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Abstract  29 

 Autism spectrum disorders (ASD) are complex human neurodiversities increasing in 30 

prevalence within the human population. In search of therapeutics to improve quality-of-life for 31 

ASD patients, the gut microbiome (GM) has become a promising target as a growing body of 32 

work supports roles for the complex community of microorganisms in influencing host behavior 33 

via the gut-brain-axis. However, whether naturally-occurring microbial diversity within the host 34 

GM affects these behaviors is often overlooked. Here we applied a model of population-level 35 

differences in the GM to a classic ASD model – the BTBR T+ Itpr3tf/J mouse – to assess how 36 

complex GMs affect host behavior. Leveraging the naturally occurring differences between 37 

supplier-origin GMs, our data demonstrate that differing, complex GMs selectively effect host 38 

ASD-related behavior – especially neonatal ultrasonic communication – and reveal a male-39 

specific effect on behavior not typically observed in this strain. We then identified that the body 40 

weight of BTBR mice is influenced by the postnatal GM which was potentially mediated by 41 

microbiome-dependent effects on energy harvest in the gut. These data provide insight into how 42 

variability within the GM affects host behavior and growth, thereby emphasizing the need to 43 

incorporate naturally occurring diversity within the host GM as an experimental factor in 44 

biomedical research. 45 

 46 

Keywords: BTBR, ASD, Microbiome, Gut-Brain-Axis, Growth, Supplier-origin GM, Envigo, The 47 

Jackson Laboratory 48 
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Introduction 50 

Autism spectrum disorders (ASD) are a collection of complex human neurodiversities 51 

characterized by reduced social communication and increased restrictive, repetitive 52 

behaviors1,2. The prevalence of ASD has risen to 1-in-36 children, with males being diagnosed 53 

at nearly four times the rate of females (4.3% vs 1.1%, respectively)2. In addition to the core 54 

ASD behaviors, many co-occurring conditions including anxiety, depression, and 55 

gastrointestinal disorders are frequently diagnosed in ASD patients1,3. The diversity of ASD 56 

behaviors and co-occurring conditions is attributed to the complicated and relatively unknown 57 

etiology of ASD as genetics, the environment, and interactions between the two factors 58 

influence both the incidence and severity of the neurodiversity1. Given the presence of 59 

gastrointestinal disorders in ASD patients and increasing evidence for microbiome-mediated 60 

effects on host behavior via the gut-brain-axis4, the gut microbiome (GM) has become a 61 

promising therapeutic target to improve quality-of-life for ASD patients.  62 

The GM is the complex community of microorganisms colonizing the gastrointestinal 63 

tract, functioning in host metabolism, vitamin and short chain fatty acid production, and the 64 

synthesis of neuroactive compounds. Growing evidence supports crucial roles for the GM in 65 

modulating many host behaviors, including ASD-related behaviors5,6. For example, germ-free 66 

mice exhibit the core ASD-related behaviors (i.e., a lack of social preference and increased 67 

repetitive behaviors) which are reversed by repopulating the gut with complex microbial 68 

communities or even single, psychobiotic microbes (e.g., Lactobacillus reuteri)7,8. The use of 69 

ASD-specific mouse models also supports microbiome-mediated mechanisms in which 70 

microbial metabolites or modulation of host immune response affects host sociability, 71 

communication, and stereotypic behavior5,9,10. While much of this work has focused on 72 

therapeutic roles for individual psychobiotic microorganisms or microbial metabolites, few have 73 
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acknowledged how complex, naturally occurring differences in the composition of the GM 74 

influence ASD-related behaviors. 75 

The naturally-occurring differences in GM communities between commercial rodent 76 

producers can be leveraged as a model of population-level differences in microbiome. The large 77 

differences in microbial diversity between GMs originating from The Jackson Laboratory and 78 

Envigo, in particular, are associated with robust effects on multiple host phenotypes in CD-1 79 

mice including anxiety-related behavior, feeding behaviors, in utero growth, and adult body 80 

weight11–13. In addition to behavior and growth, supplier-origin GMs have also been found to 81 

differentially affect host immunity and disease susceptibility14–16. Interestingly, other groups have 82 

found that comparable supplier-origin communities affect the ASD-related behaviors of the 83 

maternal immune activation (MIA) mouse model of ASD9,17. Maternal T helper type 17 (Th17) 84 

immune responses in pregnant mice with a Taconic-, but not Jackson Laboratory-origin 85 

microbiome produce offspring exhibiting greater ASD-related behaviors9. The application of 86 

these distinct supplier-origin communities in the MIA model of ASD provided a unique platform 87 

to identify a single bacterial taxon sufficient to induce maternal Th17 responses and ASD-88 

related behavior in the offspring9,18.  89 

Here we utilized a similar discovery-based microbiome model to determine whether 90 

supplier-origin GMs originating from The Jackson Laboratory or Envigo affect the ASD-related 91 

behavior and growth of the BTBR T+ Itpr3tf/J (BTBR) mouse. The BTBR mouse exhibits robust 92 

ASD-related behaviors including altered ultrasonic vocalizations (USVs), increased repetitive 93 

behaviors, and a lack of social preference19–23. Interestingly, this model also demonstrates 94 

altered gut physiology and GM composition, thus increasing its utility in investigating the role of 95 

the GM in ASD-related behaviors24,25. Our approach leveraged BTBR mice colonized with The 96 

Jackson Laboratory- and Envigo-origin GMs. Using a robust panel of neonatal and adult ASD-97 

related behavioral testing approaches, we identified selective supplier-origin GM-dependent 98 

effects on host ASD-related behavior – especially neonatal ultrasonic communication. We also 99 
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found that the body weight of BTBR mice is influenced by the postnatal GM and that this effect 100 

may be mediated by microbiome-dependent effects on feed conversion in the gut. 101 

 102 

Results 103 

Supplier-origin microbiomes selectively affect ASD-related behavior 104 

We characterized the ASD-related behavior of BTBR mice colonized with two supplier-105 

origin GMs (Figure 1A). Relatively speaking, the GM originating from The Jackson Laboratory 106 

was less rich than the GM representative of Envigo (pGM < 0.001, Figure 1B), thus, these 107 

communities were referred to as GMLow and GMHigh, respectively. Sex-dependent effects on 108 

richness were also observed (pSex = 0.002). While these communities did not differ in alpha 109 

diversity (pGM = 0.867, Figure 1C), significant differences in both beta diversity (pGM < 0.001, 110 

Figure 1D) and taxonomic composition (Figure S1) were observed. Using ALDEX226, sixty-one 111 

genera (37%) were identified as differentially abundant between the two communities, including 112 

an uncultured Peptococcaceae genus and Anaeroplasma from the phylum Bacillota enriched in 113 

GMLow and Mucispirillum (phylum Deferribacterota) and Bilophila (phylum Desulfobacterota) 114 

enriched in GMHigh (Supplementary File 1). Differentially abundant taxa were confirmed using 115 

ANCOM-BC227 (Supplementary File 1). 116 

We first assessed ultrasonic vocalizations (USVs) in neonatal BTBR mice (n = 10-12 117 

mice/sex/GM). A significant, albeit subtle, GM-dependent effect (pGM = 0.038) on USV rate was 118 

observed with GMLow BTBR mice exhibiting a greater USV rate than GMHigh mice (Figure 1E). 119 

While a significant sex-dependent effect (pSex = 0.006) on USV rate was also observed, Tukey 120 

post-hoc testing revealed an interesting interaction of sex and GM within GMHigh mice where 121 

males exhibited a greater USV rate than females (p = 0.011), suggesting greater ASD-related 122 

behavior in this group. This sex-dependent difference was not observed in GMLow mice. 123 

Significant GM- (pGM < 0.001) and sex-dependent effects (pSex = 0.044) on the overall USV 124 

repertoire were observed (Figure 1F). Specifically, significant sex-dependent effects on the 125 
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relative abundance of “complex” and “step down” calls were observed, whereas the relative 126 

abundance of “up frequency modulation” calls differed by both sex and GM (Figure 1G, 127 

Supplementary File 2). 128 

In separate cohorts of adult BTBR mice (n = 20/sex/GM) we then assessed repetitive 129 

and social behaviors. Using the self-grooming test (Figure 1H), we observed no GM-dependent 130 

effects (pGM = 0.321) on grooming behavior; however, a strong sex-dependent trend (pSex = 131 

0.069) was observed, with males exhibiting greater grooming behavior than females. 132 

Conversely, female mice exhibited significantly greater (pSex = 0.048) burying behavior than 133 

males (Figure 1I). No GM-dependent effects of burying behavior were observed (pGM = 0.862). 134 

Lastly, we assessed social behavior using the three-chamber social preference test. As 135 

expected of the BTBR model of ASD20, we observed no overall differences in time spent 136 

between the stranger and object chambers (pPosition = 0.685). Additionally, neither GM (pGM = 137 

0.892) nor sex (pSex = 0.951) affected time spent in either chamber of the social preference test 138 

overall; however, a post hoc analysis using paired T tests revealed a strong trend towards 139 

GMHigh males exhibiting greater asocial behavior (p = 0.061), spending more time in the object 140 

zone relative to the stranger zone. Finally, we determined the social preference index (SPI = 141 

[timestranger - timeobject] / [timestranger + timeobject])
28 and found that BTBR mice with GMHigh exhibited 142 

significantly reduced sociability compared to mice with GMLow (pGM = 0.044, Figure 1K). 143 

Collectively, these data suggest that standardized complex GMs selectively affect ASD-related 144 

behaviors of the BTBR mouse. 145 

GM-, age-, and sex-matched C57BL/6J (B6) mice used as behavioral controls in our 146 

adult ASD-related behavior testing also exhibited select GM-dependent effects on ASD-related 147 

behavior. No GM-dependent effects on B6 grooming behavior were observed; however, GMHigh 148 

B6 mice exhibited significantly reduced burying activity relative to GMLow B6 mice (Figure S2A-149 

B). B6 mice overall exhibited the social behavior expected of the strain, spending more time in 150 
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the stranger zone compared to the object zone; however, no GM-dependent effects on social 151 

behavior were observed (Figure S2C-D).  152 

 153 

Standardized complex GMs postnatally affect body weight 154 

While assessing the effect of supplier-origin GMs on the ASD-related behavior of BTBR 155 

mice, we collected body weights as previous work by our group using comparable GMs in CD-1 156 

mice has revealed microbiome-dependent effects on body weight12,13. In the cohort of neonatal 157 

mice used for USV testing, we measured body weight at birth (D0) and after testing (D7). A total 158 

of 10 litters were weighed (5 GMLow and 5 GMHigh) at birth. Litters ranged from 5 to 12 pups (9.5 159 

± 2.3) with no GM-dependent effects on litter size (pGM = 0.383, T test). Following the collection 160 

of birth weights, litters were culled to 8 mice with an equal representation of males and females 161 

when possible.  162 

At birth, GMHigh BTBR mice were significantly heavier than GMLow mice (pGM < 0.001, 163 

Figure 2A). A similar GM-dependent effect on body weight was observed at D7 where GMHigh 164 

mice were again significantly heavier than GMLow BTBR mice (pGM = 0.004). In the cohorts of 165 

BTBR mice used for adult behavior testing, however, we observed that GMLow mice were 166 

heavier at weaning (D21, pGM < 0.001, Figure 2C) and adulthood (D50, pGM = 0.078, Figure 167 

2D). Interestingly, B6 mice colonized with GMLow also weighed more than those with GMHigh at 168 

weaning (pGM < 0.001, Figure S3A) and adulthood (pGM = 0.069, Figure S3B). 169 

Given that BTBR mice born to a GMLow dam weighed less than pups born to a GMHigh 170 

dam at birth but were heavier in adulthood, we hypothesized that the postnatal GM influenced 171 

body weight. To confirm that the postnatal microbiome influenced body weight, we employed a 172 

cross-fostering experimental approach wherein mice born to GMLow or GMHigh dams were cross-173 

fostered onto surrogate dams of the opposite GM within 48 hours of birth (Figure S4A)29. Mice 174 

born to a GMLow birth dam but cross-fostered to and raised on a GMHigh surrogate dam were 175 

referred to as CFHigh (meaning “cross-fostered” onto GMHigh) with the reciprocal group (i.e., born 176 
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to GMHigh but cross-fostered onto GMLow) being referred to as CFLow (meaning “cross-fostered” 177 

onto GMLow). If the observed GM-dependent effect on body weight was influenced by the 178 

prenatal (i.e., maternal) GM, then the phenotype would match that of the adult birth dam. 179 

Conversely, if this phenotype is influenced postnatally, then the phenotype would match that of 180 

the adult surrogate dam.  181 

We confirmed that cross-fostering successfully transferred the GM from surrogate dam 182 

to cross-fostered mice using 16S rRNA sequencing of fecal samples collected at fifty days of 183 

age. Cross-fostered mice exhibited similar taxonomic composition to the surrogate dams 184 

(Figure S5). Additionally, alpha and beta diversity of these mice were characteristic of the 185 

fostered microbial communities, with CFLow mice exhibiting a less rich and compositionally 186 

distinct GM compared to CFHigh mice (Figure S4B-D). In cross-fostered BTBR mice, animals 187 

with CFLow were heavier than CFHigh at PND7 (pGM = 0.006, Figure 2E). In separate cross-188 

fostered cohorts, however, CFLow mice were heavier at weaning (pGM < 0.001, Figure 2F) and 189 

adulthood (pGM = 0.056, Figure 2G). Given that the GM-dependent effect on body weight was 190 

similar to the phenotype of the mature surrogate dam GM, these data support that these 191 

supplier-origin GMs postnatally affect body weight in BTBR mice. 192 

 193 

Cross-fostering abrogates select effects on BTBR ASD-related behavior 194 

 Previous reports have shown that the maternal in utero BTBR environment contributes 195 

to offspring ASD-related behavior of the model30,31, thus we sought to determine whether the 196 

selective GM-dependent effects on ASD-related behavior (Figure 1E-K) were programmed in 197 

utero by the maternal GM or influenced, like body weight, primarily by the postnatal GM. In 198 

neonatal mice (n = 10-13 mice/sex/GM), no significant differences in USV call rate or 199 

composition were observed between groups (Figure S4E-F); however, GM-dependent effects 200 

on the relative abundance of “step up”, “step down”, and “up frequency modulation” calls were 201 

observed (Figure S4G, Supplementary File 3). While adult (11-21 mice/sex/GM) grooming 202 
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behavior was not affected by GM (pGM = 0.237, Figure S4H), CFLow mice exhibited greater 203 

repetitive burying activity than CFHigh BTBR mice (pGM = 0.049, Figure S4I). Social behaviors did 204 

not differ between CFLow and CFHigh BTBR mice (Figure S4J). Collectively, the select GM-205 

dependent effects of ASD-related behavior of BTBR mice were abrogated by cross-fostering, 206 

suggesting the ASD-related behaviors of BTBR mice may be influenced by factors from both the 207 

pre- (i.e., maternal) and postnatal GM. 208 

 209 

Supplier-origin GMs potentially affect nutrient acquisition in the BTBR mouse 210 

  To explore potential mechanisms influencing the postnatal GM-dependent effect of body 211 

weight of BTBR mice, we assessed three facets of host energy balance: food intake, voluntary 212 

activity, and fecal energy loss. We first assessed food intake by measuring the relative food 213 

intake of standard maintenance chow (LabDiet #5053 Chow) in pair-housed mice (n = 12-16 214 

mice/sex/GM, n = 6-8 cages/sex/GM) for six weeks, beginning at weaning.  As expected, BTBR 215 

mice with GMLow weighed more than those with GMHigh throughout the food intake experiment (p 216 

< 0.001, Figure S6A). Despite the difference in body weight, these groups consumed similar 217 

amounts of food over the six-week period (Figure S6B). Given that food intake positively 218 

correlated with body weight in both GMs (GMLow ρ = 0.67, p < 0.001; GMHigh ρ = 0.49, p < 0.001; 219 

Figure S6C), we determined feed efficiency by normalizing food intake at the cage level by the 220 

combined body weight of mice in the cage; however, no GM-dependent effects on feed 221 

efficiency were observed (Figure 3A). Interestingly, female mice exhibited a higher feed 222 

efficiency than males (pSex < 0.001).  223 

 Turning to mechanisms of energy loss, we measured output using voluntary running 224 

wheel activity of individually housed mice for one week. No sex- or GM-dependent effects on 225 

total distance travelled were observed, suggesting no difference in physical activity levels 226 

between GMLow and GMHigh BTBR mice (Figure 3B). Lastly, we measured fecal energy loss 227 

using bomb calorimetry of fecal samples collected over the course of a two- to three-day period. 228 
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While no significant differences were observed, strong sex- (p = 0.093) and GM-dependent (p = 229 

0.082) trends on fecal energy were observed. GMHigh mice exhibited greater fecal energy 230 

content indicating reduced energy harvest in the gut. Collectively, these data suggest that 231 

effects of supplier-origin GMs on energy harvest from the diet may contribute to the postnatal 232 

GM-mediated effect on body weight. 233 

 234 

Discussion 235 

 Our data demonstrate selective GM-dependent effects on the behavior and growth of the 236 

BTBR mouse model of ASD. Specifically, we observed GM-dependent effects on vocalization 237 

rate and call composition in neonatal mice and multiple strong trends in adults that collectively 238 

suggest an Envigo-origin microbiome (GMHigh) exacerbated the ASD-related behavior of male 239 

BTBR mice. While the overall effects on behavior were selective and largely subtle, we revealed 240 

that the mature postnatal GM influenced body weight, beginning at weaning and persisting into 241 

adulthood. Mature BTBR mice with a low richness, Jackson Laboratory-origin microbiome 242 

weighed more than those with an Envigo-origin GM. While no GM-dependent effects on food 243 

intake or voluntary activity were observed, our data indicate that the postnatal GM may affect 244 

body weight by modulating energy acquisition in the gut. Collectively, these data suggest that 245 

the BTBR mouse model of ASD is susceptible to GM-mediated effects on both behavior and 246 

metabolism. 247 

 Separation- or stress-induced USVs have long been used as a measure of neonatal 248 

ASD-related behavior; however, the translatability of this phenotype is difficult to interpret as 249 

both the vocalization rate and call repertoire are highly variable across mouse strains and 250 

models of ASD21,32. For example, vocalization rate is often increased in the BTBR and MIA ASD 251 

models but decreased in some transgenic models of ASD (e.g., Cntnap2-/-), yet both effects on 252 

vocalization rate are classically defined as an ASD-related behavior associated with 253 
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communication9,21,33. While the etiology of this behavior is unclear, our data demonstrate that 254 

variability in the literature regarding the USV phenotype may be influenced, in part, by the host 255 

GM. Whether these effects are due to microbiome-mediated influence on the neonatal stress 256 

response or even maternal care remains unknown; however, our data support that the 257 

communication ASD-related phenotype measured in neonatal BTBR mice is influenced by the 258 

GM. 259 

 Despite ASD being diagnosed more frequently in male patients, a similar sex-bias is not 260 

consistently observed across mouse models of the neurodiversity. Historically, the BTBR mouse 261 

presents strong ASD-related behaviors in both males and females, indicating the strain may not 262 

be a useful model of the ASD sex bias. Our behavior data suggest that the GM preferentially 263 

exacerbates male ASD-related behavior and that the typical Jackson Laboratory-origin GM may 264 

contribute to the lack of sex-dependent differences in the presentation of ASD-related 265 

behaviors. In the present study, BTBR mice with a Jackson Laboratory-origin GM (GMLow) 266 

exhibited no sex-dependent differences in ultrasonic communication, repetitive, or social 267 

behaviors; however, when colonized with an Envigo-origin GM (GMHigh), BTBR mice 268 

demonstrated male-specific increases in all three of the core ASD-related behaviors. Multiple 269 

genetic and hormonal mechanisms have been proposed to explain the strong male bias in ASD 270 

diagnoses34–36; however, the contribution of the GM to this sex bias in mouse models of ASD, let 271 

alone humans, is yet to be described.  272 

 The postnatal GM-mediated effects on body weight identified in this study were of 273 

particular interest. In CD-1 mice, we have historically found that animals with a Jackson-origin 274 

microbiome (GMLow) are heavier than those with an Envigo-origin (GMHigh), beginning in utero 275 

and persisting into adulthood12,13. The GM-dependent difference in body weight observed in CD-276 

1 mice is likely due to an effect on overall growth, as these groups do not differ in relative body 277 

composition and GMLow CD-1 mice exhibit increased cardiac weight12. Rather than an in utero 278 
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programming of body weight – as in CD-1 mice – we found that the body weight of BTBR mice 279 

is postnatally influenced by the GM, as GMHigh BTBR mice were heavier at birth but weighed 280 

less than GMLow animals in adulthood (Figure 2). Fetal growth and neurodevelopment are 281 

influenced, in part, by the maternal microbiome modulating placental vascularization and 282 

nutrient availability to the fetus37,38, and given that the maternal BTBR in utero environment 283 

contributes to the development of ASD-related behavior31, it is reasonable to hypothesize that 284 

the maternal GM of BTBR mice may influence both the fetal growth and development of ASD-285 

related behaviors in BTBR offspring. 286 

Adult body weights exhibited the expected phenotype of their respective GM; mature 287 

BTBR mice with GMLow were heavier those with GMHigh. Further supporting these GM-dependent 288 

effects on adult body weight, we observed similar GM-dependent effects in age- and sex-289 

matched B6 mice (Figure S3). Whether the GM-dependent effect on body weight in either strain 290 

is due to differences in body size or composition remains unknown; however, it may be strain-291 

specific as the BTBR mouse exhibits increased abdominal obesity and peripheral insulin 292 

resistance relative to B6 mice, both of which are factors that may be influenced by the host 293 

GM39–41. 294 

 Contrary to our conclusion that the postnatal GM influences body weight, we observed 295 

that – consistent with the body weight phenotype at birth – BTBR mice born to GMHigh dams 296 

were heavier than those born to GMLow dams at one week of age. This is likely due to the GM 297 

having not yet matured to the point at which the postnatal GM could influence body weight. The 298 

gastrointestinal tract of neonatal mice undergoes tremendous development during the first few 299 

weeks of life as the gut transitions from a highly aerobic to anaerobic environment and the host 300 

moves from maternal sources of nutrition to solid food42,43. Consistent with this idea, the 301 

neonatal GM at seven days of age is more similar to that of the oral microbiome of the dam than 302 

the fecal microbiome, including several aerobic bacterial taxa like Lactobacillus and 303 
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Streptococcus dominating the neonatal gastrointestinal tract of CD-1 mice44. The pup fecal 304 

microbiome does, however, become more similar in composition to the maternal fecal 305 

microbiome around three weeks of age44, the same age at which we observed postnatal GM-306 

dependent effects on body weight in BTBR mice. Collectively, our body weight data suggest that 307 

the mature (post-weaning) postnatal GM affects the body weight of the BTBR mouse. 308 

 When identifying the mechanism by which the postnatal GM influenced body weight in 309 

BTBR mice, we observed no effects on food intake or voluntary activity; however, a strong trend 310 

towards a GM-dependent effect on energy harvest was identified (Figure 3). GMHigh BTBR mice 311 

excreted more fecal energy than GMLow mice, which is consistent with the hypothesis that this 312 

group extracted fewer calories from the diet, leading to the decreased weight relative to GMLow 313 

mice. Acknowledging that both the host and microbiome harvest energy from the diet45,46, 314 

multiple microbiome-mediated mechanisms may be working in concert to influence host body 315 

weight, including the alteration of host gene expression within the gut modulating nutrient 316 

availability and absorption47,48. Alternatively, the diverse members of these bacterial 317 

communities may have differing energy requirements for replication which may, in turn, affect 318 

energy availability to the host. Exploring these mechanisms may reveal novel microbiome-319 

mediated mechanisms influencing feed conversion with profound metabolic and economic 320 

implications. 321 

  Collectively, our data have implications regarding both the specific use of the BTBR 322 

mouse in biomedical research and more broadly to behavioral and metabolic research involving 323 

the GM. Specific to the BTBR mouse, we have demonstrated that this model of ASD is 324 

susceptible to selective GM-dependent effects on the core ASD-related behaviors (particularly 325 

in males) and that body weight is influenced by the postnatal GM. The exact microbiome-326 

mediated mechanisms driving these differences in behavior and growth in this model are yet to 327 

be determined, but complex microbial communities should be considered when using the BTBR 328 
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mouse. More broadly, this work emphasizes the need to incorporate complex communities into 329 

gut-brain-axis research as it adds to a growing body of literature demonstrating that variability 330 

within the host GM contributes to variability of host phenotypes.     331 

  332 
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Methods 333 

ETHICS STATEMENT 334 

This study was conducted in accordance with the recommendations set forth by the 335 

Guide for the Care and Use of Laboratory Animals and was approved by the University of 336 

Missouri Institutional Animal Care and Use Committee (MU IACUC protocol 36781). 337 

 338 

ANIMALS 339 

BTBR (RRID:IMSR_JAX:002282) and C57BL/6J (RRID:IMSR_JAX:000664) mice were 340 

purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were bred and pups 341 

were cross-fostered onto CD-1 surrogate dams within 24 hours of birth. The CD-1 surrogate 342 

dams were acquired from a colony of mice colonized with an Envigo-origin microbiome (GMHigh) 343 

maintained at the NIH-funded Mutant Mouse Resource & Research Center at the University of 344 

Missouri49. A successful transfer of GMHigh was confirmed using 16S rRNA amplicon sequencing 345 

of cross-fostered pups and GMHigh-donating dams. GMLow BTBR mice maintained their Jackson 346 

Laboratory-origin microbiome. Colonies of GMLow and GMHigh BTBR and B6 mice were then 347 

established. Mice used in the present study were from the 6th to 8th generation of their 348 

respective colonies.  349 

Mice were group-housed under barrier conditions in microisolator cages (Thoren, 350 

Hazleton, PA, USA) on shaved aspen chip bedding with ad libitum access to autoclaved tap 351 

water and irradiated LabDiet 5053 chow (Labdiet, St. Louis, MO). Mice were maintained on a 352 

12:12 light/dark cycle. 353 

 354 

BODY WEIGHTS 355 

Neonatal body weights (D0 and D7) were collected using a tared New Classic MF 356 

#ML204 scale (Mettler Toledo; Columbus, OH, USA). Body weights at weaning (D21) and 357 

adulthood (D50) were measured using a RangerTM 3000 (OHAUS; Parsippany, NJ, USA). 358 
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 359 

MICROBIOME ANALYSIS 360 

SAMPLE COLLECTION 361 

Fecal samples (1-2 pellets) were collected at necropsy from the distal colon of adult 362 

(D50) mice used in behavior testing and placed into 2 mL round-bottom tubes with a single 0.5 363 

cm metal bead. Samples were flash frozen in liquid nitrogen then stored at -80°C until 364 

processing. Fecal DNA was extracted using a modified PowerFecal Pro Kit (QIAGEN; Hilden, 365 

North-Rhine-Westphalia, Germany). Briefly, lysis buffer (Solution C1) was directly added to the 366 

sample tube with the metal bead rather than the sample tube provided by the kit. Samples were 367 

then homogenized using a TissueLyser II (QIAGEN; Hilden, North-Rhine-Westphalia, Germany) 368 

for 10 min at 30 Hz before resuming extraction as prescribed by the manufacturer. DNA was 369 

eluted using Solution C6. 370 

 371 

16S rRNA TARGETED-AMPLICON SEQUENCING   372 

Targeted-amplicon 16S rRNA library preparation and sequencing were performed by the 373 

University of Missouri Genomics Technology Core. Library preparations of the V4 region of the 374 

16S rRNA gene were generated using PCR-amplification with the universal primers 375 

(U515F/806R)50 flanked by dual-index Illumina adapter sequences. PCR reactions each 376 

contained 100 ng metagenomic DNA, primers (0.2 µM each), dNTPs (200 µM each), and 377 

Phusion high-fidelity DNA polymerase (1U, Thermo Fisher, Waltham, MA, USA) in a 50 μL 378 

reaction. The amplification parameters were 98°C(3 min) + [98°C(15 s) + 50°C(30 s) + 72°C(30 379 

s)] × 25 cycles + 72°C(7 min). Libraries were combined, mixed, and purified using Axygen 380 

Axyprep MagPCR clean-up beads for 15 min at room temperature. The products were washed 381 

multiple times with 80% ethanol and the dried pellet was resuspended in 32.5 µL of EB buffer 382 

(Qiagen, Venlo, The Netherlands), incubated for two minutes at room temperature, and then 383 

placed on a magnetic stand for five minutes. The amplicon pool was evaluated using an 384 
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Advanced Analytical Fragment Analyzer automated electrophoresis system, quantified using 385 

quant-iT HS dsDNA reagent kits, and diluted according to the Illumina standard protocol for 386 

sequencing as 2 × 250 bp paired-end reads on the MiSeq instrument. 387 

 388 

INFORMATICS 389 

Sequences were processed using the Quantitative Insights into Molecular Ecology 2 390 

v2021.851. Paired-end reads were trimmed of the universal primers and Illumina adapters using 391 

cutadapt52. Reads were then denoised into unique amplicon sequence variants (ASVs) using 392 

DADA253 with the following parameters: 1) reads were truncated to 150 bp in length, 2) reads 393 

with greater than 2 expected errors were discarded, 3) reads were merged with minimum 394 

overlap of 12 bp, and 4) chimeras were removed using the ‘consensus’ method. Unique 395 

sequences were filtered to between 249 and 257 bp in length. The remaining sequences were 396 

assigned a taxonomic classification using the classify-sklearn approach54 with the SILVA 138 397 

99% NR reference database55 trimmed to the U515F/806R universal primers50.   398 

The feature table of ASV counts per sample was rarefied to 28,850 ASVs per sample. 399 

The rarefied table was used for the remaining microbiome analyses. Chao1 and Shannon 400 

Indices (alpha diversity) were determined using the microbiome56 and vegan57,58 libraries, 401 

respectively. Beta diversity was compared by first creating a distance matrix with Bray-Curtis 402 

distances using the vegan library57,58. Differences in microbial beta diversity were visualized with 403 

principal coordinate analyses (PCoA) of quarter-root transformed feature tables with a Calliez 404 

correction using the ape library59. Differentially abundant taxa were identified using ALDEx226 405 

and ANCOM-BC227 with a Benjamin-Hochberg60 corrected p value less than 0.05. 406 

 407 

BEHAVIORAL ASSAYS 408 

All behavior tests were performed in a dedicated behavior suite separate from the animal 409 

housing room. Light levels for adult and neonatal testing were maintained at ~5 lux and ~100 410 
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lux, respectively. Sound levels were maintained at ~45 dB during testing. Videos were captured 411 

using a DMK 22AUC03 IR camera (The Imaging Source; Charlotte, NC, USA) positioned 1.5 m 412 

above the cage bottom. Videos were recorded using ANY-maze v7.10 (ANY-maze; Wood Dale, 413 

IL, USA). 414 

 415 

ULTRASONIC VOCALIZATION 416 

USVs were collected using separation-induced vocalizations at PND721. Briefly, cages 417 

were transferred to a behavior suite and allowed to acclimate for 60 min prior to testing. 418 

Neonates were individually separated from the dam and placed onto the floor of a heated, clean 419 

mouse cage enclosed within an isolated environmental chamber (Omnitech Electronics, Inc.; 420 

Columbus, OH, USA). An UltraSoundGate CM16 ultrasonic-sensitive microphone (AviSoft; 421 

Glienicke, Brandenburg, Germany) was suspended 15 cm above the cage bottom. The cage 422 

was then closed within the environmental chamber and USVs were recorded for a 5 min period 423 

using RECORDER USGH (AviSoft; Glienicke, Brandenburg, Germany). To prevent testing the 424 

same animal multiple times, mice were marked with a permanent marker after completing the 425 

recording, then returned to their birth dam. The recording chamber was cleaned with 70% EtOH 426 

before the first recording and after each subsequent trial. Mice were tested in alternating order 427 

of GM and sex as appropriate. 428 

USV recordings were stored as wav files and analyzed using the machine-learning 429 

based VocalMat (v2021, github.com/ahof1704/VocalMat) using default settings61. VocalMat 430 

classifies individual mouse USVs into one of 12 classes: short, flat, chevron, reverse chevron, 431 

downward frequency modulation, upward frequency modulation, complex, multi steps, two 432 

steps, step down, step up, and noise. Calls classified as noise were removed from the 433 

vocalization rate and repertoire analysis. The vocal repertoire was determined by calculating the 434 

relative abundance of each call class for each mouse. 435 

 436 
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SELF-GROOMING TEST 437 

Five-week-old mice were acclimated to an isolated behavior suite for 60 min prior to 438 

testing. Mice were individually placed into a clean, autoclaved cage and allowed to habituate for 439 

10 min. Each mouse was then video recorded for the following 10 min20. A unique, randomly-440 

generated identifier was placed within frame of each video, blinding the reviewer from strain, 441 

sex, and GM. Cages were cleaned prior to the first animal and after each trial using 70% EtOH. 442 

Each video was manually reviewed by a blinded reviewer. The total time spent grooming was 443 

measured using a stopwatch. Grooming behaviors included washing or scratching head, flank, 444 

limbs, and tail.  445 

 446 

MARBLE BURYING TEST 447 

Six-week-old mice were allowed to acclimate to an isolated behavior suite for 60 min 448 

prior to testing. Individual mice were placed in a standard Thoren mouse microisolator cage 449 

filled with 4-5 cm of aspen chip bedding and 12 black marbles placed in a 3 × 4 grid pattern on 450 

top of the bedding. Marbles were positioned prior to each trial using a template grid. Mice were 451 

placed into the cages and recorded for five minutes. A unique identifier was placed within frame 452 

of each video to blind the reviewer from strain, sex, and GM. Cages and marbles were cleaned 453 

prior to the first animal and after every trial using 70% EtOH. Fresh aspen chip bedding was 454 

provided for each trial. Videos were manually reviewed by a blinded reviewer using a stopwatch. 455 

Marble burying activity was defined as direct interaction with a marble or digging behavior.  456 

 457 

SOCIAL PREFERENCE TEST 458 

Seven-week-old mice were allowed to acclimate to an isolated behavior suite for 60 min 459 

prior to testing. Individual mice were placed into the center chamber of a three-chamber 460 

plexiglass arena (60 × 40 × 22 cm) and allowed to habituate to the arena for a 10 min period28. 461 

Following the acclimation period, the test mouse was enclosed in the middle chamber using 462 
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plexiglass panels, blocking access to the outermost chambers. The test mouse was allowed to 463 

enter the middle chamber on its own volition without interaction from the experimenter. One 464 

cylindrical plexiglass cage (10 × 18.5 cm, 1 cm openings between vertical bars) was then 465 

placed in each of the outermost chambers in opposing corners. An age- and sex- matched A/J 466 

mouse (RRID:IMSR_JAX:000646, Jackson Laboratories; Bar Harbor, ME, USA) was placed in 467 

one of the cylinders (Stranger). A/J mice had been habituated to the cylinder during two 20 min 468 

training sessions, one on each side of the three-chamber arena. A plastic block was placed in 469 

the second cylinder (Object). The position of the stranger and object alternated between trials 470 

within each arena. The test mouse was then allowed to interact with the stranger or object for a 471 

period of 10 min. The position of the mouse and time spent in each zone was determined using 472 

ANY-maze. The three-chamber arena was cleaned with 70% EtOH prior to the first animal and 473 

after every subsequent test. 474 

 475 

FOOD INTAKE 476 

Food intake was monitored using a modified protocol from Cheathem et al.13. Food 477 

intake was monitored for four consecutive days for six consecutive weeks beginning after 478 

weaning (3 weeks old). On the first day (D0), the food hopper was topped off with LabDiet 5053 479 

chow and the total hopper weight (hopper + chow) was measured using a OHAUS RangerTM 480 

3000. Individual mouse weights were also recorded using the same scale. For the next three 481 

days, the hopper and mice were weighed in the same manner. The difference in hopper weights 482 

between each day was normalized to the combined animal weight of that cage. Feed efficiency 483 

was determined by normalizing the average food consumption to the combined cage weight.484 

 Body and food intake weights were averaged for each week. 485 

 486 

RUNNING WHEEL  487 
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Nine-week-old mice were housed in an animal room containing no other mice besides 488 

the animals undergoing wheel running evaluation. Mice were individually housed in Techniplast 489 

cages each containing a Low-Profile Wireless Running Wheel (Med Associates Inc.; Fairfax, 490 

VT, USA). Running wheels transmitted revolution counts to a central hub via Bluetooth. 491 

Locomotor activity was logged as revolutions per minute for one week using the Wheel Manager 492 

Data Acquisition Software from Med Associates. Total revolutions were converted to kilometers 493 

travelled using the prescribed conversion rate of (3.78 × 10-4 km/revolution). 494 

 495 

FECAL ENERGY LOSS 496 

Fecal samples (799.1 ± 254.5 mg wet feces) were collected from seven-week-old mice 497 

over 2-3 morning collection periods. Fecal samples were dried at 65°C to a constant dry matter 498 

content. The gross energy (GE) of LabDiet 5053 chow and fecal samples was measured using 499 

a 6200 Isoperibol Calorimeter (Parr Instrument Co.; Moline, IL, USA). Benzoic acid (6318 � 14 500 

kcal GE/kg; Parr Instrument Co.) was used as the calibration standard. Temperature changes 501 

during combustion were monitored via a thermocouple, and the heat of combustion (ΔH) was 502 

calculated using the calorimeter's specific heat capacity, then converted to caloric content 503 

(kcal/g feces). Accuracy corrections were applied to address background and ignition source 504 

heat.  505 

 506 

STATISTICAL ANALYSES 507 

All statistical analyses were performed in R v 202162. Differences in univariate data were 508 

assessed using two-way analysis of variance (ANOVA) with GM and sex as main effects. 509 

Longitudinal univariate data (i.e., food intake and physical activity) were assessed using three-510 

way ANOVA tests with GM, sex, and time as main effects. Post hoc comparisons were made 511 

using a Tukey’s HSD test. Differences in paired data (i.e., social preference test) were assessed 512 
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using paired T tests. All tests for significant differences in univariate data were performed using 513 

the rstatix63 package. 514 

Differences in multivariate data (i.e., microbiome composition and vocal repertoire) were 515 

assessed using a permutational analysis of variance (PERMANOVA) using the adonis2 function 516 

within the vegan57,58 library. Differentially abundant genera were identified using ALDEx226 and 517 

ANCOM-BC227. Significantly enriched taxa were identified by both tools as having a Benjamani-518 

Hochberg-corrected p value < 0.0564. 519 
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 534 

Figure Legends 535 

Figure 1. Standardized complex microbiomes selectively affect male ASD-related 536 

behavior. 537 
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(A) Graphical representation of experimental design depicting cohorts of neonatal (n = 10-12 538 

mice/sex/GM) and adult (n = 20 mice/sex/GM) BTBR mice. 539 

(B) Dot plot depicting Chao-1 Index. *** pGM < 0.001, pSex = 0.002, Two-way ANOVA 540 

(C) Dot plot depicting Shannon Index. pGM = 0.867, pSex = 0.276, Two-way ANVOA 541 

(D) Principal coordinate analysis depicting Bray-Curtis dissimilarity between microbial 542 

communities. pGM < 0.001, pSex = 0.063, Two-way PERMANOVA. 543 

(E) Dot plot depicting USV rate. * p < 0.05, ** p < 0.01, Tukey post hoc. 544 

(F) Principal coordinate analysis depicting Bray-Curtis dissimilarity of the relative abundance of 545 

ultrasonic  vocalizations. pGM = 0.001, pSex = 0.044, Two-way PERMANOVA.  546 

(G) Stacked bar charts depicting mean relative abundance of call types determined by 547 

VocalMat. 548 

(H) Dot plot depicting Grooming Index. pGM = 0.321, pSex = 0.069, Two-way ANVOA. 549 

(I) Dot plot depicting Burying Index. pGM = 0.862 pSex = 0.048, Two-way ANOVA. 550 

(J) Dot plot depicting time spent in Stranger (closed circles)  or Object (open circles) chambers 551 

of social preference test. 552 

(K) Tukey box plot depicting Social Preference Index. * pGM = 0.044, pSex = 0.498, Two-way 553 

ANOVA. 554 

 555 

Figure S2. Standardized complex microbiomes selectively affect burying behavior of B6 556 

mice. 557 

(A) Dot plot depicting Grooming Index. pGM = 0.698, pSex = 0.838,  Two-way ANOVA. 558 

(B) Dot plot depicting Burying Index. ** pGM = 0.004, pSex = 0.224,  Two-way ANOVA. 559 

(C) Dot plot depicting time spent in Stranger (closed circles)  or Object (open circles) chambers 560 

of social preference test. * p = 0.027, Paired T test. Three-way ANOVA results are provided 561 

in inset. 562 

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

The copyright holder for this preprint (whichthis version posted April 2, 2024. ; https://doi.org/10.1101/2024.04.01.587648doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.01.587648
http://creativecommons.org/licenses/by-nc-nd/4.0/


(D) Tukey box plot depicting Social Preference Index. pGM = 0.771, pSex = 0.589,  Two-way 563 

ANOVA. 564 

 565 

Figure 3. Standardized complex microbiomes may affect energy harvest in the gut. 566 

(A) Line plot depicting feed efficiency observed in GMLow and GMHigh BTBR mice. Bold line 567 

represents average feed efficiency. Ribbon represents standard deviation. Inset depicts 568 

three-way ANOVA results. 569 

(B) Line plots depicting distance traveled by GMLow and GMHigh BTBR mice. Bold line represents 570 

average distance travelled. Ribbon represents standard deviation. Inset depicts three-way 571 

ANOVA results. 572 

(C) Dot plot depicting time fecal energy as determined by bomb calorimetry. pGM = 0.082, pSex = 573 

0.093, Two-way ANOVA. 574 

 575 

Supplementary Figure Legends 576 

Figure S1. Standardized complex microbiomes differ in beta diversity and taxonomic 577 

composition. Left: Dendrogram depicting unsupervised hierarchical clustering of fecal 578 

microbiome samples based on composition. Right. Stacked bar chart depicting family-level 579 

abundance of dominant taxa (> 0.05%) in either GM. 580 

 581 

Figure S2. Standardized complex microbiomes selectively affect burying behavior of B6 582 

mice. 583 

(A) Dot plot depicting Grooming Index. pGM = 0.698, pSex = 0.838,  Two-way ANOVA. 584 

(B) Dot plot depicting Burying Index. ** pGM = 0.004, pSex = 0.224,  Two-way ANOVA. 585 

(C) Dot plot depicting time spent in Stranger (closed circles)  or Object (open circles) chambers 586 

of social preference test. * p = 0.027, Paired T test. Three-way ANOVA results are provided 587 

in inset. 588 
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(D) Tukey box plot depicting Social Preference Index. pGM = 0.771, pSex = 0.589,  Two-way 589 

ANOVA. 590 

 591 

Figure S3. Standardized complex microbiomes affect body weight of B6 mice. Dot plots 592 

depicting body weights at D21 (A), and D50 (B) in GMLow and GMHigh B6 mice. *** pGM < 0.001, 593 

Two-way ANOVA. 594 

 595 

Figure S4. Cross-fostering abrogates select GM-mediated effects on male ASD-related 596 

behavior. 597 

(A) Graphical representation of cross-fostering experimental design depicting cohorts of 598 

neonatal (n = 10-13 mice/sex/GM) and adult (11-21 mice/sex/GM) BTBR mice. Inset depicts 599 

the GM that animals were exposed to pre- and postnatally. 600 

(B) Dot plot depicting Chao-1 Index. *** pGM = 0.001, pSex = 0.401, Two-way ANOVA 601 

(C) Dot plot depicting Shannon Index. * pGM = 0.013, pSex = 0.545, Two-way ANOVA 602 

(D) Principal coordinate analysis depicting Bray-Curtis dissimilarity between microbial 603 

communities. 604 

(E) Dot plot depicting USV rate. pGM = 0.387, pSex = 0.306, Two-way ANOVA. 605 

(F) Principal coordinate analysis depicting Bray-Curtis dissimilarity of the relative abundance of 606 

USVs. pGM < 0.001, pSex = 0.265, Two-way PERMANOVA. 607 

(G) Stacked bar charts depicting mean relative abundance of call types determined by 608 

VocalMat. 609 

(H) Dot plot depicting Grooming Index. pGM = 0.237, pSex = 0.015, Two-way ANOVA. 610 

(I) Dot plot depicting Burying Index. * pGM = 0.049, pSex = 0.474, Two-way ANOVA. 611 

(J) Dot plot depicting time spent in Stranger (closed circles) or Object (open circles) chambers 612 

of social preference test. 613 
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(K) Tukey box plot depicting Social Preference Index. pGM = 0.151, pSex = 0.741, Two-way 614 

ANOVA. 615 

 616 

Figure S5. Standardized complex microbiomes were successfully transferred from 617 

surrogate dam to cross-fostered pup. Left: Dendrogram depicting unsupervised hierarchical 618 

clustering of fecal microbiome samples based on composition in relation to surrogate dam. 619 

Right. Stacked bar chart depicting family-level abundance of dominant taxa (> 0.05%) in either 620 

GM. 621 

 622 

Figure S6. Standardized complex microbiomes affect body weight but not food intake. 623 

(A) Line plot depicting body weight observed in individual GMLow and GMHigh BTBR mice. Bold 624 

lines represent average body weight. Ribbon represents standard deviation. Inset depicts 625 

three-way ANOVA results. 626 

(B) Line plot depicting food intake of cages of pair-housed GMLow and GMHigh BTBR mice. Bold 627 

line represents average food intake. Ribbon represents standard deviation. Inset depicts 628 

three-way ANOVA results. 629 

(C) Dot plot depicting correlation between food intake of cage and body weight of mice within 630 

the same cage over the course of the experiment. Lines depict slope of correlation within 631 

either GM. Inset depicts correlation test results.632 
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