
Supplemental methods 

DNA extraction 
For all blood samples, DNA was extracted using the Autopure system (QIAGEN). For all buccal samples, 

DNA was extracted manually using the Puregene 300 Kit (QIAGEN). For saliva samples from PGPC-0002, 

PGPC-0006, and PGPC-0050, DNA was extracted using the QIAsymphony instrument with 

the QIAsymphony DSP DNA Midi Kit (QIAGEN), whereas for PGPC-0005, DNA was extracted using the 

Autopure system (QIAGEN). All extractions were performed following the manufacturer’s instructions. 

 

Bacterial DNA quantification 
The relative proportion of human and bacterial DNA in each sample was quantified using the QX200 

Droplet Digital PCR system (Bio-Rad Laboratories) following the manufacturer’s instructions. Bacterial 

DNA content was measured using the 16S rRNA gene with TaqMan probe All1NUW (Life Technologies), 

and human DNA measured using RPPH1 with the Copy Number Reference Assay RNase P probe (Life 

Technologies). 

  

DNA library preparation and sequencing 
From each individual, the blood sample plus one saliva sample and one buccal sample (representing a 

range of bacterial DNA concentrations) were selected for further analysis. Five DNA libraries were 

prepared per individual, from the following sources of DNA: 1) blood; 2) saliva without prior enrichment 

for eukaryotic DNA; 3) saliva with enrichment; 4) buccal swab without enrichment; and 5) buccal swab 

with enrichment. Eukaryotic DNA enrichment was performed using the NEBNext® Microbiome DNA 

Enrichment Kit (New England Biolabs) following the manufacturer’s instructions to elute and collect the 

eukaryotic DNA from the beads. DNA library preparation was performed using the NxSeq AmpFREE Low 

DNA kit (Lucigen). Sequencing was performed using the HiSeq X (Illumina) as previously described [1], 

generating 151 bp paired-end reads.  
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Data preprocessing and variant detection 
Base calling was performed using HiSeq Analysis Software (HAS) v2-2.5.55.1311. Reads were aligned to 

the GRCh37/hg19 reference genome using BWA-MEM v0.7.12 [2]. BAM files were subsampled prior to 

variant detection using SAMtools v1.3.1 [3] to give each sample approximately the same mean depth as 

the sample with the lowest original mean depth (specifically, the proportion of aligned reads to retain 

from each sample was calculated as 𝐷"/𝐷$, where 𝐷" is the minimum original mean read depth among 

all the samples and 𝐷$  is the original mean read depth of sample 𝑋). Picard v2.5.0 was used to mark 

duplicate reads. SNVs and indels were detected using Genome Analysis Toolkit (GATK) v3.7 following 

best practices recommendations [4–6].  SNVs and indels for which the FILTER column of the VCF file was 

not equal to PASS after performing variant quality score recalibration were discarded. Due to their 

higher error rate and propensity to be expansions or contractions of homopolymers or simple repeats, a 

given indel was retained only if it 1) was marked as PASS, 2) had a genotype quality (GQ) score ≥ 99 (for 

heterozygous indels only), 3) had an allele fraction between 0.3 and 0.7 (for heterozygous indels) or 

greater than 0.9 (for homozygous indels), 4) was not adjacent to a homopolymer of size 8 or greater, 

and 5) did not overlap with low-complexity regions marked by dustmasker [7]. An SNV or indel was 

defined as novel if it was absent from genomes and exomes in the Genome Aggregation Database 

(gnomAD) [8], the data for which was downloaded from ANNOVAR [9] on March 10, 2017. CNVs were 

detected using a workflow involving ERDS v1.1 [10] and CNVnator v0.3.2 [11] as previously described [1]. 

Specifically, a given CNV was retained if 1) it was larger than 1 kb, 2) less than 70% of it overlapped with 

gaps and segmental duplications [1], and 3) it was either detected by both ERDS and CNVnator with 50% 

reciprocal overlap or the CNV was a duplication smaller than 50 kb detected by ERDS alone. A CNV was 

defined as rare if it was present in fewer than 1% of parents in the Autism Speaks MSSNG WGS dataset 

(2,241 unrelated individuals) according to both ERDS and CNVnator [12]. As an alternative CNV-

detection workflow, CNVs were identified using Canvas v1.39.0.1598 [13] and were retained if they 
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satisfied criteria 1 and 2 above. Structural variants were detected using Manta v1.5.0 [14] and were not 

subjected to any filtering. 

 

Statistical analysis 
The Friedman repeated-measures test was used to determine whether there were statistically-

significant differences in the distributions of sequencing metrics or variant counts among blood, non-

enriched saliva, and non-enriched buccal samples, followed by the post-hoc Conover-Iman test to assess 

pairwise differences. The Wilcoxon signed-rank test was used to compare the distributions of enriched 

saliva samples and non-enriched saliva samples, as well as enriched buccal samples and non-enriched 

buccal samples. Exact P-value tables were used for the Friedman test and the Wilcoxon signed-rank test 

[15, 16], while approximate P-values were used for the Conover-Iman test. P-values <0.05 were 

considered significant, except for the Wilcoxon test, for which a P-value of 0.062 (the lowest possible P-

value with n = 4 [16]) was considered significant. 

 

BLAST searches of unmapped reads 
To determine the sources of unmapped reads, the Basic Local Alignment Search Tool (BLAST) program 

blastn v2.7.1 was used to search unmapped reads against the National Center for Biotechnology 

Information (NCBI) nucleotide (nt) database. Specifically, we selected 10,000 read pairs from each 

sample for which both reads in the pair were unmapped, and used the first read in each pair as a BLAST 

query. Default parameters were used to blastn except “-task blastn” and “-evalue 1e-5”. Only the best 

BLAST match (smallest E-value) for each read was considered. For each match, the esummary program 

from NCBI was used to determine the taxonomic ID of the organism from which the database sequence 

was derived. The domain (e.g., bacteria or eukaryota) associated with that taxonomic ID was 

determined using the fullnamelineage.dmp file, which can be downloaded from 

https://ftp.ncbi.nlm.nih.gov/pub/taxonomy/new_taxdump/new_taxdump.tar.gz.     
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Concordance and accuracy of single nucleotide variants and indels 
Using hap.py (https://github.com/Illumina/hap.py), SNV and indel concordance was calculated between 

blood samples and non-enriched saliva samples, blood samples and non-enriched buccal samples, 

enriched saliva samples and non-enriched saliva samples, and enriched buccal samples and non-

enriched buccal samples. In addition to whole-genome concordance, concordance was computed for 

variants found in coding exons, all exons, introns, and intergenic regions, as defined by the RefSeq gene 

annotations obtained from the University of California Santa Cruz genome browser. 

 

To determine whether there were differences in the accuracy of SNV and indel detection among the five 

sample types, we performed visual inspection of alignments [1] using IGV [17] to categorize as true or 

false 400 randomly-selected variants that were detected in the blood sample but not the non-enriched 

saliva or buccal sample from the same individual, or in an enriched sample but not in the corresponding 

non-enriched sample (or vice versa). These variants were distributed roughly evenly among the four 

study participants (PGPC-0002, PGPC-0005, PGPC-0006, or PGPC-0050), presence in gnomAD (known or 

novel), and variant type (SNV or indel). Evidence displayed by IGV that was considered to support the 

correctness of a variant include the variant being present in approximately equal proportions on 

forward and reverse reads; the allele fraction being between 0.3 and 0.7 (for heterozygous variants); 

consistent length (for indels); and absence of reads surrounding the variant that were poorly mapped or 

soft-clipped (where only part of the read aligns). 

 

Concordance and accuracy of copy number variants 
Two CNVs were deemed the same if the first CNV overlapped with at least 50% of the second CNV and 

vice versa. Concordance was calculated by enumerating the CNVs that were detected in blood samples 

but not non-enriched saliva or buccal samples (or vice versa) or in enriched but not non-enriched saliva 
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or buccal samples (or vice versa).  To compare the accuracy of different sample types, read alignments 

corresponding to discordant CNVs were visually inspected using IGV as previously described [1]. All rare 

CNVs were visually inspected, along with three common CNVs per category, where a category was 

defined as a combination of individual (PGPC-0002, PGPC-0005, PGPC-0006, or PGPC-0050), CNV type 

(deletion or duplication), size bin (between 1 and 5 kb, between 5 and 10 kb, or greater than 10 kb), 

comparison type (blood versus non-enriched saliva, blood versus non-enriched buccal, enriched versus 

non-enriched saliva, or enriched versus non-enriched buccal) and comparison direction (CNV detected in 

the first sample type but not the second sample type or vice versa). When there were fewer than three 

discordant CNVs in a given category, all CNVs in that category were inspected. For the two HuRef blood 

replicates, all rare discordant CNVs were inspected, along with up to three common CNVs per 

combination of CNV type, size bin, and comparison direction (CNV detected in the first blood sample but 

not the second or vice versa).  
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