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Abstract

:

Genome-wide association studies (GWAS) have identified copy number variants (CNVs) associated with obesity in chromosomal regions 1p31.1, 10q11.22, 11q11, 16p12.3, and recently 1p21.1, which contains the salivary amylase gene (AMY1). Recent evidence suggests this enzyme may influence gut microbiota composition through carbohydrate (mainly starch) degradation. The role of these CNVs in obesity has been scarcely explored in the Latino population, and thus the aim of our study was to evaluate the association of 1p31.1, 10q11.22, 11q11, 16p12.3 and 1p21.1 CNVs with obesity in 921 Mexican children, to replicate significant associations in 920 Mexican adults, and to analyze the association of AMY1 copy number with gut microbiota in 75 children and 45 adults. Of the five CNVs analyzed, 1q11 CNV was significantly associated with obesity in children, but not in adults. Only AMY1 CNV was significantly associated with obesity in both age groups. Moreover, gut microbiota analyses revealed a positive correlation between AMY1 copy number and Prevotella abundance. This genus has enzymes and gene clusters essential for complex polysaccharide degradation and utilization. To our knowledge, this is the first study to analyze the association of these five CNVs in the Mexican population and to report a correlation between AMY1 CN and gut microbiota in humans.
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1. Introduction


Obesity represents a major global health problem [1]. In Mexico, according to the National Health and Nutrition Survey, the prevalence of overweight and obesity is 33.2% in children and 72.5% in adults [2]. Childhood obesity is the main predictor of adulthood obesity, which is associated with a number of metabolic and cardiovascular risk factors including type 2 diabetes, dyslipidemia, and hypertension [3,4].



Although the high prevalence of obesity has been attributed to an obesogenic environment, obesity has high heritability estimates ranging from 40 to 80% [5]. To date, more than 90 single nucleotide polymorphism (SNPs) have been associated with body mass index (BMI) mainly in Caucasian populations [6,7,8,9,10,11], some of which were also associated with BMI in Mexican children and adults [12]. Altogether, these SNPs account for less of 5% of the variability of this trait [11,12]. It has been suggested that copy number variation (CNV) might contribute to explain the missing heritability of obesity [13]. In this regard, genome-wide association studies (GWAS) have revealed certain CNV regions associated with obesity in European and Asian populations, including chromosomal regions 1p31.1, 10q11.22 11q11, 16p12.3, and more recently 1p21.1 which includes the salivary amylase gene AMY1 [9,10,14,15,16]. Interestingly, Falchi et al. reported that the effect size of the AMY1 CNV on obesity risk was considerably higher than that of other genetic variants such as fat mass and obesity-associated (FTO) gene polymorphisms [16]. However, subsequent studies evaluating the association of AMY1 with obesity have reported conflicting results [17,18].



Because AMY1 CNV has been associated with obesity and is considered one of the strongest signals of recent selection on human populations [19], there is great interest in unraveling the role of AMY1 in human obesity. AMY1 copy number (CN) correlates positively with salivary amylase amount and activity [19,20,21], and could likely influence gut microbiota composition through dietary carbohydrate processing. In this regard, the Prevotella-driven enterotype appears to be predominant in subjects consuming high proportions of dietary carbohydrate and fiber [22,23], however, its relationship with AMY1 CN has not been studied. Moreover, a study in mice reported an association of the AMY1 locus with both weight gain and increased Enterobacteria relative abundance in the gut [24].



The role of CNVs in obesity has been scarcely explored in the Mexican population, and thus the aim of our study was to evaluate the association of five candidate copy number variants (1p31.1, 10q11.22, 11q11, 16p12.3 and 1p21.1) with obesity in Mexican children, to replicate significant associations in Mexican adults, and to analyze the association of AMY1 copy number with gut genera and species belonging to Enterobacteriaceae and Prevotellaceae families and their role in obesity in Mexican children and adults.




2. Materials and Methods


2.1. Case-Control Studies in Children and Adults


A total of 921 unrelated Mexican mestizo children aged 6–12 years (485 normal weight controls and 436 obesity cases) were recruited from a summer camp for children of employees of the Mexican Health Ministry and Hospital Infantil de México. The adult cohort included 920 unrelated Mexican-Mestizo adults aged 18–75 years (536 with normal weight and 384 with obesity). Obese and normal-weight adults were recruited from several health institutions and public universities in Mexico City. Recruitment and inclusion criteria for children and adults have been described elsewhere [12,25]. All participants answered a detailed questionnaire providing demographic and lifestyle information. The study protocol was performed in accordance with the Declaration of Helsinki and was approved by the Ethic Committees of participant institutions. All adult participants and parents or legal guardians of children provided informed consent, and all children assented to participate.




2.2. Anthropometric and Biochemical Parameters


Anthropometric measurements including weight, height, waist, and hip circumference were determined following the procedures recommended by Lohman et al. [26]. BMI was calculated as body weight divided by height squared (kg/m2). For children, BMI percentile was calculated using age and sex-specific BMI reference data as recommended by the Centers for Disease Control and Prevention, and obesity was defined as BMI ≥95th percentile [27]. In adults, obesity status was determined according to World Health Organization (WHO) criteria [28]. Body composition was measured by bioelectrical impedance using a BIA (BIA 101 RJL System) body composition analyzer (RJL Systems, Clinton Township, MI, USA) only in children. Biochemical parameters including fasting total cholesterol (TC), triglyceride (TG), HDL-C (High Density Lipoprotein Cholesterol), glucose and insulin levels were performed using standardized procedures as previously described [12].




2.3. CNV Quantification


Genomic DNA was isolated from peripheral leukocytes using the QIAmp DNA Blood Mini Kit (QIAmp 96 DNA Blood Kit, Quiagen, Hilden, Germany). Copy number quantification was estimated by duplex quantitative real-time PCR (qPCR) with two TaqMan assays (Table S1), one for the target CNV and the other for the reference gene (RNaseP) (Life Technologies, Pleasanton, CA, USA). Assays were performed in a ViiA7 Real-Time PCR instrument (Thermo Fisher, Waltham, MA, USA). Relative copy number values were calculated by the ΔΔCT method using Copy Caller software (v.2.0, Applied Biosystems, Foster City, CA, USA), and results were validated only when calling confidence was >80% and ΔCq standard deviation between replicates was <0.20. All quantification assays were performed in triplicate. AMY1 CNV quantification was verified by droplet digital PCR (ddPCR System, Bio-Rad). Reactions were performed following the manufacturer’s recommendations using ddPCR™ Supermix and Taqman probes. Droplets were generated in a QX100 droplet device and amplification was performed by a C1000 Touch PCR thermal cycler (BioRad, Hercules, CA, USA). ddPCR data were analyzed using QuantaSoft software version 1.3.1.0. Four control samples obtained from the Coriell Institute for Medical Research were previously quantified and validated by Fiber-FISH [NA11930 (2 AMY1 copies), NA10852 (6 AMY1 copies), NA11993 (10 AMY1 copies) and NA18972 (18 AMY1 copies)] [29] were included as references to quantify AMY1 copy number. We further validated AMY1 CNs of these samples by digital PCR.




2.4. Gut Microbiota Analyses


Fecal samples were obtained from 75 children and 45 adult participants and DNA was extracted from these samples as previously described [30]. The V4 hypervariable region was amplified using 515F and 806R primers [31] and sequenced in an Illumina MiSeq 2 × 250 device. Sequences were analyzed using QIIME 1.9.1 [32], and phylogenetic distances were calculated by the UniFrac method [33]. A full description of 16S rRNA sequencing analyses has been described elsewhere [30]. Abundances were normalized using an arcsin transformation.




2.5. Dietary Assessment


A semi-quantitative food frequency questionnaire previously validated for the Mexican population [34] was applied to children and adults with available fecal samples. Average daily energy and nutrient intake was computed through the Evaluation System of Nutritional Habits and Nutrient Intake Software, and was expressed both as grams and percentage of total energy.




2.6. Statistical Analyses


Statistical analyses were performed with SPSS software version 18.0. Anthropometric and biochemical parameters in obese and normal-weight subjects were compared using the Student’s t-test or Mann-Whitney U-test. Associations of 1p31.1, 10q11.22, 11q11 and 16p12.3 CNVs with obesity were tested comparing the frequency of deletions (<2 copies) and duplications (>2 copies) in normal-weight and obese children. Given the high range of AMY1 copy numbers (2–19), two different cutoff points were used to compare the copy number in normal and obese subjects: The AMY1 CN median (CN < 6 vs. CN > 6), and the cutoff point used by Falchi et al. (CN ≤ 4 or low vs. CN ≥ 10 or high) [16]. All associations were tested by logistic regression, adjusting for age and sex. In addition, lineal regression models were used to test associations of CNVs with anthropometric and metabolic parameters adjusting for age, sex, and BMI as appropriate. Correlations between microbial relative abundance (genera and species belonging to Enterobacteriaceae and Prevotellaceae families) and AMY1 CN or diet were evaluated using Spearman’s tests. Hochberg false discovery rate (FDR)-adjusted q-values < 0.05 were considered significant for the entire microbiota analysis [35]. Relative abundance of genera and species belonging to Enterobacteriaceae and Prevotellaceae families in low and high AMY1 CN carriers was compared using the Mann-Whitney U-test.





3. Results


3.1. Clinical Characteristics of Case-Control Study


Clinical and biochemical characteristics of 921 children and 920 adults stratified by nutritional status are shown in Table S2. As expected, normal-weight children and adults had significantly lower obesity-related anthropometric measurements and lower biochemical measurements (insulin, HOMA-IR (Homeostatic Model Assessment for Insulin Resistance), triglycerides and total cholesterol levels) as compared to children and adults with obesity (P ≤ 0.01).




3.2. Association of 11q11and 1p21.1 (AMY1) CNVs with Obesity in Mexican Children


The associations of the five CNV loci with obesity in children are shown in Table 1. Copy numbers in loci 16p12.3, 1p31.1 and 10q11.22 ranged from 1 to 4 in Mexican children. Deletions within these loci were infrequent (≤5%), and were not significantly associated with obesity (P ≥ 0.1). In contrast, 11q11/OR4P4/OR4S2/OR4C6 (olfactory receptors family) and 1p21.1/AMY1 CNVs ranged from 0 to 8 and from 2 to 19, respectively. Heterozygous or homozygous deletions of OR4P4/OR4S2/OR4C6 CNV were significantly associated with lower obesity risk (OR = 0.774; 95% CI = 0.634–0.945; P = 0.047). The distribution of AMY1 copy numbers in obese and normal weight children is shown in Figure 1A (median CN = 6). Children with <6 AMY1 copies had a borderline significantly higher risk of obesity as compared to those with ≥6 AMY1 CNs (OR = 1.323; 95% CI = 0.984–1.780, P = 0.064) (Table 1). Moreover, using the previously reported cutoff values of ≤4 AMY1 copies (low) and ≥10 AMY1 copies (high), low AMY1 copy numbers were significantly associated with obesity (OR = 1.530; 95% CI = 1.030–2.273, P = 0.035; after adjusting for age and gender) (Figure 1B). No significant associations between 11q11/OR4P4/OR4S2/OR4C6 or 1p21.1/AMY1 CNVs and biochemical traits were observed in children (Table S3).




3.3. Association of AMY1 Copy Number with Obesity in Mexican Adults


We then sought whether the associations found in children were also observed in Mexican adults. The 11q11 CNV was not associated with obesity in adults (P = 0.537). However, the presence of less than six AMY1 copies showed a borderline significant association with obesity (OR = 1.521; 95% CI = 0.928–2.495; P = 0.096), and individuals with a low number of AMY1 copies (≤4) had a significantly higher risk of obesity than those with a high number (≥10) of AMY1 copies (OR = 1.536; 95% CI = 1.019–2.313, P = 0.040) (Table 2). As observed in children, AMY1 CNV showed no significant associations with biochemical parameters (Table S4).




3.4. Association of AMY1 Copy Number with Prevotella Abundance


Correlations between AMY1 copies and the relative abundance of Prevotella and Enterobacteria genera in both children and adults are shown in Figure 2. No significant correlations between Enterobacteria and AMY1 copy number were observed in any age group (Figure 2B). However, a positive and significant correlation between AMY1 copy number and Prevotella abundance was observed in adults (r = 0.377; P = 0.011), while a positive correlation that did not reach statistical significance was observed in children (r = 0.189; P = 0.104) (Figure 2A). We then explored correlations between AMY1 CN and all other identified gut microbiota genera. In addition to the relative abundance of Prevotella that showed a positive and significant correlation in adults, no other taxa were significantly associated with AMY1 CN (Table S5).



Moreover, the relative abundance of Prevotella, specifically of Prevotella copri, was twofold higher in adults with a high number of AMY1 copies (≥10) as compared to those with a low AMY1 copy number (≤4). These comparisons were similar in children, without reaching statistical significance (P = 0.077 and 0.090, respectively; adjusted by age, gender and BMI percentile) (Figure 3; Table S6).



We then compared dietary carbohydrate intake in individuals with low and high AMY1 CN, observing no differences in the consumption of any carbohydrate (Table S7). Moreover, no significant correlations were observed between Prevotella genus or species abundance with dietary carbohydrates, fiber or starch intake (P > 0.05) (Figure S1).





4. Discussion


Association studies of copy number variants with obesity are limited and have reported inconsistent results [9,10,14,15,16,17,18]. In the present study, we sought associations of five obesity-related CNV loci [1p31.1/NEGR1 (Neuronal growth regulator 1), 10q11.22/GPRC5B (G Protein-Coupled Receptor Class C Group 5 Member B), 11q11/OR4P4/OR4S2/OR4C6, 16p12.3/NPY4R (Neuropeptide Y Receptor Y4) and 1p21.1/AMY1] with obesity risk in the Mexican population. In contrast with previous findings, NEGR1, GPRC5 and NPY4R CNVs were not associated with obesity in Mexican children. As with all association studies, this could be due to an array of factors including ethnic, study design and methodological differences, or gene-environment interactions, among others [36,37]. The lack of association of the 1p31.1/NEGR1 CNV is in agreement with previous reports in Mexican children and adults where rs2815752 (in high LD with 1p31.1/NEGR1 CNV) was not associated with obesity [12,38], but in disagreement with the findings of Antúnez-Ortiz et al. who found a significant association of another NEGR1 CNV in a group of Mexican children [39]. Regarding the GPCR5 CNV, it has been previously suggested that the effect of the deletion of CNV is ethnic-specific, as it was significantly associated with obesity in Europeans, who have a higher CNV deletion frequency (0.27); but not in the Chinese population who have a lower CNV deletion frequency (0.008) [40]. The GPCR5 CNV deletion frequency was 0.025 in the Mexican population, and was not associated with obesity, which is consistent with the previous findings in Chinese individuals. Finally, previous studies associating the NPY4R CNV with obesity risk have reported contradictory findings, as the CNV deletion allele has been associated both with higher and lower obesity risk [14,15,41,42]. Our findings are consistent with the report of Sun et al., who found no association of this CNV deletion with obesity in the Chinese population [43].



Interestingly, 11q11/OR4P4/OR4S2/OR4C6 and 1p21.1/AMY1 CNVs were significantly associated with obesity in Mexican children. The association of the OR4P4/OR4S2/OR4C6 CNV is consistent with the previously reported role of olfactory receptor gene polymorphisms in obesity [44], and the role of the olfactory system in thermogenesis and energy homeostasis in the murine model [45]. However, while the 11q11 CNV deletion was associated with a decreased risk of obesity in Mexican children, previous studies have reported this CNV deletion is associated with increased obesity risk [15,46]. Moreover, the 11q11 CNV deletion was not associated with obesity in Mexican adults. These age-dependent association differences could be due to higher BMI heritability in childhood [47], higher effect sizes of obesity-associated loci in childhood, or to age-dependent gene–environment interactions [48,49].



The role of AMY1 copy number variation in obesity risk has been widely studied [16,50,51,52], with inconsistent results [17,18]. It has been suggested that AMY1 CN variation among human populations may result from natural selection; however, starch digestion does not seem to be the major selective force [53]. In this study, we did not observe AMY1 CN differences between Mexican Mestizo and Indigenous subjects (mean 7.0 ± 3.2 in Mexican-Mestizos and 7.2 ± 3.7 in 130 Mexican indigenous; P = 0.511). This is in agreement with a recent report suggesting that a high number of AMY1 copies were fixed in modern human populations, after the separation of humans and Neanderthals [54].



Interestingly, AMY1 was the only loci associated with obesity in both children and adults. Falchi et al. first reported a remarkably strong association of low AMY1 copy numbers with increased obesity risk in Europeans [16]. Further studies replicated this association in other populations and in different age groups, although with considerably lower effect sizes [50,51,52]. A previous study in Mexican children reported an association of AMY1 copy numbers with obesity [55], although Usher et al. [17] suggested that this study described an outlier set of control samples with unusually high AMY1 copy number measurements, which is not necessarily a replication of earlier findings. In the present study, we observed the initially reported shifted distribution of AMY1 copy number between individuals with normal weight and obesity. Altogether, these findings confirm the role of this CNV in obesity in Mexican children and adults.



The mechanism by which AMY1 copy number plays a role in obesity remains unclear. Our study evaluated the AMY1 CN-gut microbiota-obesity association in a subgroup of Mexican children and adults. We did not observe significant correlations between AMY1 copy number and Enterobacteriaceae family (Table S6), as previously reported in the murine model [24]. However, the gut microbiome of children and adults with high AMY1 copy numbers was enriched in Prevotella genus and species, but not with any other gut microbiota genera, stressing the importance of further studies on the possible role of AMY1 function on this bacterial genus. Prevotella is one of the most abundant enterotypes in the intestinal microbiome and has enzymes and gene clusters essential for fermentation and utilization of complex polysaccharides [22,23,56]. This is consistent with results of several studies showing that increased Prevotella is metabolically favorable [23], and that a high Prevotella/Bacteroides ratio favors weight loss in response to certain dietary interventions [57,58]. However, while we observed significant associations of high AMY1 CN with both normal weight and increased Prevotella abundance (specifically Prevotella copri), Prevotella abundance was not significantly associated with nutritional status or with total dietary carbohydrates (including fiber and starch). Further studies using larger sample sizes will define whether this lack of association is due to insufficient statistical power.



This study has certain limitations that should be acknowledged. Firstly, the sample size was insufficient to detect associations of obesity with low frequency alleles (1p31.1/NEGR1, 10q11.22/GPRC5B, and 16p12.3/NPY4R), although it was sufficient to find associations with 11q11/OR4P4/OR4S2/OR4C6, and 1p21.1/AMY1 CNs. Secondly, although amylase activity is clearly associated with obesity [19,20,21], this parameter was not measured in the present study. Finally, intestinal microbiome analysis was performed in a small number of individuals, limiting statistical power to associate the entire intestinal microbiome with AMY1 CNs. However, the sample size was sufficient to find a positive correlation between Prevotella abundance and AMY1 CNs.




5. Conclusions


In conclusion, of the five CNVs previously associated with obesity, only AMY1 CNV was significantly associated with obesity in Mexican children and adults. Moreover, gut microbiota analyses identified a positive correlation between AMY1 copy number and Prevotella abundance, which highlights the role of genetics in the modulation of intestinal microbiota. To our knowledge, this is the first study to report the association of AMY1 CN and gut microbiota in humans. Future studies are required to identify mechanisms explaining these associations.
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Figure 1. Distribution of AMY1 copy number in normal weight and obese children (n = 921). (A) AMY1 copy numbers ranged from 2 to 19. Normal-weight children are represented by gray bars and obese children by black bars; (B) Distribution of low vs high AMY1 copy numbers in normal weight and obese children. Low AMY1 copy numbers were significantly more frequent in obese than in normal weight children (P = 0.035). 
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Figure 2. Correlations of AMY1 CN with relative abundance of Prevotella and Enterobacteria genera in Mexican individuals. Bacterial abundances of Prevotella (A) and Enterobacteria (B) were normalized using arcsin sqrt transformation, and Spearman’s correlation coefficients were estimated. 
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Figure 3. Comparison of Prevotella relative abundance in Mexican individuals with low vs. high AMY1 CNs. Average abundances of Prevotella (A), Prevotella copri (B) and Prevotella stercorea (C) were higher in both children and adults with high (≥10) as compared to low (≤4 copies) AMY1 copy numbers. Differences reached statistical significance only for Prevotella genus and Prevotella copri in adults. 
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Table 1. Association of five copy number variants with obesity risk in Mexican children (n = 921).
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Locus

	
Gene

	
CN Range

	
Classification

	
Normal Weight

	
Obese

	
Association






	

	

	

	

	
n

	
%

	
n

	
%

	
OR

	
95% CI

	
P-value




	
11q11

	
OR4P4, OR4S2

	
0–8

	
Deletion

	
199

	
41.0

	
151

	
34.6

	
0.774

	
0.634–0.945

	
0.047




	

	
OR4C6

	

	
≥2 copies

	
286

	
59.0

	
285

	
65.4

	

	

	




	
1p21.1

	
AMY1

	
2–19

	
Less 6 copies

	
116

	
23.9

	
128

	
29.4

	
1.323

	
0.984–1.780

	
0.064




	

	

	

	
≥6 copies

	
369

	
76.1

	
308

	
70.6

	

	

	




	
16p12.3

	
GPRC5B

	
1–4

	
Deletion

	
11

	
2.3

	
13

	
2.9

	
1.307

	
0.472–3.622

	
0.606




	

	

	

	
≥2 copies

	
474

	
97.7

	
423

	
97.1

	

	

	




	
1p31.1

	
NEGR1

	
1–4

	
Deletion

	
25

	
5.2

	
23

	
5.3

	
1.078

	
0.425–3.622

	
0.867




	

	

	

	
≥2 copies

	
460

	
94.8

	
413

	
94.7

	

	

	




	
10q11.22

	
NPY4R

	
1–4

	
Deletion

	
21

	
4.3

	
19

	
4.4

	
1.064

	
0.411–2.758

	
0.898




	

	

	

	
≥2 copies

	
464

	
95.7

	
417

	
95.6

	

	

	








OR, odds ratio; CI, confidence interval; OR4P4, olfactory receptor family 4 subfamily P member 4 gene; OR4S2, olfactory receptor family 4 subfamily S member 2 gene; OR4C6, Olfactory receptor family 4 subfamily C member 6 gene; AMY1, salivary amylase gene; GPRC5B, G protein-coupled receptor class C group 5 member B gene; NEGR1, neuronal growth regulator 1 gene; NPY4R, neuropeptide Y receptor Y4 gene. Associations were tested by logistic regression and adjusted by sex and age.
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Table 2. Association of 11q11 and 1p21.1 copy number variants with obesity risk in Mexican adults (n = 920).
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Locus

	
Gene

	
CN Range

	
Classification

	
Normal Weight

	
Obese

	
Association






	

	

	

	

	
n

	
%

	
n

	
%

	
OR

	
95% CI

	
P-value




	
11q11

	
OR4P4, OR4S2

	
0–8

	
Deletion

	
124

	
32.3

	
186

	
34.7

	
1.054

	
0.877–1.266

	
0.537




	

	
OR4C6

	

	
≥2 copies

	
260

	
67.7

	
350

	
65.3

	

	

	




	
1p21.1

	
AMY1

	
2–19

	
Less 6 copies

	
94

	
24.5

	
165

	
30.8

	
1.521

	
0.928–2.495

	
0.096




	

	

	

	
≥6 copies

	
290

	
75.5

	
371

	
69.2

	

	

	








OR, odds ratio; CI, confidence interval; OR4P4, olfactory receptor family 4 subfamily P member 4 gene; OR4S2, olfactory receptor family 4 subfamily S member 2 gene; OR4C6, Olfactory receptor family 4 subfamily C member 6 gene; AMY1, salivary amylase gene. Associations were tested by logistic regression and adjusted by sex and age.
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