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[bookmark: _Toc528887158]Preliminary results of Sex Differences (Male vs Female)

Behavioral cluster analysis
[bookmark: _Hlk2436841]To assess the ability for the goal/sign-traking phenotype to predict differences in other behavioral measures associated to addiction, an unsupervised ordination plot was generated. A bray-curtis dissimilarity matrix was created from a total of 48 behavioral measures, with the 6 behavioral measures related to PavCA removed. Points were colored and shaped by Behav.Cluster and Tracker group by sex, respectively. Results indicated that differences in non-PavCA behavioral measures separated by this grouping were designated on the x-axis (Fig. S1), while females and males separated on the y-axis (Fig. S1A).
Partial least squares differential analysis (PLS-DA) of all 54 behavioral measures constrained by sex and goal/sign tracking (GT/ST) phenotype resulted in a separation between males and females (Fig. S2A). 81% of males are present in the left cluster (L.Behav.Clust = Behav.Clust.1), while only 26% of females are present in the L.Behav.Clust. In the right behavioral phenotype cluster (R.Behav.Clust = Behav.Clust.2), 74% of females are present while only 19% of males are present. Interestingly, the majority of female and male sign-trackers (ST) congregated in the lower right quadrant of this cluster. 
[bookmark: _Hlk3970397]Random Forest Regression Analysis
Additional analysis was performed to assess if variance in behavioral measures could be predicted by microbiome composition. Random forest regression analysis was performed within sex in R (v3.5.2) using the randomForest package (v4.6-14). Wisconson normalization from the vegan package (v2.5-4) was used on the filtered (>0.01% abundance) bacterial OTU table. Analysis was performed for two output: 1) Pavlovian Conditioned Approach Index score, used to assign the GT/IN/ST group 2) x-axis values from the NMDS plots shown in Supp. Fig. 1. Each dataset was randomly assigned to a training set (70% of samples) or a prediction set (30% of samples). Parameters for random forest were set to number of decision trees (ntree=500) and number of variables randomly sampled at each stage (mtry=total number of variables/3). Explained variance for all training sets were low (variance explained > 4%). For random forest regression analysis within females and males by PavCA Index Score and X-axis, predicted mean variance equalled zero. This zero value indicated that microbiome composition can not predict GT/ST grouping or overall behavioral variance (as represented by x-axis points). The varImpPlot function from randomForest was used to visualize the most important bacteria associated with variations in Index Score and X-axis (Supplementary Figure 6-7).
Behavioral differences between sex and behavioral cluster
Factor analysis (PERMANOVA) of 54 behavioral measures revealed that sex was the only significant contributing factor (R2=0.301, p=0.0002). To ensure this observation was not due to sex differences in weight, factor analysis was also performed for animal weights at experiment endpoint. Weight was not a significant factor contributing to behavior (R2=0.006, p=0.173). Additionally, sign/goal tracker phenotype was not a significant factor for all behavioral measures (R2=0.007, p=0.371). Of 54 behaviors tested, 32 were significantly different when compared by sex, 34 between left and right behavioral cluster, 17 when females only where compared by behavioral cluster, and 20 when males only were compared by behavioral cluster. Z-score was used to represent behavioral differences by sex, behavioral cluster (R.Behav.Clust and L.Behav.Clust), and behavioral cluster by sex (Fig S2B). 
[bookmark: _Hlk509086156]Sex differences in Pavlovian Conditioned Approach (PavCA)
Females had significantly increased sign-tracking behavior compared to males (Fig. S2A-B). This was evident by significant increases in Pavlovian Index score on day 4 (PavCA.D4.Index, p<0.0001) and day 5 (PavCA.D5.Index, p<0.01) in females compared to males. Pavlovian Index score was also significant between behavior cluster (PavCA.D4.Index and PavCA.D5.Index, p<0.001) and when males and females were compared individually by behavioral cluster (PavCA.D4.Index and PavCA.D5.Index, p<0.001). Sign-tracking behavior, as measured by lever-cue associations, was significantly increased in females, R.Behav.Clust,  and R.Behav,Clust.F  on day 1, 4, and 5 (PavCA.D1.Lever_CS, p<0.001; PavCA.D4.Lever_CS, p<0.001; PavCA.D5.Lever_CS, p<0.001). Male right behavioral cluster (R.Behav.Clust) was also significantly increased on day 4 and 5 (PavCA.D4.Lever_CS, p<0.001; PavCA.D5.Lever_CS, p<0.001) compared to left behavioral male cluster (L.Behav.Clust). These findings show that sign-tracking behavior is increased in all females compared to males, as well as right and left behavioral clusters, either compared with all samples or within sex. 
Sex differences in Pavlovian Conditioned Reinforcement (CRF) 
Females had significant increases in reinforcement behavior compared to males (Fig. S2B). Number of CS lever presentations was significantly different between sex, behavioral cluster, and behavioral cluster by sex (CRF.Number.Reinforcers, p<0.001), and total number of lever presses (CRF.LeverPresses, p<0.001). These measures were significantly increased in females vs. males. L.Behav.Clust vs. R.Behav.Clust, and left behavioral clusters within both sexes (Fig. S2B). 
Sex differences in Cocaine Cue Preference (CCP) 
Females had an overall significant increase in locomotor distance travelled compared to males following cocaine administration at both trials 1 and 4 (CCP.T1.Cocaine.Dist and CCP.T4.Cocaine.Dist, p< 0.001) (Fig. S2B). Significant differences in cocaine-induced locomotor travel was also observed between behavioral clusters. However, when behavioral clusters were compared within sex, only significant differences were seen within females at trial 1 (CCP.T1.Cocaine.Dist, p< 0.01). Behavioral cluster comparisons in all samples (L.Behav.Clust vs. R.Behav.Clust) showed significant differences in locomotor behavior between cocaine administration and saline (CCP.dtLoco, p<0.01).
There were no significant sex differences in the primary measures of change in time (s) in cocaine-paired (CS+) floor between the post-test and pre-test (CCP.dtCS, p>0.05). 
Sex differences in Choice Reaction Time Task (RT)
Reaction time (RT) measures of impulsivity total number of per opportunity false alarms was not significant (RT.POFA, p>0.05). A significant increase in total number of per opportunity premature initiations (RT.PerOPInit, p<0.001) was observed in females compared to males, and left behavioral cluster compared to right (Fig. S2B).
Sex differences in Locomotor Response to Novelty (Loco)
Like measures from CCP, females had significant increases in distance travelled (Loco.Distance, p<0.001). This was also seen in comparisons between behavioral cluster and within male behavioral cluster (Loco.Distance, p<0.05). Additionally, there was significant increases in maximum exploratory rearing measures in females, R.Behav.Clust, R.Behav.Clust.F and R.Behav.Clust.M (Loco.MaxRear, p<0.01). Significant decreases in total locomotor activity (Loco.Activity, p<0.001) in females compared to males. 
Sex differences in Light Reinforcement (LR)
Total Light Reinforcement LR.Reinforcers, p<0.01) and total inactive responses (LR.InActive,p<0.05) were significantly different by sex, behavioral cluster, and within the male behavioral cluster. Significant increases in measures of total active and inactive responses in females, R.Behav.Clust, R.Behav.Clust.F and R.Behav.Clust.M (LR.Total , p<0.01) were observed (Fig. S2B).
Sex differences in Delay Discounting (DD)
Females had significant increases in impulsivity measure of patch change rate area under the curve (DD.PCRateAUC, p<0.01). This was also seen in comparisons between behavioral cluster (p<0.05). Primary measures of indifference point area under the curve did not differ significantly (DD.IDPtAUC, p>0.05).
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[bookmark: _Hlk2436790]Supplementary Figure 1 – Behavioral dissimilarity in Non-PavCA Measures - A) in all samples, B) in male subjects, C) in female subject. Shapes on plot indicate tracker and sex designation, red color indicated Behav.Clust.1 (L.Behav.Clust) and blue color Behav.Clust.1 (R.Behav.Clust).
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Supplementary Figure 2– Behavioral differences – A) Behavioral Phenotype Cluster visualized in principal coordinate analysis (PCA) of PLS-DA clustered behavioral measures. Goal-trackers (GT) colored green, intermediate (IN) blue, sign-trackers (ST) red; females in dark colors, and males light colors. B) Z score indicates increases (red) or decreases (blue) in behavioral measures compared to population.  
Microbiome diversity
Microbiome beta diversity was significantly different by sex (R2=0.016, p=0.002) and generation (R2=0.032, p=0.0002) (Fig. S3A). Age was also a significant factor contributing to microbiome variance (R2=0.017, p=0.001). No significant differences were found for weight (R2=0.005, p=0.312) or sign/goal-tracker phenotype (R2=0.011, p=0.285). OTU assignments of sign/goal-tracker phenotype only clustered by sex in PLS-DA (Fig 3A). Alpha diversity analysis by sex revealed significant differences in Shannon (p=0.0001) and Simpson (p=0.001) index measures (Fig. S3B). There were no significant differences in alpha diversity measures between behavioral cluster within sex (p>0.05).
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Supplementary Figure 3 – Genus Differences in Microbiome by Sex and Behavioral Phenotype – A) PCA beta diversity plot of PLS-DA clustered microbiome by sign/goal-tracker phenotype and sex (blue circle = female goal-tracker (F_GT), orange triangle = female intermediate (F_IN), grey plus = female sign-tracker (F_ST), green x = male goal-tracker (M_GT),purple diamond = male intermediate (M_IN), yellow triangle = male sign-tracker (M_ST). B) Log-fold change differences at genus level between females vs males and behavioral phenotype clusters (R.Behav.Clust vs. L.Behav.Clust); asterisks indicate significance after FDR corrections (p>0.05)
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Supplementary Figure 4 – Microbiome Diversity – A) NMDS plot of beta diversity by sex (Female = yellow, Male = blue) and by generation (circles = Batch02, and triangles = Batch03); stress value in lower left corner indicates how well the data is represented in reducing the dimensions. B & C) Alpha diversity of B) Shannon and C) Simpson index measures between males (blue) and females (yellow); asterisks indicate significance p>0.001. 

Taxonomic differences between sex
At the phylum level, Tenericutes was significantly greater in females compared to males and (p<0.001) (Fig. S3B). Among females and R.Behav.Clust, significantly greater proportions of Peptococcaceae (p<0.001) and the corresponding genus Peptococcus (p<0.001), Rikenellaceae (p<0.001) and the genera Alistipes (p=0.01) and Rikenella (p<0.001), Desulfovibrionaceae (p<0.01) and the genus Desulfovibrio (p<0.01), and in family Erysipelotrichaceae (p>0.05) genus Allobaculum (p<0.01). In females compared to males, greater abundance of Gracilibacteraceae (p=1.24e-4) and the genus Gracilibacter (p=1.24e-4), as well as Enterobacteriaceae (p=0.002). Significantly lower Streptococcaceae (p=0.002) and the genus Streptococcus (p=0.004) were observed (Fig. S3B). Other significant differences were found at the genus level, including several genera from the families Lachnospiracea, Ruminococcaceae, Veillonellaceae, and Anaeroplasmataceae (Fig. S3B).

Microbiome correlations to Behavior
Spearman correlations were performed on all 54 behavioral measures and OTU-level bacterial abundance filtered at >0.01% median abundance, presence greater >50% all samples. For all samples qvalue=0.05, within sex qvalue=0.15. 
Correlations to Behavioral Measures in All Samples
Spearman correlations were performed between behaviors and OTU-level bacteria for all samples (N=202) (Fig. S4A). In all samples, significant correlations were positively correlated to Anaeroplasma OTU_55, Peptococcus OTU_80, Allobaculum OTU_60 and OTU_129, and Lachnospiraceae_incertae_sedis OTU_117, Allobaculum OTU_129 were positively correlated to goal tracking behavior on day 1 (Reward.Learning.PavCA.D1.Magazine_CS, rho>0.262, p<0.001);  Anaerovirbrio OTU_89, Oscillibacter OTU_185, and Prevotella OTU_327 and OTU_27 were negatively correlated to in-goal tracking behavior on day 1 (Reward.Learning.PavCA.D1.Magazine_CS, rho<-0.254, p<0.001). Distance travelled following cocaine administration during trial 1 and 4 was positively correlated to Allobaculum OTU_129, Anaeroplasma OTU_55, Peptococcus OTU_80, Clostridium XIVa OTU_983, among others (Loco.CCP.T[1or4]. CocaineDist, rho>0.2.55, p<0.001). Total number of presentations of lever (Reward.Learning.CRF.Number.of.Reinforcers, rho>0.280, p<0.001), and maximum exploratory rears per epoch (Loco.MaxRear, rho>0.282, p<0.0001) were positively correlated to Anaeroplasma OTU_55, Peptococcus OTU_80, and Lachnospiracea_incertae_sedis OTU_389. Significant negative correlations to impulsivity measures of indifference point area under the curve and patch change rate area under the curve (Impulsivity.DD.IDPtAUC and Impulsivity.DD.PCRateAUC, rho<-0.303, p<0.001) was observed with Lachnospiracea_incertae_sedis OTU_3469. Correlations to locomotor activity (Loco.Activity) and other locomotor responses to novelty measures were significantly (p<0.05) associated to Peptococcus OTU_80, Lachnospiracaea_incertae_sedis OTU_389, and Allobaculum OTU_129. 

[bookmark: _Hlk518435291]Correlations to Behavioral Measures within Sex
Spearman correlations were performed between behaviors and OTU-level bacteria within sex (N=101, Males and Females) (Fig. S5B). Impulsivity measures of indifference point area under the curve and patch change rate area under the curve was significantly correlated to Lachnospiracaea_incertae_sedis OTU_3469 (Impulsivity.DD.IDPtAUC and Impulsivity.DD.PCRateAUC, rho<-0.393, p<0.001) in males. In females, indifference point area under the curve and locomotor activity were negatively correlated to Barnesiella OTU_114 (Impulsivity.DD.IDPtAUC and Loco.Activity, rho<-0.407, p<0.001). In males, exploratory rearing was positively correlated to Clostridium XlVa OTU_3855; additionally, males had many OTU correlations to sensory preference for CPP floor before testing. A positive correlation between reward learning and Lachnospiracea incertae sedis OTU_152 was seen in females (Reward.Learning.LR.Active, rho=0.407, p=2.44e-05) (Fig. S5B).
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Supplementary Figure 5 – Correlation Analysis. A) Correlations between OUT-level bacteria and behavior in all subjects. Significance that passes FDR indicated by an asterisk (q<0.05). B) Correlation between OTU-level bacteria within sex and behavior. Significance that passes FDR indicated by an asterisk (q<0.15). Positive correlations indicated in red, negative correlations indicated in blue.
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Supplementary Figure 6 –  Random Forest Analysis in Females. A) Shows important OTUs associated to variance in PavCA Index Score, used for GT/ST grouping. B) Shows important OTUs associated to variance in behavior NMDS x-axis values taken from Supplementary Figure 1C.
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Supplementary Figure 7 –  Random Forest Analysis in Males. A) Shows important OTUs associated to variance in PavCA Index Score, used for GT/ST grouping. B) Shows important OTUs associated to variance in behavior NMDS x-axis values taken from Supplementary Figure 1B.
Correlations to Behavioral Phenotype Cluster X-axis and OTUs
Behavioral Phenotype Cluster (Fig. S2A) separated into two clusters along the X-axis. These X-axis values were correlated to OTU abundance. For all samples qvalue=0.05, within sex qvalue=0.15. 
[bookmark: _Hlk518435079]Correlations to Behavioral Phenotype Cluster X-axis and OTUs in All samples
In all samples, X-axis behavioral phenotype cluster values positively correlated to Peptococcus OTU_80, Anaeroplasma OTU_55, Allobaculum OTU_33 and OTU_129, Lachnospiracaeae_incertae_sedis OTU_389, Dorea OTU_2348, and Acetivibrio OTU_586 (rho>0.241, p<0.001) (Table S1). X-axis phenotype cluster was negatively correlated to Anaerostipes OTU_5419, Tannerella OTU_1263, Barnesiella OTU_871 and OTU_726, and Lachnospiracea incertae sedis OTU_3 (rho<-0.240, p<0.001) (Table S1).
Correlations to Behavioral Phenotype Cluster X-axis and OTUs within Sex
In males, X-axis behavioral phenotype cluster values positively correlated to alpha diversity measures (Observed and Chao1, rho=0.236, p<0.5). In females, X-axis values behavioral phenotype cluster (Fig. S2A) negatively correlated to Shannon index alpha diversity measure and Barnesiella OTU_253 (rho<-0.231, p<0.05). 


	OTU
	rho
	Pvalue

	Firmicutes.Peptococcaceae 1.Peptococcus.OTU_80
	0.34596
	4.58E-07

	Tenericutes.Anaeroplasmataceae.Anaeroplasma.OTU_55
	0.324795
	2.40E-06

	Firmicutes.Erysipelotrichaceae.Allobaculum.OTU_33
	0.308244
	8.08E-06

	Firmicutes.Lachnospiraceae.Lachnospiracea_incertae_sedis.OTU_389
	0.276757
	6.69E-05

	Firmicutes.Erysipelotrichaceae.Allobaculum.OTU_129
	0.265397
	0.000135

	Firmicutes.Lachnospiraceae.Anaerostipes.OTU_5419
	-0.25981
	0.000188

	Bacteroidetes.Porphyromonadaceae.Tannerella.OTU_1263
	-0.25524
	0.000246

	Bacteroidetes.Porphyromonadaceae.Barnesiella.OTU_871
	-0.2534
	0.000274

	Firmicutes.Lachnospiraceae.Dorea.OTU_2348
	0.247933
	0.000374

	Firmicutes.Lachnospiraceae.Lachnospiracea_incertae_sedis.OTU_3
	-0.24325
	0.000486

	Firmicutes.Ruminococcaceae.Acetivibrio.OTU_586
	0.241062
	0.000548

	Bacteroidetes.Porphyromonadaceae.Barnesiella.OTU_726
	-0.24049
	0.000566



Supplementary Table 1: OTU Correlations to Behavioral Cluster x-axis in all samples – OTU correlations to x-axis correlations in behavioral cluster that pass FDR corrections (Q<0.05). OUT (first column), rho value (Spearman, second column), Pvalue (raw, third column)



Cage-Effect Analysis 
To assess the potential influence of cohousing and coprophagy on the microbiome composition and the housing effect on GT/IN/ST behavioral phenotype, the following analysis was performed. Microbiome data was assessed by grouping factor “Co-housed” (N=196) and “Single-housed” (N=6). Total OTU counts for each sample were normalized to relative abundance. In R version 3.5.2, the betadisper function from the vegan package (version 2.5-4) was used to calculate homogeneity of variance between the two groups. Average distance from the median (homogeneity of variance) was not significantly different by housing group (Permutation, df = 1, F=1.0309, p=0.23). Since no significant difference was observed in variance by group, the analysis proceeded to test beta-diversity separation by housing group. ADONIS test from the vegan package revealed no significant separation in microbiome composition between animals co-housed vs. singly housed (PERMANOVA, perm=999, R2=0.00391, p=0.74).

	Co-housed
subjects
	Rate of all co-occurring phenotypes (GT/IN/ST)
	Rate of co-occurring ST phenotype only

	Males (M)
	55.1%
	12.5%

	Females (F)
	30.6%
	29.2%

	Average (M+F)
	42.9%
	20.9%



Supplementary Table 2: Co-occurrence rate of same behavioral phenotype in co-housed subjects – In Male paired rats, 55.1% share the same behavioral phenotype (GT/IN/ST). Female paired rats, 30.6% share the same behavioral phenotype (GT/IN/ST). In this research, focus was placed on the ST phenotype which is associated to addiction. The rate of shared ST phenotype was 12.5% in Males and 29.2% in Females.
[bookmark: _Hlk16763576]
Assessment of potential contaminant by factors
One limitation of this study was the lack of negative controls for DNA extraction, library preparation, and sequencing. As no negative controls were implemented in this study, post-hoc analysis of factors that could illuminate sources of contamination were assessed. The focus of this analysis was on OTU_250 assigned to genera Thermofilum (Silva reference database), this low-abundance extremophile bacteria showed significant correlations with impulsivity behavior in male IN phenotype.  Assessment of significant differences in OTU_250 were carried out by sequencing run (P1, P2, P3, P4), Batch (breeding generation, Batch02 & Batch03), and the box that the samples were delivered in, and DNA was subsequently extracted from. Significant differences were observed in OTU_250 when tested by sequencing run (Kruskal-Wallis, p=8.5e-5) (Supp. Fig. 8). Batch grouping also showed differences in OTU_250, however, this observation may be confounded by uneven distributions in the four sequencing runs (Supp. Fig. 9). Sample box also showed significant differences in OTU_250 (Kruskal-Wallis, p=2.1e-4) (Supp. Fig. 10), yet this observation could also be confounded by uneven distribution between the four sequencing runs. Male and female samples were evenly distributed throughout these different factors (batch, sequence run, and box). To ensure this potential contaminant did not influence the main finding of sex-differences, OTU_250 was tested by sex. No significant differences were observed in OTU_250 when tested by sex (Wilcoxson, p=0.955).
The following 16S sequence for OTU_250 was aligned against other microbial reference databases (RDP, NCBI, and EZBioCloud) to assess taxonomic assignment. 
>OTU_250
CCTACGGGTGGATCAATGACGAGTACTACGGCAAAGGTCTGTACGAGCTGACGGAGGAAGCGGTGGACGAGCTGCTGGAAaaaaGCCGTATGCGGCAGCGGGTCTTTCCGGTGAAGGTCTCCAAATCAGAAGAAaaaGGGAACCAACCGGACACCGCTAAaaaaTGATTGCGGCCCGGTGGAGATTGTGGTATATTAAACATAAAGAAGGGCATCTGCACAAACAGACGCCCTCCGGGAGTTACCGATAGACGGTTAGCCCGATTAGTGAATTACAGCTATAGCCGCATCCTTTGGTCGGggggCGGCTATTTCTGTGTCTTGCTATTATCTTTACCTATAGAATATCCATTGGCTCAGCCCTCCCTTCCCAGATTCCCTTGCGGGTTTCTATGTAAACGGAGGGTCACAGTCCCTCCGAAGAGGGCTAACCGCCTGCCATCCTGGTAGTC
RDP results classified the OTU_250 sequence in the Fungi domain with top hits to phylum Ascomycota. NCBI blast to the 16S rRNA database of OTU_250 resulted in no reliable alignments, with top hit to genera Tetragenococcous (E value=3.1, Query coverage=4%). EZBioCloud 16S-based ID of OTU_250 sequence resulted in no hits. These findings indicate that this OTU, originally interpreted as an extremophile exceptional in the dataset may belong to another uncharacterized taxon. 
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Supplementary Figure 8 –  Differences in OTU_250 by sequencing run. Pool 1-4 indicates separate sequencing run, all pools contained 50 or 51 samples with even ratios of Males to Females. 
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Supplementary Figure 9 –  Differences in OTU_250 by Batch (generation). Batch02-03 indicates subjects from two separate breeding generations, each batch contained 101 samples with even amounts of Males and Females. 
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Supplementary Figure 10 –  Differences in OTU_250 by Sample Box. Sample boxes contained both female and male samples in relatively equal proportions. 
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Random Forest Regression Analysis in Females
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