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Abstract 22 

Stress in early life can affect the progeny and increase the risk to develop psychiatric and 23 

cardiometabolic diseases across generations. The cross-generational effects of early life stress 24 

have been modeled in mice and demonstrated to be associated with epigenetic factors in the 25 

germline. While stress is known to affect gut microbial features, whether its effects can persist 26 

across life and be passed to the progeny is not well defined. Here we show that early postnatal 27 

stress in mice shifts the fecal microbial composition (binary Jaccard index) throughout life. 28 

Further effects on fecal microbial composition and structure (weighted Jaccard index) are 29 

detected in the progeny across two generations. These effects are not accompanied by changes 30 

in bacterial metabolites and related predicted metabolic pathways in any generation. These 31 

results suggest that changes in the fecal microbial community induced by early life traumatic 32 

stress can be perpetuated from exposed parent to the offspring.  33 
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Introduction 34 

It has long been established, that early life is a critical developmental window in which 35 

individuals are primed for life 1,2. Traumatic stress in early life is one of the major causes of 36 

mental and physical diseases, particularly psychiatric disorders. These diseases often not only 37 

affect individuals directly exposed to early life stress but also sometimes their offspring 3–5. 38 

Alterations in signaling pathways via the gut-brain axis have been suggested to contribute to 39 

the consequences of stress exposure 6. Signaling via gut-brain axis is thought to occur by 40 

bacterially produced metabolites, such as short chain fatty acids (SCFAs) and ³-aminobutyric 41 

acid 7,8. Since gastrointestinal tract maturation and the establishment of the gut microbiota occur 42 

in parallel with brain development 9, alterations in the gut microbiome may contribute to brain 43 

dysfunctions later in life. Experiments with germ free mice have indeed suggested the 44 

involvement of gut microbes in anxiety like behavior and behavioral despair induced by early 45 

life stress 10. Early life stress has been shown to induce distinct gut microbial alterations in 46 

rodent models including the decrease of Lactobacillaceae species and increase in Enterococcus 47 

species. Though, observed changes are heterogenous and differ substantially between studies 48 

11,12. Similar observations exist in humans, though observed stress effects on the gut microbiota 49 

remain correlative and cannot be distinguished from confounding effects such as diet and 50 

lifestyle 11,13,14.  51 

Previous research has mainly focused on changes in gut microbial composition rather than 52 

changes in function. In the few available human studies referring to gut microbial metabolic 53 

changes associated with early life stress, socioeconomic risk exposure explained a significant 54 

amount of the functional gut microbial diversity 15 and a decrease of four gut metabolites (i.e. 55 

glutamate gamma-methyl ester, 5-oxoproline, malate, and urate) was observed when comparing 56 

exposed with non-exposed individuals 13. Given the effects of early life stress on brain functions 57 

and health in the progeny, it is conceivable that early life stress induced alterations in the gut 58 
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microbial community can also affect the offspring. Today, a potential intergenerational effect 59 

of early life stress on the gut microbiota has not been carefully examined.  60 

The mouse model of unpredictable maternal separation combined with unpredictable maternal 61 

stress (MSUS) distinguishes itself from other rodent models of stress by applying 62 

unpredictability as traumatic factor and by combining stress of mothers and of pups 16. This 63 

model has been extensively characterized and shown to induce behavioral, metabolic and 64 

physiological alterations across generations 17,18. Epigenetic factors in the germline have been 65 

proposed as mediators of transmission and expression of phenotypes, and sperm RNA was 66 

causally demonstrated to be a vehicle of transmission between exposed father and offspring and 67 

grand-offspring 16,19,20. Although, the MSUS paradigm has been shown to induce visceral 68 

sensitivity 21, the effects of early life stress on the gut microbial community across generations 69 

has not been evaluated before. Here, we show that postnatal traumatic stress modifies the fecal 70 

microbial community in directly exposed mice but also in their offspring. 71 
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Results 72 

 73 

Dynamics of fecal microbiota across life in healthy mice 74 

To determine the dynamics of the fecal microbial community and its functionality across life in 75 

mice, the fecal microbiota from late postnatal to adult stages was analyzed. 76 

 77 

Fecal microbial richness increases across life 78 

Fecal microbial alpha diversity – the diversity within a community – was determined by 79 

assessing the richness and evenness of the community. Richness was defined as observed 80 

amplicon sequencing variants (ASVs) in a sample. Evenness was assessed with the Pielou’s 81 

index, a measure indicating how evenly ASVs are distributed in a sample. Shannon diversity 82 

combines both richness and evenness in one function. 83 

After weaning, microbial richness rapidly increased from median values of 226 (iqr: 54) to 84 

348 (iqr: 57) observed ASVs in 22-day-old mice and 30-day-old mice, respectively 85 

(Figure 1a). Richness continued to increase across life span, although at a lower rate (log2 fold-86 

change), and reached a plateau in 15-week-old mice (Figure 1). In contrast, Pielou’s and 87 

Shannon’s index were the highest in 30-day-old mice but did not change thereafter (Figure 1).  88 

 89 

Fecal microbial structure and composition changes across life 90 

Beta diversity – diversity between communities – was evaluated using qualitative (binary 91 

Jaccard index) and quantitative (weighted Jaccard index) metrics. Fecal microbial composition 92 

was investigated via binary Jaccard index, and microbial structure was investigated via 93 

weighted Jaccard index. 94 

Both, microbial composition and structure rapidly changed after weaning (p < 0.01 FDR-95 

adjusted; R2 = 0.162 and R2 = 0.180) from 22-day-old to 30-day-old mice (Figure 2). 96 

Significant (p < 0.05, FDR-adjusted) differences in microbial composition and structure were 97 
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observed throughout life span, with lower effect size (determination coefficient; R2) with 98 

increasing age (Figure 2c). In addition, 402 uniquely differently abundant ASVs (p < 0.05, 99 

FDR-adjusted) were detected across life (Supplementary Figure 1). In concurrence with 100 

changes observed in beta diversity, most differently abundant ASVs were observed comparing 101 

22-day-old to older mice. Approximately half (176 ASVs) of differently abundant ASVs 102 

belonged to the family Lachnospiraceae (Supplementary Figure 1).   103 
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 104 

Figure 1: Effect of age on alpha diversity metrics of control mice fecal microbiota. (a) 105 

Fecal microbial richness (observed ASVs), evenness (Pielou’s index), and Shannon-diversity 106 

across life. Boxplot with box elements showing upper and lower quantile and median. Whiskers 107 

extend from the hinge to ± 1.5 times the interquartile range or the highest/lowest value. Outliers 108 

are indicated as black points. (b) Log2 fold-change in alpha diversity metrics per pairwise 109 

comparison of different ages. Significance was calculated using log2 transformed metrics and 110 

generalized mixed effect models with FDR correction. ns: not significant; * p < 0.05; 111 

** p < 0.01; *** p < 0.001; **** p < 0.0001112 
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 113 

Figure 2: Effect of age on beta diversity metrics of control mice fecal microbiota. 114 

Visualization as principal correspondence analysis of (a) binary (microbial composition) and 115 

(b) weighted (microbial structure) Jaccard index. Individual symbols display aggregated 116 

microbiota per litter (pnd22) or cage (pnd30, week08, week15, and week30), large symbols 117 

display centroids, ellipses indicate 95% of confidence intervals. (c) Heatmap of R2 for pairwise 118 

comparison of different ages. Significance was calculated using PERMANOVA including FDR 119 

correction. Pairwise comparison of different dispersions between ages are listed in 120 

Supplementary Table 2. pnd: postnatal day; * p < 0.05 ;** p < 0.01121 
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Predicted fecal metabolic pathways change across life 122 

To characterize the metabolic potential of the fecal microbiota throughout life, a functional 123 

prediction based on 16S rRNA amplicon sequences was performed. Accuracy of prediction was 124 

investigated via the abundance-weighted nearest sequenced taxon index (NSTI) which 125 

summarizes the extent to which ASVs in a sample are related to reference 16S rRNA genes. 126 

Low values indicate close relation, while large values indicate far relation to reference 16S 127 

rRNA gene. 128 

Median of abundance-weighted average NSTI values was 0.18 (iqr: 0.03), indicating that on 129 

average prediction was performed based on taxa with 82% similarity. In total, 258 unique 130 

pathways were differentially abundant (p < 0.05, FDR-adjusted) at various time points 131 

(Supplementary Figure 2), suggesting functional changes in fecal bacterial community across 132 

life. In line with observations on beta diversity and differentially abundant ASVs, most 133 

differentially abundant pathways were identified comparing 22-day-old to older mice 134 

(Supplementary Figure 2). 135 

Influence of the combination of behavioral testing and breeding on the fecal microbial 136 

community 137 

To evaluate the effect of the temporal succession of behavioral testing and breeding, fecal 138 

microbiota of 30-week-old mice was examined in 2 different conditions: behavioral 139 

phenotyping conducted before breeding (GR1) or breeding conducted before behavioral testing 140 

(GR2). No significant differences in alpha diversity (richness, evenness, and Shannon’s 141 

diversity) and beta diversity (binary and weighted Jaccard index) were observed between 142 

groups (Supplementary Table 2). However, 15 differentially abundant ASVs (p < 0.05, FDR-143 

adjusted)  were identified, all different in the range of 1.3 to 3.4 log2 fold-changes (Figure 3a). 144 

Relative abundance of these ASVs was generally low, with individual microbiota values 145 

ranging from 0% to 7.3% (Supplementary Figure 3).  146 
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In addition, 10 predicted metabolic pathways, related to carbohydrate and amino acid 147 

metabolism, were differentially abundant between groups (p < 0.05, FDR-adjusted), all 148 

different in the range of 0.4 to 1 log2 fold-changes (Figure 3b). In contrast, no differences in 149 

measured cecal bacterial organic acids, amino acids and amines were detected (Supplementary 150 

Data; Supplementary Figure 4; Supplementary Figure 5).  151 

 152 

Figure 3: Effect of temporal succession of behavioral phenotyping and breeding on 30-153 

week-old control mice fecal microbiota. Comparison of phenotyping group 2 (GR2; breeding 154 

before behavioral phenotyping) versus group 1 (GR1; behavioral phenotyping before breeding) 155 

microbiota. (a) Log2 fold-change in specific ASVs significantly (p < 0.05, FDR-adjusted) 156 

decreased or increased in GR2 compared to GR1. Taxonomic information is indicated at family 157 

level. Relative abundances of individual ASVs are depicted in Supplementary Figure 3. (b) 158 

Log2 fold-change in predicted fecal bacterial metabolic pathways significantly (p < 0.05, FDR-159 

adjusted) decreased or increased in GR2 compared to GR1. Significance was calculated using 160 

log2 transformed abundance counts and generalized mixed effect models with FDR correction. 161 
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Early life stress induces a shift in fecal microbial community in directly exposed mice 162 

across life 163 

To investigate if early life stress (MSUS paradigm) has a long-lasting effect on the fecal 164 

microbial community across life, the fecal microbiota was compared between F1 MSUS and 165 

control mice across the life span from 22 days till 30 weeks of age. In addition, animal weight 166 

was monitored in mice from 8 weeks to 30 weeks of age. Development of mice weight was not 167 

different between MSUS and controls (p > 0.05, FDR-adjusted) at different ages 168 

(Supplementary Figure 6). 169 

 170 

Fecal microbial richness and evenness do not differ between F1 MSUS and controls across 171 

life 172 

Different alpha diversity metrics were compared between F1 MSUS and control groups at 173 

different ages. No significant differences (p > 0.05, FDR-adjusted) in fecal microbial richness, 174 

evenness, and Shannon’s diversity index between MSUS and controls were observed, with 175 

comparable median values for both groups at different ages (Figure 4).  176 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 17, 2023. ; https://doi.org/10.1101/2023.12.17.572037doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.17.572037
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 177 

Figure 4: Comparison of different alpha diversity metrics between F1 MSUS and control 178 

fecal microbiota across life span. Comparison of richness (observed ASV), evenness (Pielou’s 179 

index), and Shannon-diversity between MSUS and controls per time point. Boxplot with box 180 

elements showing upper and lower quantile and median. Whiskers extend from the hinge to 181 

± 1.5 times the interquartile range or the highest/lowest value. Outliers are indicated as black 182 

points. Significance was calculated using log2 transformed metrics and generalized mixed effect 183 

models with FDR correction. pnd: postnatal day; ns: not significant  184 
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Fecal microbial composition differs between F1 MSUS and controls across life 185 

Microbiota composition significantly differed between MSUS and controls in 30-day-old, 8-186 

week-old, 15-week-old, and 30-week-old mice (binary Jaccard index; p < 0.01, FDR-adjusted; 187 

Figure 5a-e; Figure 5k). Microbiota structure significantly differed between MSUS and 188 

controls in 30-day-old mice (weighted Jaccard index; p < 0.01, FDR-adjusted; Figure 5f-k). 189 

Overall effect size was generally low with determination coefficients (R2) ranging from 0.058 190 

to 0.067 (Figure 5k; Supplementary Table 3).  191 

Contrary to beta diversity, differentially abundant ASVs (p < 0.05, FDR-adjusted) were only 192 

detected for 8-week-old and 15-week-old mice, in the range of 0.98 to 3.06 log2 fold-changes 193 

(Figure 6). Yet, overall abundance of these ASVs was low, with individual microbiota values 194 

ranging from 0% to 1.9% (Supplementary Figure 7; Supplementary Figure 8). One ASV 195 

belonging to the Family Ruminococcaceae (ASV1948) was persistently decreased in MSUS 196 

compared to controls in both 8-week-old and 15-week-old mice.  197 
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 198 

Figure 5: Effect of the MSUS paradigm on beta diversity metrics of fecal microbiota 199 

across life. Comparison of MSUS versus control mice is displayed. Visualization as principal 200 

correspondence analysis of (a-e) binary (microbial composition) and (f-j) weighted Jaccard 201 

index (microbial structure). (a,f) pnd22, (b,g) pnd30, (c,h) week08, (d,i) week15, and (e,j) 202 

week30 are depicted. Small symbols display aggregated microbiota per litter (pnd22) or cage 203 

(pnd30, week08, week15, and week30), large symbols display centroids, ellipses indicate 95% 204 

of confidence intervals. (k) Heatmap of R2 for comparison between MSUS and control at 205 

different time points. Significance was calculated using PERMANOVA including FDR 206 

correction. Comparisons of different dispersions between MSUS and controls at different time 207 

points are listed in Supplementary Table 3. pnd: postnatal day; ns: not significant; ** p < 0.01 208 
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 209 

Figure 6: Log2 fold-change in specific ASVs significantly (p < 0.05, FDR-adjusted) 210 

decreased or increased in F1 MSUS compared to controls over life. Taxonomic information 211 

is indicated at family level. Relative abundances of individual ASVs are depicted in 212 

Supplementary Figure 7 and Supplementary Figure 8. Significance was calculated using 213 

log2 transformed abundance counts and generalized mixed effect models with FDR correction.  214 

 215 

Metabolic potential does not differ between F1 MSUS and controls across life 216 

As a read out for the bacterial metabolic potential, metabolic pathways were predicted based on 217 

16S rRNA amplicon sequences. Resulting median average-weighted NSTI value was 218 

0.17 (iqr: 0.03), indicating that on average prediction was performed based on taxa with 83% 219 

similarity. In total, 287 unique bacterial metabolic pathways were predicted, with no significant 220 

(p > 0.05, FDR-adjusted) differences between MSUS and control mice for all tested ages. To 221 

further elaborate on metabolic potential, cecal bacterial organic acids, amino acids, and amines 222 

were evaluated for 30-week-old mice. Similarly, no significant (p > 0.05, FDR-adjusted) 223 

differences between MSUS and controls were observed, with comparable median values for 224 

both groups (Supplementary Figure 9; Supplementary Figure 10).  225 
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Early life stress shifts the trajectory of fecal microbial community across two generations 226 

To investigate if early life stress in F1 alters the fecal microbial community in the progeny, 227 

fecal microbiota of mature adult MSUS and control mice (aged 28 or 30 weeks) were compared 228 

in the patriline (F2 and F3). It must be noted, that F3 mice were not direct offspring of 229 

investigated F2 mice, but of a subset of F2 mice which were not included in this study 230 

(Figure 10). Akin to results observed for F1 mice across life (Supplementary Figure 5), 231 

development of mice in terms of animal weight was consistent between MSUS and control mice 232 

in F2 and F3 (Supplementary Figure 11).  233 

 234 

Fecal microbial composition and structure differ between MSUS and controls across two 235 

generations 236 

To characterize the fecal microbial community, alpha diversity, beta diversity and differentially 237 

abundant ASVs were evaluated for each generation. Similar to results observed in F1 across 238 

life, fecal microbial richness, evenness, and Shannon’s diversity did not significantly, differ 239 

between MSUS and controls for F2 and F3 (Supplementary Figure 12). As F1, F2, and F3 240 

were sequenced in different runs (confounding factor), alpha diversity between generations was 241 

not directly compared.  242 

Contrary to observations in mature adult F1 mice, where only an effect of the MSUS paradigm 243 

on microbiota composition (binary Jaccard index) was observed, both fecal microbial 244 

composition and structure significantly differed (weighted Jaccard index; p < 0.05, FDR-245 

adjusted) between MSUS and controls in the patriline (F2 and F3; Figure 7). Effect size was 246 

highest in F3 with determination coefficients (R2) of 0.130 and 0.099 for binary and weighted 247 

Jaccard index, respectively. This was approximately 2-fold higher when compared to F1 and 248 

F2 (Figure 7g; Supplementary Table 4). While no differently abundant ASVs were identified 249 

for mature adult F1 mice, in the patriline differently abundant ASVs (p < 0.05, FDR-adjusted), 250 

different in the range of 2.1 to 5.7 log2 fold-changes (Figure 8). Yet, overall abundance of these 251 
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ASVs was low, with individual microbiota values ranging from 0% to 2.7% (Supplementary 252 

Figure 13; Supplementary Figure 14). Half of observed uniquely differentially abundant 253 

ASVs, belonged to the family Lachnospiraceae. One ASV, belonging to the family 254 

Muribaculaceae (ASV5777), was persistently decreased in MSUS compared to controls in both 255 

F2 and F3 (Figure 8). 256 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 17, 2023. ; https://doi.org/10.1101/2023.12.17.572037doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.17.572037
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 257 

Figure 7: Effect of the MSUS paradigm on beta diversity metrics of F1, F2, and F3 mice 258 

microbiota. Comparison of MSUS versus control mice. Visualization as principal 259 

correspondence analysis of (a-c) binary (microbial composition) and (d-f) weighted Jaccard 260 

index (microbial structure). Small symbols display aggregated microbiota per cage, large 261 

symbols display centroids, and ellipses indicate 95% of confidence intervals. Microbial beta 262 

diversity of 30-week-old mice is depicted for (a,d) F1 and (c, f) F3, and microbial beta diversity 263 

of 28-week-old mice is depicted for (b, e) F2. (g) Heatmap of R2 for comparison between MSUS 264 

and control across different generations. Significance was calculated using PERMANOVA 265 

including FDR correction. Comparisons of different dispersions between MSUS and controls 266 

at different time points are listed in Supplementary Table 4. ns: not significant; *p < 0.05; ** 267 

p < 0.01268 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 17, 2023. ; https://doi.org/10.1101/2023.12.17.572037doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.17.572037
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 269 

Figure 8: Log2 fold-change in specific ASVs significantly (p < 0.05, FDR-adjusted) 270 

decreased or increased in MSUS compared to controls in F1, F2, and F3. Differentially 271 

abundant ASVs of 30-week-old mice are depicted for F1 and F3, and differentially abundant 272 

ASVs of 28-week-old mice are depicted for F2. Taxonomic information is indicated at family 273 

level. Relative abundances of individual ASVs are depicted in Supplementary Figure 13 and 274 

Supplementary Figure 14. Significance was calculated using log2 transformed abundance 275 

counts and generalized mixed effect models with FDR correction.  276 

 277 

Metabolic potential does not differ between MSUS and controls across two generations 278 

To investigate, if observed differences in fecal microbial community result in function changes, 279 

metabolic pathways were predicted based on 16S rRNA amplicon sequences. Resulting median 280 

abundance-weighted average NSTI value was 0.20 (iqr: 0.04), indicating that on average 281 

prediction was performed based on taxa with 80% similarity. In total, 286, 277, and 284 unique 282 

pathways were predicted for F1, F2, and F3, respectively. No significant difference (p > 0.05, 283 

FDR-adjusted) in pathway abundance between MSUS and controls were observed in all 284 

generations. Akin to observations in F1, no significant differences in cecal bacterial organic 285 
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acid, amino acid, and amine concentrations were detected in 28-week-old mice of F2 286 

(Supplementary Figure 15; Supplementary Figure 16). Cecal bacterial metabolites were not 287 

evaluated in F3.  288 

 289 

Fecal microbial community in offspring is not directly influenced by the father microbiota 290 

To investigate, if observed differences in F2 MSUS versus controls stem from a transmission 291 

of fecal microbiota of MSUS-fathers to mothers and subsequently to offspring, beta diversity 292 

distances between pups and their parents, and between mating and non-mating pairs was 293 

evaluated. To minimize a potential effect of different phenotyping groups, father microbiota 294 

was evaluated before breeding or phenotyping, when mice were 16 weeks old.  295 

Fecal microbial composition of 21-day-old pups was significantly (binary Jaccard index; 296 

p < 0.0001; FDR-adjusted) closer to mother microbiota than father microbiota for both MSUS 297 

and controls. Fecal microbial structure (weighted Jaccard index) was either as close to mother 298 

and father microbiota or significantly (p < 0.05; FDR-adjusted) closer to mother microbiota, 299 

for MSUS and control pups, respectively (Figure 9a). The older the pups (from 22-days-old to 300 

16-weeks-old), the more similar the fecal microbial composition and structure got to parent 301 

microbiota, displayed by overall lower distances between microbiota. Microbial composition 302 

of 16-week-old pups remained significantly (p < 0.001; FDR-adjusted) closer to mothers than 303 

fathers. Microbial structure was either significantly (p < 0.01; FDR-adjusted) closer to father 304 

than mother microbiota, or as close to father and mother microbiota, for MSUS or control pups, 305 

respectively (Figure 9a). Mating and non-mating pairs showed no significant (p > 0.05; FDR-306 

adjusted) difference in fecal microbial composition and structure. The temporal differences 307 

between sample collection and mating did not have an effect on observed distances, as indicated 308 

by absence of clustering according to phenotyping group (Figure 9b). 309 
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 310 

Figure 9: Comparison of different beta diversity metrics (binary and weighted Jaccard 311 

index) between F2 pups and their parents, and between mating pairs and non-mating 312 

pairs. (a) Distance between mother or father and respective pup microbiota at pup age pnd21 313 

and week16. (b) Distance between mating pairs (n = 4) and non-mating pairs (n = 28). Boxplot 314 

with box elements showing upper and lower quantile and median. Whiskers extending from the 315 

hinge to +/- 1.5 times the interquartile range or the highest/lowest value. Colored points display 316 

individual distances and black points indicate outliers. Phenotyping group of fathers is indicated 317 

for mating pairs. Significance was calculated using Wilcoxon rank-sum test including FDR 318 

correction. pnd: postnatal day; ns: not significant; *p < 0.05; ** p < 0.01; *** p < 0.001; ****p 319 

< 0.0001; GR1: behavioral phenotyping before breeding; GR2: breeding before behavioral 320 

phenotyping 321 

  322 
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Discussion 323 

Early life traumatic stress induces metabolic, and behavioral alterations across generations 17,18. 324 

This study presents the first in-depth assessment of the effect of early life traumatic stress on 325 

the gut microbial community and metabolic functions in MSUS mice, while also addressing a 326 

transgenerational effect.  327 

Early life stress has previously been shown to alter the fecal microbial community in studies 328 

focusing on a single time point after exposure 12,22,23. Here we show in a longitudinal study that 329 

early life traumatic stress in mice results in significant changes in fecal microbial community 330 

composition (binary Jaccard index) persistent across life. However, significantly differentially 331 

abundant ASVs were largely different across life, with only one ASV being persistently 332 

decreased at two measured time points. ASVs belonging to the genus Lachnoclostridium were 333 

previously shown to be enriched in early life maternally separated mice 12, which we confirm 334 

here. Some previous studies found significant decreases in alpha diversity metrics upon early 335 

life stress exposure, while no significant difference in fecal microbial alpha diversity between 336 

early life stress exposed and non-exposed rodents were detected in the present and other studies 337 

12,22,24,25. These substantial differences between studies may result from different stress 338 

paradigms applied (i.e. maternal separation and/or early weaning or limited bedding and 339 

nesting), or from mouse husbandry factors, such as cage ventilation, chow, and bedding, which 340 

have previously been shown to substantially affect the gut microbial community 26–28. Here we 341 

report no significant changes in fecal SCFAs, amines, amino acids, and predicted bacterial 342 

metabolic pathways between early life stress exposed and non-exposed mice across life. In 343 

contrary, in the only available study where the gut bacterial metabolome in mice was 344 

investigated upon early life stress exposure, a decrease in fecal lactate an increase in cholic acid 345 

in early life stressed mice compared to controls was observed 29.  346 
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Previous studies have shown the change of gut microbial features upon exposure to acute stress 347 

(e.g. heat, light, cold water, and restraint stress) in adult rodents 30–33. Thus, it is conceivable 348 

that the applied stresses mothers are exposed to during the MSUS paradigm (i.e. restraint and 349 

acute swim stress) induce similar changes in the gut microbial community. These changes may 350 

then affect offspring, as it has been shown that disruption of mother’s gut microbiota by 351 

antibiotics during nursing altered fecal microbial community and adaptive immunity in 352 

offspring 34. Nevertheless, Kemp and colleagues (2021) suggest that gut microbial alterations 353 

due to early life stress occur independent of maternal microbiota inheritance. 354 

The present study shows a transgenerational effect of early life traumatic stress induced changes 355 

on the fecal microbial community. Significant differences in fecal microbial composition 356 

(binary Jaccard index), structure (weighted Jaccard index), and relative abundances of several 357 

ASVs, between MSUS and control mice up to F3 were observed. We also show an increase in 358 

effect size with increasing number of generations (F1 to F3). However, only one ASV belonging 359 

to the family Muribaculaceae was persistently decreased in MSUS compared to controls in F2 360 

and F3, suggesting different shifts in fecal bacterial community in MSUS mice of different 361 

generations.  362 

Experiments with germ free mice have suggested a crucial involvement of gut microbes in 363 

anxiety like behavior and behavioral despair induced by early life stress 10. Furthermore, after 364 

colonization of early life stressed germ-free mice distinct shifts in gut microbiota profiles were 365 

observed, which were not present in unstressed controls 10. These observations suggest that 366 

early life stress exposure alters host factors, which modulate gut microbes, which then 367 

themselves signals back to the host exhibiting phenotypic changes. This notion could be present 368 

in F2 and F3 MSUS mice explaining observed gut microbial changes without directly 369 

experiencing early life traumatic stress beforehand. One candidate of communication between 370 

host and gut microbes independent of genetic background, might be non-coding RNAs. Long 371 
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non-coding RNA in gut tissue has been shown to substantially differ between conventionalized 372 

and different gnotobiotic mice 35. In addition, small non-coding RNA such as microRNA are 373 

being released by intestinal epithelial cells and have been shown to be common in the gut lumen, 374 

where they may enter gut microbes and modulate gene expression and bacterial growth 36. 375 

Conversely, gut microbes are thought to modulate intestinal epithelial microRNA expression 376 

most likely via excreted metabolites 37–40. Thus, luminal microRNA has been suggested as a 377 

marker for host-microbiota homeostasis 41,42. However, whether these non-coding RNAs are 378 

truly involved in the transgenerational effect on gut microbial community observed in the 379 

MSUS model remains highly speculative and would need to be addressed in future studies. 380 

Though, the present study exhibits various strength, including relatively large sample size, 381 

monitoring of fecal microbial changes over time, and addressing the coprophagous nature of 382 

rodents (i.e. cage effect) it also has limitations. Fecal samples only serve as a proxy of the gut 383 

microbial community and functionality in the gastrointestinal tract. Akin to humans, pH and 384 

the gut microbial community varies along the gastrointestinal tract of mice and is thus 385 

considerably different from fecal samples 43. In addition, a previous study has illustrated that 386 

the murine colon mucosa-associated and lumen microbial community are differentially affected 387 

by stress 44. Thus, observations in the present study may not be directly extrapolated to all niches 388 

of the gastrointestinal tract. Biological relevance of observed microbial changes needs to be 389 

addressed in future studies. Direct cecal bacterial metabolite quantification was limited to one 390 

timepoint each in F1 and F2. In addition, bacterial metabolic pathway prediction via PICRUSt2 391 

has several restrictions, especially for non-human samples. A recent study revealed that 392 

PICRUSt2 performs substantially worse for murine compared to human samples 45. In addition, 393 

further bias is introduced due to the inability to detect strain specific functionality and the strong 394 

dependency on reference genomes 46. The relatively large NSTI values observed in the present 395 

study, which are approximately 3.5-fold higher than values observed for the Human 396 
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Microbiome Project 46, suggest a lack of suitable sequences in the reference space. Together 397 

with the notion, that murine gut bacterial species are only in the process of being annotated and 398 

characterized 47, results need to be interpreted with caution. High-resolution techniques (i.e. 399 

metabolomics, shotgun metagenomics, or RNA sequencing) are warranted to address potential 400 

functional changes in gut microbiota between MSUS and controls over different generations.  401 

In conclusion, the MSUS paradigm not only changes the fecal microbial community in directly 402 

exposed mice but also in their offspring. Further well-designed studies are warranted to validate 403 

and extend on present results, using high-resolution techniques and addressing host factors 404 

responsible for gut microbial modulation. Though, our distance based analyses (based on binary 405 

and weighted Jaccard index) suggested that the fecal microbial community in F2 mice were not 406 

directly linked to the father’s microbiota. Further carefully designed experiments are warranted 407 

to entirely omit potential direct transmission of gut microbes from parents to offspring. For 408 

instance, assisted reproductive techniques such as artificial insemination could be used to avoid 409 

interactions between parents and eliminate related social confounds 48. Previous research has 410 

shown that early life stress modulates the murine gut microbial community in a sex-dependent 411 

manner 49. Whether changes in gut microbial features observed in the present study are also 412 

detectable in matrilines remains to be explored.  413 
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Material and Methods 414 

Mouse husbandry and MSUS paradigm  415 

Ethical approval was given by the Swiss cantonal regulations for animal experimentation under 416 

license numbers ZH057/15 and ZH083/18. All C57Bl/6J mice were kept in a temperature- and 417 

humidity-controlled facility under a reverse 12 h light/dark cycle with access to food and water 418 

ad libitum. Cage change took place once a week. First generation (F1) control and MSUS mice 419 

were obtained by breeding 3-month-old C57Bl/6J primiparous females with age-matched 420 

males. Pairs were kept in the same cage for one week. After birth, litters/dams were randomly 421 

assigned to control and MSUS groups. For MSUS group, dams were unpredictably separated 422 

from their pups for 3 h per day from postnatal day (pnd) 1 to 14, during which each mother was 423 

randomly exposed to restrain stress (20 min restraint in a tube) or acute swim stress (5 min in 424 

cold water, 18 °C). Controls were left undisturbed. At weaning (pnd 21) male pups were 425 

assigned to cages according to treatment and only including mice from different dams per cage, 426 

resulting in 3-5 mice per cage. After cage assignment, mice were tagged to allow for 427 

identification of individual mice throughout life. F1 control and MSUS mice were bred to naïve 428 

primiparous females to obtain second generation (F2) mice. Akin, F2 control and MSUS mice 429 

with no prior behavior testing were bred to naïve primiparous females to obtain third generation 430 

(F3) mice (Figure 10). Mice of F3 were not bred.  431 

The present study was part of a bigger experiment, where behavior (i.e. risk-taking behavior 432 

and behavioral despair) was evaluated via elevated plus maze and forced swim test as described 433 

previously 19. To evaluate effect of temporal succession of behavioral phenotyping and 434 

breeding, after fecal collection cages with 15-week-old (F1) and 16-week-old (F2) mice were 435 

randomly assigned to group 1 (GR1; behavioral phenotyping before breeding) or group 2 (GR2; 436 

breeding before behavioral phenotyping; Figure 10).  437 

  438 
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 439 

Figure 10: Experimental setup of mouse model. Setup and sample collection indicated across 440 

three generations. F3 mice are not direct offspring of displayed F2 mice (indicated by dashed 441 

line), but of a subset of F2 mice, which were not behaviourally phenotyped. Phenotyping group 442 

1 (GR1): behavioral phenotyping before breeding. Phenotyping group 2 (GR2): breeding before 443 

behavioral phenotyping. pnd: postnatal day; w: week 444 

 445 

Assessment of animal weight and collection of fecal and cecal samples 446 

Animal weight was assessed for F1 mice at 8, 15, and 30 weeks of age, and for F2 and F3 mice 447 

at 28 and 30 weeks of age, respectively. For fecal sample collection, individual mice were 448 

placed on sterilized gloves worn by animal caretaker and let to defecate. At day of sacrifice, 449 
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fecal samples were directly collected from colon. For F1 mice fecal samples were collected for 450 

22-day-old (after weaning), 30-day-old (after tagging), 8-week-old, 15-week-old, and 30-week-451 

old (at day of sacrifice) mice (Supplementary Table 4). For F2 mice fecal samples were 452 

collected for 21-day-old (after weaning), 16-week-old, and 28-week-old (at day of sacrifice) 453 

mice (Supplementary Table 4). For both generations, cecal samples were collected at day of 454 

sacrifice. Mice were sacrificed approximately two months after behavioral testing. For F3, fecal 455 

samples were collected for 30-week-old (at day of sacrifice) mice only (Supplementary 456 

Table 4). Cecal samples of F2 dams (control: n = 4; MSUS: n= 6) were collected at day of 457 

sacrifice. All samples were frozen in liquid nitrogen immediately after collection and stored at 458 

-80 °C until analysis. 459 

 460 

Cecal bacterial metabolite quantification 461 

To determine bacterial metabolites in cecum content, samples were homogenized with 100 mM 462 

HClO4 at a 1:3 ratio (w/v) followed by two centrifugation steps (6000 x g, 20 min and 14000 x 463 

g, 15 min, 4 °C). Resulting supernatant samples were stored at -80 °C until analysis. Samples 464 

were passed through a 0.2 µm nylon membrane prior to analysis with liquid chromatography as 465 

described previously 50. Separation for organic acid quantification (i.e. SCFAs and intermediate 466 

metabolites) was conducted on a LaChrom HPLC-System (Merck-Hitachi, Japan) using a 467 

SecurityGuard Cartridges Carbo-H (4 × 3.0 mm; Phenomenex Inc., Torrance, CA, United 468 

States) connected to a Rezex ROA-Organic Acid H+ (300 × 7.8 mm; Phenomenex Inc.) column. 469 

Injection volume was 40 µl and elution was carried out at 40 °C under isocratic conditions, 470 

using 10 mM H2SO4 as eluent and a flow rate of 0.4 ml/min. Separated compounds were 471 

quantified using a refractive index detector L-2490 (Merck Hitachi). Raw data was analyzed 472 

using the EZChrom software (Agilent, Santa Clara, CA, United States).  473 
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For quantification of cecal amine, amino acid, and ammonia a pre-column derivatization was 474 

performed. In short, 100 µl of supernatant sample were mixed with 175 µl borate buffer (1 M 475 

H3BO3 adjusted to pH 9 with NaOH), 75 µl methanol, 4 µl internal standard (2 g/l L-2-476 

aminoadipic acid, Sigma-Aldrich Chemie GmbH, Buchs, Switzerland), and 3.5 µl diethyl 477 

ethoxymethylenemalonate (VWR International AG, Dietikon, Switzerland) and incubated at 478 

room temperature in an ultrasonic bath for 45 min. Subsequently, samples were heated at 70 °C 479 

for 2 h to stop the derivatization reaction and passed through a 0.2 µm nylon membrane filter. 480 

Separation was carried out on an ACQUITY UPLC H-Class System (Waters Corp., Milford, 481 

MA, United States) using an ACQUITY BEH C18 column (1.7 µm particle size; 2.1 × 100 mm; 482 

Waters Corp.). Injection volume was 1 µl and elution was carried out at 40 °C with a flow rate 483 

of 0.46 ml/min, applying a gradient of 25 mM acetate buffer (pH 6.6), 100% methanol, and 484 

100% acetonitrile as described previously 50. Separated compounds were quantified using a 485 

diode array detector at 280 nm. Raw data was analyzed using the Empower 2 software (Waters 486 

Corp.). 487 

 488 

Metabarcoding of bacterial community 489 

DNA from fecal or cecal samples was extracted using the FastDNA Spin kit for soil (MP 490 

Biomedicals, Illkirch, France) according to manufacturer’s instructions. The V4 16S rRNA 491 

gene region was amplified using the primers 515F (52-GTGCCAGCMGCCGCGGTAA-32) and 492 

806R (52-GGACTACHVGGGTWTCTAAT-32). Subsequently, a tag-encoded MiSeq-based 493 

(Illumina, CA, USA) high throughput sequencing was performed, using an Illumina MiSeq 494 

System v2 including a flow cell with 2)×)250-bp paired-end Nextera chemistry supplemented 495 

with 10% (v/v) of PhiX as sequencing control. Samples from F1 were randomized in three 496 

different sequencing runs. Samples from F2 and F3 were sequenced in two separate runs. 497 
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All raw Illumina sequencing data was processed using the R package metabaRpipe 51. In short, 498 

adaptors and V4 primers were removed using Atropos 52 and ASVs were constructed using the 499 

DADA2 pipeline 53. Taxonomic assignment was performed using DADA2 formatted SILVA 500 

reference base (v138.1) with confidence threshold set to 50%. Raw Illumina sequences were 501 

deposited on the European Nucleotide Archive with the accession number PRJEB57336. 502 

 503 

Statistics and reproducibility 504 

Data and statistical analysis was carried out in R (v4.2.0) 54 using the packages, vegan (v2.5.7) 505 

55, ape (v5.5) 56, ampvis2 (v2.7.9) 57, speedyseq (v0.5.3.9018) 58, Maaslin2 (v1.10.0) 59, and 506 

DivComAnalyses (v0.9) 60. To calculate significance between two groups without confounders 507 

a Wilcoxon rank-sum test was performed. To calculate significance between groups and 508 

controlling for confounders generalized mixed effect models with false discovery rate (FDR) 509 

correction, using the Benjamini and Hochberg method, were applied. When applicable, cage, 510 

litter and sequencing run were treated as random effects while treatment (MSUS versus 511 

control), age, and phenotyping group were treated as fixed effects. Models were applied via 512 

Microbiome Multivariable Associations with Linear Models (MaAsLin 2) with minimal 513 

prevalence set to 0.25.  514 

For alpha and beta diversity analyses sequences were rarified to equal sequencing depth. For 515 

comparison of alpha diversity indices generalized mixed effect models were applied via 516 

MaAsLin 2 using log2 transformed values. For beta diversity a linear model was fitted to various 517 

distance metrics. Homogeneity was investigated using a permutation test and effect of 518 

individual fixed effects was investigated via permutational multivariate analysis of variance 519 

(PERMANOVA). As random effects cannot be accounted for in PERMANOVA, an 520 

aggregation of samples per cage was performed prior to analysis to account for cage and litter 521 

effect (prior randomization of litter mates per cage). 522 
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Differential abundance testing was performed with MaAsLin 2 using log2 transformed relative 523 

abundance counts. Bacterial metabolic pathway prediction was performed using the 524 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 525 

(PICRUSt2) software 46 and calculating MetaCyc pathway abundances 61. MaAsLin2 with log2 526 

transformed relative abundance counts was used to investigate differences between groups. 527 

Accuracy of PICRUSt2 prediction was investigated via the abundance-weighted NSTI. 528 

Differences in cecal metabolites were evaluated via MaAsLin2 with log2 transformed raw 529 

concentrations.  530 

Significance level was set to p f 0.05. Median values are stated including interquartile range 531 

(iqr) in brackets. In boxplots, outliers are indicated and defined as values greater than 1.5 times 532 

the iqr over the 75th percentile and values smaller than 1.5 iqr under the 25th percentile. Data 533 

visualization was performed in R using ggplot2 (v3.3.5) 62 and ComplexHeatmap (v2.13.1) 63.  534 
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