might have effects on gestation duration through pathways other than LC-PUFA status. The known determinants of gestation duration are, however, unlikely to be caused by variation in FADS genes (49). Second, our sample size was small compared to current standards in genetic epidemiology, and we must therefore lack statistical power, especially when stratifying by ethnic subgroup. Nonetheless, we found no interactions with ethnicity in the full sample, and most observed associations were consistent across ethnic subgroups, thus supporting an ethnic-adjusted pooled approach. Another limitation is that the assumption of proportional hazards was mildly violated in the Fine–Gray subdistribution hazard models. However, results from Fine–Gray analyses, even when misspecified, still provide a useful summary measure approximating the true effect size (50). Furthermore, the results with and without time-varying effects were consistent with those obtained by linear regression restricted to women who experienced spontaneous labor.
Implications of our study are both etiological and clinical. Our findings add further evidence to pre-existing demonstrations of a causal effect of LC-PUFAs on gestation duration. This knowledge may also help improve clinical practices to reduce the risks related to short gestation. Minor allele carriers of FADS3 variants appear to have an earlier delivery,  with an average effect size of 4 (2 to 6) days between major allele homozygotes and minor allele homozygotes. Prolonging gestation to this extent can be of clinical importance for fetal development, and hence for postnatal care and health care costs.
In conclusion, using an MR approach for FADS cluster variants, we add new evidence that maternal LC-PUFA status during pregnancy affects gestation duration. In agreement with other studies, we also found that the observed larger size at birth is mainly attributable to longer gestation. We found consistent associations of FADS3 variants with gestation duration, which are novel and suggest a role for the FADS3 gene in placental function and/or fetal development. Our study calls for replication of MR design in larger independent epidemiological studies. Further mechanistic work is needed to understand the underlying biological mechanisms.
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Table 1. Maternal and offspring FADS genotype frequencies by ethnicity in the GUSTO cohort.
	SNPs
	Position (kb)
	Alleles
(M/m)1
	Maternal allele frequency by ethnicity
(MM / Mm / mm)
	Offspring allele frequency by ethnicity
(MM / Mm / mm)

	 
	 
	 
	Chinese
n=516
	Malay
n=231
	Indian
n=151
	Chinese
n=628
	Malay
n=277
	Indian
n=198

	FADS1
	
	
	
	
	
	
	
	

	rs174546
	61569830
	A/G
	0.37 / 0.46 / 0.17
	0.56 / 0.38 / 0.05
	0.01 / 0.23 / 0.77
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.05
	0.01 / 0.19 / 0.81

	rs174547
	61570783
	G/A
	0.37 / 0.46 / 0.17
	0.56 / 0.38 / 0.05
	0.01 / 0.23 / 0.77
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.05
	0.01 / 0.19 / 0.81

	rs174548
	61571348
	C/G
	0.35 / 0.47 / 0.18
	0.51 / 0.40 / 0.07
	0.01 / 0.22 / 0.77
	0.32 / 0.52 / 0.16
	0.52 / 0.41 / 0.07
	0.00 / 0.17 / 0.83

	rs174550
	61571478
	G/A
	0.37 / 0.46 / 0.17
	0.56 / 0.37 / 0.05
	0.01 / 0.23 / 0.77
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.05
	0.01 / 0.19 / 0.81

	FADS2
	
	
	
	
	
	
	
	

	rs174570
	61597212
	A/G
	0.36 / 0.46 / 0.18
	0.55 / 0.37 / 0.06
	0.00 / 0.15 / 0.85
	0.32 / 0.52 / 0.16
	0.53 / 0.40 / 0.07
	0.01 / 0.13 / 0.86

	rs1535
	61597972
	G/A
	0.37 / 0.46 / 0.17
	0.57 / 0.37 / 0.05
	0.01 / 0.21 / 0.78
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.05
	0.01 / 0.19 / 0.81

	rs2727270
	61603237
	G/A
	0.29 / 0.50 / 0.21
	0.26 / 0.55 / 0.14
	0.87 / 0.13 / 0.00
	0.29 / 0.54 / 0.18
	0.29 / 0.48 / 0.24
	0.91 / 0.09 / 0.00

	rs174576
	61603510
	A/C
	0.37 / 0.46 / 0.17
	0.58 / 0.35 / 0.05
	0.01 / 0.23 / 0.76
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.04
	0.01 / 0.19 / 0.80

	rs174577
	61604814
	A/C
	0.37 / 0.46 / 0.17
	0.58 / 0.36 / 0.05
	0.01 / 0.23 / 0.77
	0.33 / 0.51 / 0.16
	0.57 / 0.38 / 0.05
	0.01 / 0.19 / 0.80

	rs174583
	61609750
	A/G
	0.37 / 0.45 / 0.17
	0.58 / 0.35 / 0.05
	0.01 / 0.28 / 0.72
	0.34 / 0.51 / 0.16
	0.58 / 0.38 / 0.05
	0.02 / 0.19 / 0.79

	rs2851682
	61616012
	A/G
	0.31 / 0.49 / 0.20
	0.26 / 0.56 / 0.13
	0.88 / 0.12 / 0.00
	0.29 / 0.54 / 0.17
	0.29 / 0.48 / 0.23
	0.91 / 0.09 / 0.00

	rs174593
	61618831
	A/G
	0.73 / 0.25 / 0.03
	0.45 / 0.46 / 0.06
	0.77 / 0.22 / 0.01
	0.72 / 0.26 / 0.02
	0.48 / 0.41 / 0.11
	0.79 / 0.20 / 0.01

	rs498793
	61624705
	G/A
	0.83 / 0.16 / 0.01
	0.66 / 0.30 / 0.03
	0.40 / 0.49 / 0.11
	0.84 / 0.16 / 0.01
	0.69 / 0.27 / 0.04
	0.40 / 0.46 / 0.13

	rs174611
	61627881
	A/G
	0.97 / 0.03 / 0.00
	0.88 / 0.11 / 0.01
	0.87 / 0.13 / 0.00
	0.98 / 0.02 / 0.00
	0.85 / 0.14 / 0.01
	0.89 / 0.11 / 0.00

	rs174618
	61629322
	A/G
	0.96 / 0.04 / 0.00
	0.82 / 0.16 / 0.01
	0.52 / 0.42 / 0.06
	0.96 / 0.04 / 0.00
	0.78 / 0.20 / 0.03
	0.57 / 0.39 / 0.05

	rs17156506
	61632913
	G/A
	0.85 / 0.13 / 0.01
	0.77 / 0.21 / 0.01
	0.95 / 0.05 / 0.00
	0.85 / 0.15 / 0.00
	0.78 / 0.21 / 0.01
	0.96 / 0.04 / 0.00

	FADS3
	
	
	
	
	
	
	
	

	rs174450
	61641542
	A/C
	0.34 / 0.49 / 0.16
	0.17 / 0.47 / 0.32
	0.27 / 0.53 / 0.20
	0.35 / 0.50 / 0.15
	0.21 / 0.45 / 0.35
	0.28 / 0.46 / 0.25

	rs1000778
	61655305
	G/A
	0.49 / 0.42 / 0.09
	0.43 / 0.43 / 0.10
	0.31 / 0.48 / 0.21
	0.49 / 0.43 / 0.08
	0.46 / 0.39 / 0.15
	0.30 / 0.52 / 0.18

	rs174455
	61656117
	A/G
	0.37 / 0.47 / 0.16
	0.20 / 0.47 / 0.28
	0.26 / 0.50 / 0.24
	0.35 / 0.51 / 0.14
	0.22 / 0.44 / 0.33
	0.27 / 0.50 / 0.23

	1 Major (M) and minor (m) alleles were defined based on allele frequencies in the whole study.
Tagged SNPs are in bold.




Table 2. Mean differences in gestation duration according to FADS gene variants in mother-offspring pairs from the GUSTO cohort.1
	SNPs
	Minor allele
	All ethnic subgroups2
	Chinese
	Malay
	Indian
	p-value for interaction3

	Mothers
	
	n=502
	n=284
	n=150
	n=68
	

	rs1745464 (FADS1)
	G
	0.8 (-0.5, 2.1)
	1.4 (-0.3, 3.1)
	-0.6 (-2.6, 1.5)
	0.2 (-6.5, 6.8)
	0.43

	rs2727270 (FADS2)
	A
	-0.5 (-1.8, 0.8)
	-1.3 (-3.0, 0.4)
	1.1 (-0.8, 3.0)
	0.1 (-8.8, 9.0)
	0.24

	rs174593 (FADS2)
	G
	0.3 (-1.3, 1.9)
	0.5 (-1.8, 2.9)
	-0.8 (-2.8, 1.2)
	4.3 (-1.7, 10.3)
	0.23

	rs498793 (FADS2)
	A
	-0.1 (-1.8, 1.6)
	1.4 (-1.6, 4.4)
	-0.5 (-2.6, 1.7)
	-2.0 (-6.0, 2.1)
	0.33

	rs17156506 (FADS2)
	A
	0.3 (-1.8, 2.4)
	-0.5 (-3.4, 2.5)
	0.7 (-2.1, 3.4)
	6.4 (-3.9, 16.6)
	0.35

	rs174450 (FADS3)
	C
	-2.2 (-3.4, -0.9)***
	-2.1 (-3.8, -0.4)*
	-2.1 (-4.0, -0.3)*
	-2.9 (-7.2, 1.4)
	0.92

	rs1000778 (FADS3)
	A
	-1.6 (-2.8, -0.3)*
	-1.7 (-3.4, 0.1)
	-1.4 (-3.2, 0.4)
	-1.6 (-5.4, 2.3)
	0.99

	rs174455 (FADS3)
	G
	-1.9 (-3.1, -0.8)**
	-1.9 (-3.6, -0.3)*
	-1.8 (-3.6, -0.1)*
	-2.4 (-6.3, 1.6)
	0.97

	Offspring
	
	n=601
	n=337
	n=174
	n=90
	

	rs1745464 (FADS1)
	G
	1.7 (0.3, 3.0)*
	2.4 (0.8, 4.1)**
	0.3 (-1.7, 2.4)
	-0.3 (-7.4, 6.8)
	0.31

	rs2727270 (FADS2)
	A
	-1.0 (-2.3, 0.3)
	-2.0 (-3.7, -0.3)*
	0.6 (-1.1, 2.2)
	-1.1 (-13.7, 11.6)
	0.18

	rs174593 (FADS2)
	G
	-0.7 (-2.1, 0.8)
	-1.5 (-3.6, 0.6)
	-0.8 (-2.5, 0.9)
	3.3 (-2.5, 9.2)
	0.14

	rs498793 (FADS2)
	A
	0.6 (-1.1, 2.2)
	0.3 (-2.4, 2.9)
	0.7 (-1.4, 2.9)
	0.7 (-3.8, 5.2)
	0.97

	rs17156506 (FADS2)
	A
	0.8 (-1.3, 3.0)
	0.3 (-2.5, 3.1)
	0.8 (-1.9, 3.4)
	6.3 (-5.3, 17.8)
	0.43

	rs174450 (FADS3)
	C
	-1.9 (-3.0, -0.7)**
	-2.4 (-4.0, -0.9)**
	-0.7 (-2.4, 0.9)
	-2.2 (-6.1, 1.8)
	0.42

	rs1000778 (FADS3)
	A
	-2.0 (-3.3, -0.8)**
	-2.4 (-4.1, -0.7)**
	-1.1 (-2.9, 0.6)
	-2.8 (-7.0, 1.5)
	0.60

	rs174455 (FADS3)
	G
	-1.9 (-3.1, -0.8)**
	-2.8 (-4.3, -1.2)***
	-0.5 (-2.2, 1.1)
	-2.1 (-6.1, 2.0)
	0.25

	1 Values are mean differences (95% CI) in gestation duration (in days) per copy of the minor allele among participants who experienced a spontaneous labor. Estimates were assessed by linear regression. p-values: *<0.05, **<0.01, ***<0.001.
2 Models in all ethnic subgroups were adjusted for ethnicity.
3 p-value for interaction of the SNP with ethnicity.
4 rs174546 is in negative linkage disequilibrium with the other SNPs.





Table 3. Cause-specific hazard ratios for spontaneous delivery according to FADS gene variants in mother-offspring pairs from the GUSTO cohort.1
	
	
	All ethnic subgroups2
	Chinese
	Malay
	Indian

	SNPs
	Minor allele
	Mm
	mm
	Mm
	mm
	Mm
	mm
	Mm + mm3

	Mothers
	
	n=897
	n=516
	n=231
	n=150

	rs1745464 (FADS1)
	G
	0.89 (0.73, 1.09)
	0.82 (0.62, 1.08)
	0.82 (0.63, 1.06)
	0.70 (0.50, 0.99)*
	1.08 (0.77, 1.51)
	1.06 (0.55, 2.05)
	1.06 (0.79, 1.43)

	rs2727270 (FADS2)
	A
	1.02 (0.83, 1.26)
	1.14 (0.88, 1.49)
	1.09 (0.83, 1.43)
	1.44 (1.04, 1.99)*
	0.93 (0.64, 1.35)
	0.78 (0.48, 1.26)
	0.89 (0.60, 1.32)

	rs174593 (FADS2)
	G
	1.16 (0.96, 1.41)
	0.97 (0.61, 1.55)
	0.99 (0.76, 1.30)
	1.17 (0.55, 2.48)
	1.36 (0.97, 1.91)
	0.97 (0.54, 1.76)
	1.18 (0.90, 1.55)

	rs498793 (FADS2)
	A
	0.94 (0.76, 1.17)
	1.48 (0.90, 2.45)
	0.81 (0.58, 1.12)
	1.85 (0.59, 5.79)
	1.13 (0.79, 1.61)
	3.42 (1.64, 7.11)**
	0.87 (0.68, 1.11)

	rs17156506 (FADS2)
	A
	1.17 (0.92, 1.50)
	1.49 (0.66, 3.34)
	1.31 (0.93, 1.84)
	1.97 (0.73, 5.33)
	1.04 (0.71, 1.52)
	1.12 (0.28, 4.56)
	1.04 (0.66, 1.64)

	rs174450 (FADS3)
	C
	1.11 (0.90, 1.37)
	1.51 (1.18, 1.95)**
	1.06 (0.82, 1.38)
	1.44 (1.03, 2.03)*
	0.95 (0.58, 1.53)
	1.46 (0.90, 2.39)
	1.48 (1.08, 2.02)*

	rs1000778 (FADS3)
	A
	1.04 (0.86, 1.25)
	1.35 (1.03, 1.78)*
	0.93 (0.73, 1.20)
	1.46 (0.98, 2.18)
	1.09 (0.77, 1.54)
	1.25 (0.77, 2.04)
	1.38 (1.05, 1.83)*

	rs174455 (FADS3)
	G
	1.08 (0.88, 1.33)
	1.42 (1.11, 1.82)**
	1.04 (0.80, 1.35)
	1.33 (0.95, 1.85)
	0.97 (0.63, 1.49)
	1.40 (0.89, 2.2)
	1.46 (1.08, 1.99)*

	Offspring
	
	n=1100
	n=626
	n=277
	n=197

	rs1745464 (FADS1)
	G
	0.94 (0.78, 1.14)
	0.77 (0.59, 1.01)
	0.96 (0.76, 1.22)
	0.66 (0.47, 0.93)*
	0.94 (0.69, 1.29)
	1.04 (0.53, 2.06)
	1.05 (0.80, 1.39)

	rs2727270 (FADS2)
	A
	1.06 (0.87, 1.29)
	1.10 (0.85, 1.42)
	1.28 (1.00, 1.65)
	1.20 (0.85, 1.68)
	0.80 (0.56, 1.14)
	0.95 (0.63, 1.42)
	0.78 (0.50, 1.23)

	rs174593 (FADS2)
	G
	1.07 (0.89, 1.28)
	1.33 (0.91, 1.93)
	1.13 (0.88, 1.44)
	1.87 (0.92, 3.79)
	0.93 (0.68, 1.29)
	1.16 (0.73, 1.86)
	1.08 (0.85, 1.37)

	rs498793 (FADS2)
	A
	1.04 (0.85, 1.27)
	1.07 (0.68, 1.69)
	1.03 (0.77, 1.39)
	1.61 (0.60, 4.34)
	1.08 (0.77, 1.50)
	1.26 (0.61, 2.58)
	0.94 (0.76, 1.16)

	rs17156506 (FADS2)
	A
	1.10 (0.88, 1.37)
	2.41 (0.89, 6.48)
	1.18 (0.89, 1.58)
	3.89 (0.54, 27.77)
	0.94 (0.64, 1.38)
	1.85 (0.59, 5.81)
	1.11 (0.73, 1.68)

	rs174450 (FADS3)
	C
	1.22 (1.01, 1.48)*
	1.51 (1.20, 1.89)***
	1.27 (0.99, 1.61)
	1.80 (1.31, 2.48)***
	1.29 (0.86, 1.94)
	1.45 (0.96, 2.18)
	0.94 (0.74, 1.20)

	rs1000778 (FADS3)
	A
	1.15 (0.97, 1.36)
	1.28 (0.98, 1.68)
	1.10 (0.88, 1.37)
	1.64 (1.10, 2.44)*
	1.20 (0.87, 1.66)
	1.12 (0.70, 1.77)
	1.13 (0.89, 1.43)

	rs174455 (FADS3)
	G
	1.17 (0.97, 1.42)
	1.40 (1.11, 1.77)**
	1.20 (0.95, 1.52)
	1.65 (1.19, 2.30)**
	1.29 (0.87, 1.92)
	1.39 (0.93, 2.09)
	0.94 (0.74, 1.19)

	1 Values are cause-specific hazard ratios (95% CI) for the incidence of birth by spontaneous labor for heterozygotes Mm and minor allele homozygotes mm (as compared to major allele homozygotes MM). Estimates were assessed by cause-specific proportional hazards model. p-values: *<0.05, **<0.01, ***<0.001.
2 Models in all ethnic subgroups were adjusted for ethnicity.
3 In Indians, homozygotes for the minor allele were too few and were therefore combined with the heterozygote group.
4 rs174546 is in negative linkage disequilibrium with the other SNPs.




Table 4. Mean differences in birth length and weight according to FADS gene variants in mother-offspring pairs from the GUSTO cohort.1
	
	
	Birth length
	Birth weight

	SNPs
	Minor allele
	Unadjusted2, cm
	Gestational age-specific z-score
	Unadjusted2, g
	Gestational age-specific z-score

	Mothers
	
	n=502
	n=502

	rs1745463 (FADS1)
	G
	0.33 (0.03, 0.62)*
	0.10 (-0.04, 0.23)
	47 (-10, 104)
	0.06 (-0.08, 0.19)

	rs2727270 (FADS2)
	A
	-0.34 (-0.63, -0.05)*
	-0.11 (-0.25, 0.02)
	-42 (-98, 14)
	-0.06 (-0.19, 0.07)

	rs174593 (FADS2)
	G
	0.02 (-0.34, 0.37)
	0.01 (-0.15, 0.17)
	-3 (-71, 66)
	-0.02 (-0.18, 0.14)

	rs498793 (FADS2)
	A
	0.24 (-0.14, 0.62)
	0.15 (-0.02, 0.33)
	73 (0, 147)
	0.24 (0.07, 0.41)**

	rs17156506 (FADS2)
	A
	-0.52 (-0.99, -0.05)*
	-0.30 (-0.52, -0.08)**
	-58 (-149, 33)
	-0.16 (-0.38, 0.05)

	rs174450 (FADS3)
	C
	-0.35 (-0.63, -0.07)*
	0.00 (-0.13, 0.13)
	-66 (-120, -12)*
	0.00 (-0.13, 0.12)

	rs1000778 (FADS3)
	A
	-0.17 (-0.45, 0.11)
	0.05 (-0.08, 0.18)
	-45 (-99, 9)
	-0.01 (-0.13, 0.12)

	rs174455 (FADS3)
	G
	-0.37 (-0.63, -0.10)**
	-0.03 (-0.15, 0.10)
	-75 (-127, -23)**
	-0.05 (-0.17, 0.07)

	Offspring
	
	n=601
	n=601

	rs1745463 (FADS1)
	G
	0.52 (0.22, 0.81)***
	0.15 (0.02, 0.28)*
	66 (9, 122)*
	0.05 (-0.08, 0.18)

	rs2727270 (FADS2)
	A
	-0.28 (-0.57, 0.00)
	-0.05 (-0.17, 0.08)
	-32 (-86, 22)
	0.02 (-0.10, 0.15)

	rs174593 (FADS2)
	G
	-0.31 (-0.62, 0.01)
	-0.16 (-0.30, -0.02)*
	-34 (-94, 27)
	-0.09 (-0.23, 0.05)

	rs498793 (FADS2)
	A
	0.13 (-0.23, 0.49)
	0.03 (-0.13, 0.19)
	63 (-5, 131)
	0.14 (-0.02, 0.29)

	rs17156506 (FADS2)
	A
	-0.34 (-0.80, 0.12)
	-0.20 (-0.41, 0.00)
	-33 (-121, 55)
	-0.09 (-0.30, 0.11)

	rs174450 (FADS3)
	C
	-0.48 (-0.73, -0.23)***
	-0.13 (-0.25, -0.02)*
	-63 (-111, -15)*
	-0.05 (-0.16, 0.06)

	rs1000778 (FADS3)
	A
	-0.33 (-0.60, -0.06)*
	-0.03 (-0.15, 0.09)
	-57 (-109, -5)*
	-0.04 (-0.16, 0.08)

	rs174455 (FADS3)
	G
	-0.43 (-0.68, -0.17)**
	-0.10 (-0.21, 0.02)
	-77 (-125, -28)**
	-0.09 (-0.20, 0.02)

	1Values are mean differences (95% CI) in birth length and weight per copy of the minor allele among participants who experienced a spontaneous labor. Estimates were assessed by linear regression. p-values: *<0.05, **<0.01, ***<0.001.
2Models were adjusted for ethnicity. 
3rs174546 is in negative linkage disequilibrium with the other SNPs.





Figure legends
Figure 1. Directed acyclic graph (DAG) representing the Mendelian randomization approach to estimate the causal effect of LC-PUFA status (E) on gestation duration (O) using FADS genetic variants (G) as instrumental variables. U, V and W denote potential unmeasured confounders, maternal dietary PUFA intake and ethnicity, respectively. Unmeasured factors (U) confound the relationship EO, but not GO. Dietary PUFA intake (V) is related to O only through E and therefore cannot confound the EO or GO relationships. Ethnicity (W) affects LC-PUFA status (E) through FADS variants (G) and dietary PUFA intake (V) and is therefore a confounder of both the EO and GO relationships.
Figure 2. Cumulative incidence of the event of delivery after spontaneous labor according to offspring FADS3 rs174450 variant (major and minor alleles are A and C, respectively). Cumulative incidence function estimates were derived from cause-specific proportional hazards model adjusted for ethnicity (n=1100).
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