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MATERIALS AND METHODS
Human studies
Participants. A total of 24 males were recruited to participate in the study via advertisements, and by word of mouth. Inclusion criteria included male sex, ages of 8-40 years, free from significant medical/psychiatric conditions, a breath alcohol level of 0.0 at Screening, and a willingness to comply with all study requirements. Exclusion criteria included a positive result for drugs of abuse on a rapid urine test at Screening (except for cannabis in the User group as described below), currently prescribed any psychoactive medication, self-reported nicotine/tobacco use in the past 12 weeks and a semi-quantitative urine cotinine level of 30 ng/mL at Screening, and an estimated IQ of less than 80. Half of the sample (n=12) reported at least weekly cannabis use for the past six months, had a positive result for cannabis use on a rapid urinary test at Screening, and had an unadjusted urinary 11-nor-9-carboxy-ΔTHC (THCCOOH; the primary metabolite of cannabis) level of at least 50 ng/mL at Screening, verified via enzyme immunoassay (EIA). The other half of the sample (n=12) self-reported no cannabis use in the past six months and fewer than ten life time uses, had a negative result for cannabis on a rapid urinary test at Screening, and a verified urinary THCCOOH level = 0 ng/mL at Screening.
Procedures. This study was reviewed and approved by the local Institutional Review Board, the Institutional Animal Care and Use Committee, and was conducted in accordance to the Declaration of Helsinki. Following phone screening, eligible participants came to the clinic for a Screening visit. All participants provided written informed consent and were then evaluated by a clinician. Psychiatric functioning was assessed using the Mini International Neuropsychiatric Interview, version 7.0 1,2. Medical and medication history were also reviewed and vital signs (height, weight, blood pressure, heart rate) were collected. A breath alcohol test was conducted and was required to be 0.0 to continue. An expired breath carbon monoxide sample was taken to evaluate recent tobacco smoking, and a urine sample was collected to 1) measure cotinine to assess nicotine/tobacco use; 2) to conduct rapid screening of cannabis and other illicit drug use; and 3) to conduct EIA analyses for quantitative THCCOOH levels (Dominion Diagnostics, North Kingstown, RI). Both raw and creatinine adjusted values were assessed. Participants who met all inclusion criteria and no exclusion criteria were subsequently scheduled for a visit to collect a sperm sample at the University-affiliated fertility clinic using procedures as previously described 3.  
Semen analyses. Semen was analyzed for a range of parameters, including duration of abstinence, time from collection to analysis, appearance, volume, viscosity, pH, WBC concentration, sperm concentration, total motility, forward progression and calculated total motile sperm count (TMC) using standard analytic methods. Semen was allowed to liquefy at room temperature and analyses were performed after liquefaction but no later than 60 minutes from collection. Normal appearance was considered off white to grayish opalescent fluid. Volume was determined by aspirating the sample into a 5 or 10mL Falcon pipette (VWR, Radnor, PA) with normal considered ≥ 1.5 mL. Viscosity was determined by dispersing drops from a 5mL pipette. Observation of threads more than 2 cm is considered abnormal viscosity. Analyses for pH (normal: ≥ 7.2) and WBC (normal: < 1 x 106/mL) were performed with QwikCheckTM Test Strips (Medical Electronic Systems, Los Angeles, CA). A positive WBC test was verified with ortho-toluidine staining. Concentration (normal: ≥ 15 x 106/mL) and motility (normal: > 40%) were determined with 5 μL samples using a Makler Counting Chamber (Sefi-Medical Instruments, Haifa, Israel) examined at 20X with an inverted phase-contrast microscope (NIKON DIAPHOT inverted phase, Brighton, MI). Duplicate analysis with a minimum of 100 sperm is performed. A percent difference of the two values exceeding 10% resulted in repeat analysis. Forward progression (normal = 2) was characterized as the largest proportion of motile sperm and defined as: 2 = definite forward progression, 1 = weak/sluggish progression and 0 = absence of forward progression. Data collection was completed over a time period of approximately 3.5 months. For each participant, after semen analysis, the residual sample was stored at –20 degrees Celsius an average of two weeks prior to transfer from the Fertility Center to the laboratory, about 20 minutes.
DNA purification. Samples were stored at –80°C until used for DNA extraction. All DNA extractions were performed concurrently. Samples were thawed on ice to allow for pipetting an aliquot for DNA extraction. Any remaining sample was returned to –80°C. DNA was extracted from up to ~5 million sperm of n=12 Cannabis users and n=12 non-users using Qiagen's Puregene DNA Extraction kit (Germantown, MD) and resuspended using nuclease free water. DNA quantity was measured using a Qubit 3.0 Fluorometer (Thermo Fisher) and quality assessed using a Nanodrop 2000 (Thermo Scientific; Waltham, MA). The average A260:A280 ratio for the human samples was 1.75 (SD=0.07) and the average yield was 3.4 µg (SD=2.7). There was no significant difference in the yield of DNA between the two groups (t test p=0.90). 
Rat studies
Exposure to THC. Nine-week-old, sexually mature male Sprague Dawley rats were dosed daily via oral gavage with four mls of vehicle only (n=9; 10% ethanol, 1% Triton X-100 in saline) or 2 mg/kg tetrahydrocannabinol (Sigma; St Louis, MO), 10% ethanol, 1% Triton X-100 in saline (n=8), equivalent to human moderate daily cannabis use. Following 12 days of oral administration, the rats were sacrificed and the epididymis of each rat was placed in sterile phosphate buffered saline (PBS) to enrich the solution for mature spermatozoa using the “swim out” method.4 Sperm were washed with PBS and the pellet was frozen at -80°C. 
Sperm DNA purification. Samples were transported to the laboratory on dry ice in a styrofoam box with lid and kept at –80°C until used for DNA extraction. All DNA extractions were performed concurrently.  Samples were thawed on ice to allow for pipetting an aliquot for DNA extraction. Any residual sample was returned to –80°C. DNA was extracted from up to ~5 million sperm of n=12 Cannabis users and n=12 non-users using Qiagen's Puregene DNA Extraction kit (Germantown, MD) and resuspended using nuclease free water.  DNA quantity was measured using a Qubit Fluorometer (Thermo Fisher) and quality assessed using a Nanodrop 2000 (Thermo Scientific; Waltham, MA). The average A260:A280 ratio for the human samples was 1.75 (SD=0.07) and the average yield was 3.4 µg (SD=2.7). There was no significant difference in the yield of DNA between the two groups (t test p=0.90). Genomic DNA from each sample was used for generation of Reduced Representation Bisulfite Sequencing (RRBS) data by Zymo Research, Incorporated (Irvine, CA). The DNA was stored at 4°C for approximately two weeks before shipment to avoid freeze-thaws. The remaining DNA was stored at -20°C.
Human and Rat Studies
Reduced Representation Bisulfite Sequencing (RRBS). Library construction and high throughput sequencing (the Methyl MiniSeq Service) were performed by Zymo Research (Irvine, CA). Between 200-500 ng genomic DNA was digested with MspI (New England Biolabs, Ipswich, MA) and extracted using Zymo's DNA Clean and Concentrator kit. Fragments were ligated to pre-annealed adapters containing 5'-methlcytosine, followed by recovery of those >50 bp using Zymo's Clean and Concentrator kit and bisulfite modification using the EZ DNA Methylation-Lightning kit (Zymo). Preparative-scale PCR was performed and products purified using the DNA Clean and Concentrator kit in preparation for end sequencing on an Illumina HiSeq. Sequence reads were identified using Illumina's base calling software and analyzed using a Zymo Research proprietary analysis pipeline, written in Python. Bismark was used to perform the alignment (http:www.bioinformatics.babraham.ac.uk/projects/bismark/). The Bismark_genome_preparation command was used along with the entire reference genome to construct index files. The non-directional parameter was applied while running Bismark while all other parameters were set to default. Filled in nucleotides were trimmed off during methylation calling. The methylation level for each sampled cytosine was estimated as the number of reads reporting a C, divided by the total number of reads reporting a C or T.
Pyrosequencing. Verification of RRBS results was performed by bisulfite pyrosequencing for select regions using 800 ng of genomic DNA isolated from sperm. PCR amplification and pyrosequencing were performed as previously described 5. Primer sequences and PCR conditions are available from the authors on request. Linear regression was performed to assess relationships between RRBS and pyrosequencing. 
Data Analysis
Human data analyses. The human dataset included 24 samples (12 control and 12 cannabis users), and 1,861,760 CpG sites. We removed 625,262 CpG sites with missing data or with less than 5X coverage. A two-tailed, unpaired student’s t-test with =0.05 was performed on the remaining 1,236,498 CpG sites. Sites were rejected if they had a calculated p-value <0.05 but a methylation difference <0.1 (10%); 6,640 CpG sites met the criteria. These data were cross-listed with the UC Santa Cruz 2009 hg19 gene location list using a MATLAB script. A 5,000 bp upstream window was included to account for promoter regulatory regions. This yielded 3,880 CpG sites and 2,077 unique gene names.
The chromosomal locations of the 3,880 CpG sites were entered into Kaviar (http://db.systemsbiology.net/kaviar/), a SNP identification tool 6. The hg19 gene set with zero-based input coordinates was used to match the UCSC 2009 hg19 data set. The resulting SNP data was cross-listed with the 3,880 CpG sites. An Excel VBA script was written to search the Kaviar data set and determine the cumulative allele frequency for known SNPs. CpG sites containing known SNPs with cumulative allele frequencies >0.05 were excluded from further analysis. 
Rat data analyses. RRBS data for the rats included 17 rat samples (nine control and eight THC exposed), and covered 931,161 CpG sites. We removed 143,618 CpG sites with incomplete data or with less than 5X coverage. A two-tailed, unpaired student’s t test with =0.05 was performed for the remaining 787,543 CpGs. Sites were rejected if they had a calculated p-value <0.05 but a methylation difference <0.1; 1,822 CpG sites met the criteria. Data was then imported into MATLAB where a script was written to cross-list data with the UCSC 2014 Rat Build to determine the locations of these CpG sites. A 5,000 bp upstream window was included to account for promoter regulatory regions. This yielded 782 CpG sites with 627 unique gene names. 
To determine potential intergenerational relevance, the list of differentially methylated rat genes from the cannabis experiment (n = 627 genes) was compared to the list of differentially methylated rat genes from a nucleus accumbens dataset derived from offspring of rats exposed to THC as adolescents (n = 473 genes) 7. Fifty-five genes appeared in both of these lists. A probability simulation was used to assess whether the overlap was significant. The UCSC Genome Browser has 17,299 documented genes. Each gene was assigned a number from 1 to 17,299. A random number generator selected permutations of length 627 and 473 to represent our dataset and that from Watson et al., 7 respectively. The number of overlapping genes between each set was recorded. This simulation was performed five million times, and based on this analysis the likelihood of 55 genes overlapping between two sets at random is p<2e-7. 
Bioinformatics analyses. The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 8 was used to identify pathway annotations associated with differentially methylated CpG sites between cannabis users and controls. 
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Figure S1. Semen analysis showing cannabis users have significantly lower sperm concentration than non-users (t=-2.4; p<0.05). 
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Figure S2.  Associations between THC levels (x axis) and sperm DNA methylation (y axis). A) PTGIR (CpG position [Feb.2009 GRCh37/hg19] chr19:47,127,404-47,127,405); B) ITPK1 (chr14:93,418,518-93,418,519); C) LOC400927-CSNKIE (site 1; chr22:38,749,606-38,749,607); D) PRC1, PRC1-AS (chr15:91,515,488-91,515,489); E) LOC400927-CSNKIE (site 2; chr22:38,749,550-38,749,551); F) ADCY6 (chr12:49,182,757-49,182,758; G) HBQ1 (chr16:229,454-229,455); H) BCR, FBXW4P1 (chr22:23,605,305-23,605,306); I) BRAF, (chr7:140,462,980-140,462,981).
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Figure S3.  Sperm concentration correlates with DNA methylation.  Representative  data for  differentially methylated CpG sites associated with four genes.  In total, 409 of the 3,979 differentially methylated CpG sites between the cannabis users and non-users were significantly correlated with  sperm concentration. Open square symbols are the non-user controls and the filled square symbols are the users. DHTKD1,  Dehydrogenase E1 And Transketolase Domain Containing 1; HIC1, HIC ZBTB Transcriptional Repressor 1;   NUDT8, Nudix Hydrolase 8; MBD6,  Methyl-CpG Binding Domain Protein 6.



































Figure S4. Distribution of differentially methylated CpG sites (n=6,640 in humans and n=782 in rats) in major genomic compartments (top) and relative to CpG islands (bottom).

	Table S1. Genes with ≥10 differentially methylated CpG sites

	Chromosome
	Gene Symbol
	Gene Name
	# Sites

	1
	PLEKHN1
	pleckstrin homology domain containing N1
	14

	1
	PRDM16
	PR/SET domain 16
	14

	1
	CAMTA1
	calmodulin binding transcription activator 1
	10

	1
	SPATA21
	spermatogenesis associated 21
	10

	1
	SLC1A7
	solute carrier family 1 member 7
	15

	2
	YIPF4
	Yip1 domain family member 4
	10

	2
	KLHL30
	kelch like family member 30
	15

	2
	LINC01237
	long intergenic non-protein coding RNA 1237
	13

	4
	NAT8L
	N-acetyltransferase 8 like
	10

	4
	PPP2R2C
	protein phosphatase 2 regulatory subunit Bgamma
	12

	4
	F11-AS1
	F11 antisense RNA 1
	10

	5
	LRRC14B
	leucine rich repeat containing 14B
	17

	5
	AHRR
	aryl-hydrocarbon receptor repressor
	94

	6
	JARID2
	jumonji and AT-rich interaction domain containing 2
	10

	6
	GRM4
	glutamate metabotropic receptor 4
	17

	7
	ELFN1
	extracellular leucine rich repeat and fibronectin type III domain containing 1
	18

	7
	MAD1L1
	MAD1 mitotic arrest deficient like 1
	14

	7
	TNRC18
	trinucleotide repeat containing 18
	17

	7
	PTPRN2
	protein tyrosine phosphatase, receptor type N2
	12

	8
	DLGAP2
	DLG associated protein 2
	17

	8
	MCPH1
	microcephalin 1
	11

	8
	TRAPPC9
	trafficking protein particle complex 9
	13

	8
	NRBP2
	nuclear receptor binding protein 2
	10

	8
	EPPK1
	epiplakin 1
	13

	9
	CEL
	carboxyl ester lipase
	10

	10
	ADARB2
	adenosine deaminase, RNA specific B2 (inactive)
	22

	10
	PWWP2B
	PWWP domain containing 2B
	29

	12
	NCOR2
	nuclear receptor corepressor 2
	13

	13
	GAS6, GAS6-AS1
	growth arrest specific 6, GAS6 antisense RNA 1
	19

	16
	TELO2
	telomere maintenance 2
	10

	16
	CIITA
	class II major histocompatibility complex transactivator
	28

	16
	SPIRE2
	spire type actin nucleation factor 2
	10

	17
	FOXK2
	forkhead box K2
	12

	18
	LOXHD1
	lipoxygenase homology domains 1
	14

	19
	ODF3L2
	outer dense fiber of sperm tails 3 like 2
	14

	19
	PIP5K1C
	phosphatidylinositol-4-phosphate 5-kinase type 1 gamma
	10

	19
	PIAS4
	protein inhibitor of activated STAT 4
	15

	19
	TUBB4A
	tubulin beta 4A class IVa
	17

	19
	CRTC1
	CREB regulated transcription coactivator 1
	14

	20
	VSTM2L
	V-set and transmembrane domain containing 2 like
	18

	20
	BCAS4
	breast carcinoma amplified sequence 4
	10

	20
	NFATC2
	nuclear factor of activated T-cells 2
	10

	20
	PMEPA1
	prostate transmembrane protein, androgen induced 1
	10

	20
	CDH4
	cadherin 4
	14

	21
	COL18A1
	collagen type XVIII alpha 1 chain
	17







	Table S2. CpG conservation and overlap with transcription factor binding sites for intersecting differentially methylated genes in human and rat.

	Gene 
	CG Conservation with Rat as Referent a
	CG Conservation with Human as Referent a
	Overlap with Transcription Factor Binding Sites

	ACACB
	1/1
	4/5
	-

	ADAMTS18
	0/1
	1/2
	-

	ADAT3/SCAMP4
	1/1
	0/1
	POL2RA

	ADRA2C
	0/1
	0/3
	-

	APC2
	2/2
	1/1
	-

	ARHGAP45/PALM
	2/2
	0/1
	-

	ARID5B
	1/1
	0/1
	-

	B4GALNT1
	1/1
	0/1
	-

	BEST2
	0/1
	0/1
	-

	BICD1
	0/1
	0/1
	-

	BMP6
	0/1
	0/1
	-

	BMP7
	0/1
	1/4
	AP1

	BSN
	1/1
	0/1
	-

	CABP1
	0/1
	5/7
	PAX4, AP2

	CACNA1A
	0/1
	0/2
	-

	CACNA1I
	0/1
	0/1
	-

	CACNA2D1
	0/1
	0/1
	-

	CAMK1D
	0/1
	0/1
	-

	CAMTA1
	0/1
	0/10
	-

	CCDC40
	0/1
	1/1
	-

	CHST11
	0/1
	2/4
	c-MYC

	CHST8
	1/1
	0/1
	-

	COMMD1
	0/1
	0/1
	-

	CPNE6
	0/1
	2/2
	-

	CSNK1G2
	1/1
	0/6
	-

	CYP2S1
	0/1
	0/1
	-

	DGKG
	1/1
	0/4
	-

	DNAAF4
	0/1
	0/2
	-

	DPF1
	0/1
	2/3
	-

	EBF3
	1/1
	2/3
	-

	EYA4
	0/1
	0/1
	-

	FAM117B
	0/1
	0/3
	-

	FBXL15
	0/1
	1/1
	cMYC, Pol2

	FBXO2
	0/1
	1/2
	-

	FGF12
	0/1
	0/2
	-

	GATA2
	3/3
	1/5
	cMyc

	GDF6
	0/1
	0/1
	-

	GNB2
	0/1
	0/1
	Pol2

	GNG7
	0/2
	0/9
	-

	GPRC5B
	1/1
	0/4
	-

	GRM4
	1/1
	9/17
	-

	IGFALS
	0/1
	1/2
	-

	IGSF9
	1/1
	0/1
	YY1

	JAK3
	0/1
	1/2
	-

	JPH3
	1/1
	0/5
	HOX13

	KAZN
	0/1
	0/5
	-

	KCNG1
	2/5
	0/1
	-

	KCNIP1/KCNMB1
	0/2
	2/2
	-

	KCNIP4
	0/1
	0/1
	-

	KIRREL3
	0/1
	1/7
	-

	KLC1
	2/3
	0/1
	E2F1, cMYC

	LINGO3
	0/2
	0/7
	-

	LLGL1
	0/1
	0/1
	-

	LMNB2
	1/1
	0/1
	-

	LTBP3
	0/1
	1/4
	-

	LTBP4
	1/1
	0/1
	-

	MAG
	5/5
	0/4
	HAND1E47, PAX6

	MEFV
	0/1
	0/1
	-

	MFHAS1
	0/1
	0/1
	-

	MPPED1
	0/1
	1/1
	-

	NCOR2
	0/1
	2/13
	POLR2A. CTCF

	NFATC2
	0/1
	2/10
	SRF

	NR2F1
	0/3
	0/1
	-

	NRXN1
	0/1
	0/1
	-

	ODF2
	1/1
	1/1
	SP1, NFYA, POLR2A, CEBPB, MYC

	PACRG
	0/2
	0/1
	-

	PAX7
	1/2
	0/1
	-

	PIAS4
	0/1
	1/15
	LUN1

	PIP5K1C
	1/2
	0/10
	-

	PKM
	1/1
	0/1
	POL2-4H

	PLEC
	1/1
	1/1
	POLR2A, MYC

	PRKACA
	0/1
	0/1
	-

	PTPRG
	0/1
	0/1
	-

	RBFOX3
	0/1
	0/8
	-

	RERE
	0/1
	0/1
	-

	RFLNA / FAM101A
	0/1
	0/2
	-

	RLBP1
	0/1
	0/3
	-

	RTN3
	1/1
	0/1
	-

	S1PR4
	0/1
	0/1
	-

	SAPCD2
	1/1
	0/5
	-

	SCIN
	0/1
	0/1
	-

	SH3RF2
	0/1
	1/1
	-

	SORBS2
	0/1
	0/2
	CEBPB

	SORCS2
	0/1
	0/2
	NR3C1

	STAC2
	0/1
	0/1
	-

	SYNJ2
	0/1
	0/1
	-

	TCF7L1
	0/2
	0/1
	CTCF

	TENM3
	0/1
	1/1
	-

	TLE2
	0/1
	0/2
	-

	TOX2
	1/1
	0/1
	-

	TRPM2
	0/1
	0/8
	E2F1, POLR2A, YY1

	TTC7B
	0/1
	0/1
	-

	USP7
	0/2
	0/1
	Sp1, E2F1, POLR2A, CTCF

	USP9X
	0/1
	0/1
	-

	VWF
	0/1
	0/1
	-

	ZBTB42
	0/1
	1/1
	-

	ZBTB7C
	0/1
	1/1
	-

	ZER1
	0/1
	0/1
	-

	ZSCAN10
	0/1
	0/1
	POLR2A

	a number of conserved CpG sites / total number of identified CpG sites for given gene in the   referent species.
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