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Abstract  23 

Across human populations, 16S rRNA gene-based surveys of gut microbiomes 24 

have revealed that the bacterial family Christensenellaceae and the archaeal family 25 

Methanobacteriaceae co-occur and are enriched in individuals with a lean, compared to 26 

an obese, BMI. Whether these association patterns reflect interactions between 27 

metabolic partners remains to be ascertained, as well as whether these associations 28 

play a role in the lean host phenotype with which they associate. Here, we validated 29 

previously reported co-occurrence patterns of the two families, and their association 30 

with a lean BMI, with a meta-analysis of 1,821 metagenomes derived from 10 31 

independent studies. Furthermore, we report positive associations at the genus and 32 

species level between Christensenella spp. and Methanobrevibacter smithii, the most 33 

abundant methanogen of the human gut. By co-culturing three Christensenella spp. with 34 

M. smithii, we show that Christensenella spp. efficiently support the metabolism of M. 35 

smithii via H2 production, far better than Bacteroides thetaiotaomicron. C. minuta forms 36 

flocs colonized by M. smithii even when H2 is in excess. In culture with C. minuta, H2 37 

consumption by M. smithii shifts the metabolic output of C. minuta’s fermentation 38 

towards acetate rather than butyrate. Together, these results indicate that the 39 

widespread co-occurrence of these microbiota is underpinned by both physical and 40 

metabolic interactions. Their combined metabolic activity may provide insights into their 41 

association with a lean host BMI.  42 

 43 

 44 

 45 
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Importance 46 

The human gut microbiome is made of trillions of microbial cells, most of which 47 

are Bacteria, with a subset of Archaea. The bacterial family Christensenellaceae and 48 

the archaeal family Methanobacteriaceae are widespread in human guts. They correlate 49 

with each other and with a lean body type. Whether species of these two families 50 

interact, and how they affect the body type, are unanswered questions. Here, we 51 

showed that species within these families correlate with each other across people. We 52 

also demonstrated that particular species of these two families grow together in dense 53 

flocs, wherein the bacteria provide hydrogen gas to the archaea, which then make 54 

methane. When the archaea are present, the ratio of bacterial products (which are 55 

nutrients for humans) is changed. These observations indicate when these species 56 

grow together, their products have the potential to affect the physiology of their human 57 

host.  58 
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Introduction 59 

Obesity was the first human disease phenotype to be associated with an altered 60 

microbial ecology of the gut (1, 2). The link between the relative abundance in the gut of 61 

the bacterial family Christensenellaceae and a low host body mass index (BMI) now 62 

stands as one of the most robust associations described between the human gut 63 

microbiome and host BMI (3–15). Compared to other families of bacteria that comprise 64 

the human gut microbiome, the family Christensenellaceae was described relatively 65 

recently, when the type strain Christensenella minuta was reported in 2012 (16). Prior to 66 

the description of C. minuta, 16S rRNA sequences from this genus escaped notice in 67 

the gut microbiome, though these sequences accumulated steadily in SSU rRNA gene 68 

databases. A positive association between a lean host BMI and the relative abundance 69 

in the gut of Christensenellaceae 16S rRNA genes was first reported in 2014 (4). The 70 

association was shown to have existed in earlier datasets (4), but was likely undetected 71 

as this family had not yet been named. Goodrich et al. showed a causal link between 72 

the Christensenellaceae and host BMI in gnototioc mice: the addition of C. minuta to the 73 

gut microbiome of an obese human donor prior to transplantation reduced adiposity 74 

gains in the recipient mice compared to controls receiving the unsupplemented 75 

microbiome (4). The mechanism underlying this host response remains to be 76 

elucidated. One step towards this goal is a better understanding of how the members of 77 

the Christensenellaceae interact ecologically with other members of the gut microbiome. 78 

Across human populations, gut microbiota often form patterns of co-occurrence 79 

(e.g., when these consortia exist in a subset of human subjects, they are termed enterotypes 80 

(17)). Such co-occurrences of taxa across subjects reflect shared environmental 81 
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preferences, but to determine if they represent metabolic or physical interactions 82 

requires further study. The family Christensenellaceae consistently forms the hub of co-83 

occurrence networks with other taxa (6, 8, 9, 18, 19). Notably, gut methanogens 84 

(specifically, of the archaeal family Methanobacteriaceae) are often reported as part of 85 

the Christensenellaceae co-occurrence consortium (4, 20–22). The most widespread 86 

and abundant of the gut methanogens, Methanobrevibacter smithii, produces  CH4 from 87 

H2 and CO2, the products of bacterial fermentation of dietary fibers. Such cross-feeding 88 

likely explains why the relative abundances of M. smithii and fermenting bacteria are 89 

often positively correlated (21, 23, 24). Several studies have shown that in the 90 

laboratory, M. smithii can grow from the H2 provided by Bacteroides thetaiotaomicron, a 91 

common gut commensal bacterium (25–27). Given that the cultured representatives of 92 

the Christensenellaceae ferment simple sugars (16, 28), and that their genomes 93 

contains hydrogenases (29), we predicted that members of the Christensenellaceae 94 

produce H2 used by M. smithii as a substrate in methanogenesis. 95 

Here, we explored the association between the Christensenellaceae and the 96 

Methanobacteriaceae in two ways. First, we analyzed metagenomes for statistical 97 

associations between the two families and their subtaxa. Compared to 16S rRNA gene 98 

surveys, metagenomes often can better resolve the taxonomic assignments of 99 

sequence reads below the genus level (30). Metagenome-based studies have so far 100 

been blind to the Christensenellaceae, however, because their genomes have been 101 

lacking from reference databases. Here, we customized a reference database to include 102 

Christensenellaceae genomes, which we used in a meta-analysis of >1,800 103 

metagenomes from 10 studies. Second, to assess for metabolic interactions between 104 
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members of the Christensenellaceae and Methanobacteriaceae, we measured methane 105 

production by M. smithii when grown in co-culture with Christensenella spp. Our results 106 

show that: i) the positive association between the Christensenellaceae and the 107 

Methanobacteriaceae is robust to the genus/species level across multiple studies; ii) 108 

these taxa associate with a lean host BMI; iii) Christensenella spp. support the growth of 109 

M. smithii by interspecies H2 transfer far better than B. thetaiotaomicron; and iv) M. 110 

smithii directs the metabolic output of C. minuta towards less butyrate and more acetate 111 

and H2, which is consistent with reduced energy availability to the host and consistent 112 

with the association with a low BMI. 113 

 114 

Results 115 

Christensenella relative abundance is significantly correlated with leanness 116 

across populations - Both the Christensenellaceae family and the genus 117 

Christensenella had a very high prevalence, as they were present in more than 99% of 118 

the 1,821 samples; both the family and the genus have a mean abundance of 0.07% ± 119 

0.05 (Fig. 1b,d and Fig. S1). To correct for the influence of environmental factors on the 120 

relative abundance of the Christensenellaceae family and of the Christensenella genus, 121 

we first constructed null models in which we selected covariates (Appendix 1) that 122 

explained a significant proportion of the variance of the transformed relative abundance 123 

of the family Christensenellaceae, and in the same manner of the Christensenella 124 

genus. BMI and age were significantly correlated to the transformed relative 125 
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abundances of Christensenellaceae and of Christensenella (designated with the suffix ‘-126 

tra’, i.e., Cf-tra and Cg-tra), and were retained in the null models (Cf-null and Cg-null). 127 

BMI was negatively correlated to both Cf-tra (type II ANOVA, p-value = 0.0002 128 

and F-value(339) = 14.46) and Cg-tra (type II ANOVA, p-value = 0.0002 and F-129 

value(339) = 14.29), indicating that leaner individuals harbor higher relative abundances 130 

of Christensenellaceae and Christensenella. Age was negatively correlated with Cf-tra 131 

(type II ANOVA, p-value = 0.01 and F-value(1,468) = 6.56) and with Cg-tra (type II 132 

ANOVA, p-value = 0.01 and F-value(1,468) = 6.53), indicating that younger subjects 133 

carry a greater relative abundance of Christensellaceae and Christensenella. However, 134 

the interaction term between BMI and age was not significantly correlated to the 135 

transformed relative abundances (type II ANOVA, p-values > 0.1), indicating that their 136 

effects are additive. These results show that regardless of their BMI, younger subjects 137 

have higher levels of Christensenellaceae and Christensenella, and that the lower a 138 

subject’s BMI, the more of these microbes they harbor, regardless of their age.  139 

 140 

  Methanobrevibacter relative abundance is significantly correlated with 141 

leanness across populations - The Methanobacteriaceae family and 142 

Methanobrevibacter genus also had a high prevalence with 92% and 89% of the people 143 

harboring them respectively, with mean abundances of 0.48% ± 1.55 and 0.49% ± 1.54, 144 

respectively. As above, we evaluated the association between the 145 

Methanobacteriaceae family, and of the Methanobrevibacter genus, with BMI and age 146 

(models Mf-null and Mg-null). The transformed relative abundances of 147 

Methanobacteriaceae, Mf-tra, and of Methanobrevibacter, Mg-tra, were also negatively 148 
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correlated to BMI (type II ANOVA, respective p-values = 0.01 and 0.02, F-values(341; 149 

341) = 6.66 and 5.11). In contrast to the Christensenellaceae, both 150 

Methanobacteriaceae and Methanobrevibacter were positively correlated with age (type 151 

II ANOVA, respective p-values = 0.001 and 4.27x10-4, F-values(1,468; 1,468) = 10.35 152 

and 12.47), indicating that older people carry a greater proportion of methanogens. 153 

Moreover, M. smithii, the most abundant and prevalent methanogen species within the 154 

human gut, was also positively correlated with age and negatively with BMI regardless 155 

of age, i.e. the interaction term between age and BMI was not significantly correlated 156 

(Appendix 2, additional statistics).  157 

 158 

The relative abundances of the Christensenella and Methanobrevibacter 159 

genera are significantly correlated across populations - Next, we looked into how 160 

the Christensenellaceae and the Methanobacteriaceae correlated with each other 161 

across subjects while controlling for BMI and age. We constructed a model where Mf-tra 162 

was included in addition to BMI and age (model Cf-Mf). This allowed us to test whether 163 

adding Mf-tra to the model improved its fit and if so, how much of the variance of Cf-tra 164 

not explained by age and BMI could be explained by Mf-tra. We also evaluated the 165 

interaction terms between Mf-tra and BMI, and between Mf-tra and age, to assess 166 

whether the correlation between Cf-tra and Mf-tra was dependent on age and BMI. The 167 

interaction term for BMI and Mf-tra was not significant and was removed from the 168 

model; the interaction term for age and Mf-tra was significant and was retained (type I 169 

ANOVA, F-value(339) = 8.30 and p-value = 0.0042). We compared the log-likelihoods 170 

of the null and full models (Cf-null and Cf-Mf) to confirm that the relative abundances of 171 
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the Methanobacteriaceae and Christensenellaceae families were significantly correlated 172 

(χ2 test, p-value = 1.78x10-59). Furthermore, the model Cf-Mf showed that Mf-tra was 173 

significantly positively correlated to Cf-tra (Fig. 1b; type I ANOVA, F-value(339) = 174 

287.03, p-value < 0.0001) and that the interaction term between Mf-tra and age was 175 

positively correlated to Cf-tra as well. These results indicate that the relative 176 

abundances of the Christensenellaceae and Methanobacteriaceae families are 177 

positively correlated across multiple populations/studies. In addition, although both 178 

families are enriched in low-BMI people, they are correlated regardless of a subject’s 179 

BMI. Moreover, their association is stronger in older people, suggesting that although 180 

elders are less likely to carry as much Christensenellaceae as youths, the more 181 

Methanobacteriaceae they have, the more Christensenellaceae they have.  182 

We performed a similar analysis using the abundances of the two most 183 

prominent genera belonging to these families (Christensenella and Methanobrevibacter, 184 

models Cg-null and Cg-Mg) and obtained equivalent results. First, the interaction term 185 

between Mg-tra and age was positively correlated with Cg-tra (Fig. 1c; type I ANOVA, 186 

F-value(339) = 10.19, p-value = 0.0015). Then, by comparing model Cg-null with the full 187 

model Cg-Mg, we showed that the relative abundances of the two genera were also 188 

correlated (χ2 test, p-value = 1.50x10-57). Our full model Cg-Mg showed that Mg-tra was 189 

significant for predicting Cg-tra while controlling for BMI and age (type I ANOVA, F-190 

value(339) = 274.35, p-value < 0.0001), with the interaction term between Mg-tra and 191 

age also positively correlated to Cg-tra. These results indicate that the correlations 192 

between the relative abundances of the two families, explained above, hold true at the 193 
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level of two representative genera. The association between Methanobrevibacter and 194 

Christensenella is stronger in older people regardless of BMI.  195 

A similar analysis at the species level indicated that C. minuta and M. smithii 196 

were the most abundant species of each of their genera, and similarly to the family and 197 

genus ranks, their relative abundances across samples were significantly correlated 198 

(Fig. 1d and Appendix 2). The less abundant Christensenella gut species, C. 199 

massiliensis and C. timonensis, also correlated with Methanobrevibacter smithii across 200 

the 1,821 metagenomes (Appendix 2). C. minuta and C. timonensis transformed relative 201 

abundances were significantly negatively correlated to both BMI and age, while C. 202 

massiliensis transformed relative abundance was significantly correlated with BMI but 203 

not with age. Leaner people are thus enriched in members of the Christensenellaceae 204 

family, and C. minuta and C. timonensis are more abundant in younger people than in 205 

older people.  206 

 207 

C. minuta forms flocs alone and in co-culture with M. smithii - To assess the 208 

physical and metabolic interaction of two representative species, we used C. minuta 209 

DSM-22607, previously shown to reduce adiposity in germfree mouse fecal transplant 210 

experiments (4), and M. smithii DSM-861, which is the most abundant and prevalent 211 

methanogen in the human gut (31). Confocal and scanning electron imaging of 2-7 day-212 

old cultures revealed that C. minuta flocculate in mono- and co-cultures (Fig. 2a,b and 213 

Fig. 3a-c, g-j). M. smithii is present within the C. minuta flocs (Fig. 2d and Fig. 3g-j) but 214 

does not aggregate in mono-culture before 7-10 days of culture (data not shown). In 215 

contrast, B. thetaiotaomicron, used here as a positive control based on previous reports 216 
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that it supports the growth of M. smithii via H2 production (25, 26), did not flocculate 217 

when grown alone, (Fig. 2c) and, when co-cultured with M. smithii, displayed very 218 

limited aggregation (Fig. 2e, Fig. 3k-n and Fig. S2). 219 

 220 

H2 and CH4 production - After 6 days in mono-culture, C. minuta had produced 221 

7 times more H2 than B. thetaiotaomicron (14.2 ± 1.6 mmol.L−1 vs. 2.0 ± 0.0 mmol.L−1, 222 

Fig. 4a and d and Fig. 5a; Wilcoxon rank sum test, p-value = 0.1). As expected, M. 223 

smithii did not grow in mono-culture when H2 was not supplied (80:20 % v/v N2:CO2 224 

headspace, Fig. 4b). After 6 days, M. smithii had produced 9.0 ± 1.0 mmol.L−1 of CH4 225 

when H2 was provided in excess (i.e., 80:20 % v/v H2:CO2 atmosphere at 2 bars; Fig. 4b 226 

and Fig. 5b).  227 

In accordance with the higher levels of H2 produced by C. minuta compared to B. 228 

thetaiotaomicron, day-6 CH4 concentrations were higher for M. smithii co-cultured with 229 

C. minuta compared to with B. thetaiotaomicron (respectively 5.8 ± 0.5 mmol.L−1 and 230 

1.1 ± 0.0 mmol.L−1; Wilcoxon rank sum test, p-value = 0.1; Fig. 4c and e and Fig. 5b). 231 

For both co-culture conditions, H2 concentrations were very low (on average across time 232 

points and replicates, H2 concentrations were 0.5 ± 0.6 mmol.L−1 in co-cultures with C. 233 

minuta, and 0.1 ± 0.1 mmol.L−1 with B. thetaiotaomicron), indicating that almost all the 234 

H2 that had been produced was also consumed (Fig. 4c and e and Fig. 5a). 235 

 236 
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Pressure effects on gas production and aggregation - Gas consuming 237 

microbes, including hydrogenotrophic methanogens, grow better in a pressurized 238 

environment (32–34) due to a higher gas solubility at higher pressure, as described by 239 

Henry’s law. We compared CH4 production by M. smithii in mono-culture and in co-240 

culture with C. minuta under 2 different pressures (i.e., 2 bar and atmospheric 241 

pressure). Similar to the flocculation at 2 bar (Fig. 2d), C. minuta and M. smithii also 242 

aggregated at atmospheric pressure (Fig. S3a-b). Accordingly, C. minuta supported 243 

CH4 production by M. smithii to a similar extent under both pressure conditions (ANOVA 244 

followed by Tukey’s post-hoc test, adjusted p-value = 1.0; Fig. 4c, Fig. 5b and, even 245 

though the putative H2 produced by C. minuta (estimated based on the mono-cultures) 246 

was much lower than the amount of H2 provided in the headspace for M. smithii (Fig. 247 

5a).  248 

We next sought to assess if the mixed aggregation of M. smithii with C. minuta 249 

could be disrupted if H2 was pressurized in the medium, reducing M. smithii’s reliance 250 

on C. minuta as a H2 source. We observed that M. smithii aggregated with C. minuta 251 

(Fig. S3c-d) even though H2 was abundant. Total CH4 production was higher than in 252 

mono-culture under the same headspace, reaching 14.2 ± 5.3 mmol.L−1 in co-culture vs. 253 

9.0 ± 1.0 mmol.L−1 in mono-culture after 6 days (ANOVA followed by Tukey’s post-hoc 254 

test, adjusted p-value = 0.1, Fig. 4b and c). This indicates that interspecies H2 transfer 255 

occurs even when H2 is added to the headspace, and leads to greater methanogenesis.  256 

 257 

The short chain fatty acid (SCFA) production of C. minuta is influenced by 258 
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the presence of M. smithii - Regardless of headspace composition and pressure 259 

conditions, the only SCFAs detected as produced by C. minuta in mono-culture were 260 

acetate and butyrate (among 10 short and medium chain fatty acids analyzed, Appendix 261 

1; Fig. 5). To investigate if the consumption of H2 by M. smithii influenced the SCFA 262 

production profile of C. minuta, we compared acetate and butyrate concentrations 263 

between the co-cultures and C. minuta’s mono-cultures under all conditions tested (i.e., 264 

cultures at 2 bar or atmospheric pressure with an 80:20 % v/v N2:CO2 or H2:CO2 265 

headspace, Table S1).  266 

We consistently observed lower butyrate concentrations in all co-cultures 267 

compared to mono-cultures (Fig. 6a-c, Fig. 5c; ANOVA, F-value(1) = 161.461 and 268 

adjusted p-value = 7.7x10−8). For all conditions, butyrate concentrations in co-culture 269 

after 6 days were 1.1 ± 0.24 mmol.L−1 lower than in mono-cultures (Fig. 6a-c and Table 270 

A3). The interaction factor between the mono/co-culture conditions and the growth 271 

condition was not significantly correlated to butyrate concentrations (ANOVA, F-value(2) 272 

= 0.862, adjusted p-value = 0.4). The observation that butyrate concentrations in co-273 

cultures were lower than in mono-cultures regardless of pressure and headspace 274 

composition suggest that the methanogen’s presence shapes the metabolite output of 275 

C. minuta.  276 

Along with the reduced butyrate production, we also observed slightly but 277 

significantly higher acetate production in co-cultures compared to mono-cultures (Fig. 278 

6d-f, Fig. 5d; ANOVA, F-value(1) = 317.41 and adjusted p-value = 3.2x10−9). This 279 

difference was also observed in three additional batches performed at 2 bars (Fig. S4). 280 
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The difference in acetate production between mono and co-culture conditions 281 

significantly varied with the headspace and pressure conditions (interaction term 282 

between the mono- or co-culture and the growth condition was significantly correlated to 283 

acetate production; ANOVA, F-value(2) = 29.09 and adjusted p-value = 3.0x10−5). The 284 

differences in final acetate production (after 6 days) ranged from +0.7 mmol.L−1 at 2 bar 285 

under an H2:CO2 (80:20 % v/v) atmosphere to +2.2 mmol.L−1 at atmospheric pressure 286 

under an N2:CO2 (80:20 % v/v) atmosphere. Furthermore, we observed in co-culture 287 

more CH4
 than what M. smithii could have produced based on the H2 production in C. 288 

minuta’s mono-cultures (Appendix 3). This observation implies that C. minuta likely 289 

produced a greater amount of H2 in the co-cultures along with greater acetate 290 

production.  291 

 292 

C. massiliensis and C. timonensis also support the metabolism of M. 293 

smithii - We performed similar co-culture experiments of M. smithii with C. massiliensis 294 

and C. timonensis at atmospheric pressure. C. massiliensis and C. timonensis 295 

aggregated in mono-culture, and M. smithii grew within their flocs in co-culture (Fig. 7). 296 

The H2 produced by the bacteria in mono-culture after 6 days of growth (6.9 ± 0.5 297 

mmol.L−1 for C. massiliensis and 0.6 ± 0.1 mmol.L−1 for C. timonensis, Fig. 8a,d) was 298 

lower than the levels produced by C. minuta (Fig. 4a). CH4 production in the co-cultures 299 

reached 4.0 ± 0.2 mmol.L−1 with C. massiliensis and 1.5 ± 0.3 mmol.L−1 with C. 300 

timonensis. These amounts of methane are significantly lower than what we observed 301 
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for M. smithii with C. minuta (6.6 ± 0.8 mmol.L−1; ANOVA followed by a Tukey’s post-302 

hoc test, adjusted p-values = 6.8x10-2 and 1.7x10−3 for co-cultures respectively with C. 303 

massiliensis and C. timonensis against C. minuta; Fig. 8c,e, and Fig. 4c).  304 

We observed less butyrate production in the co-cultures compared to mono-305 

cultures (Wilcoxon rank sum test, p-values = 0.33 for C. massiliensis and 0.5 for C. 306 

timonensis; Fig. 8f,g), with butyrate measured barely above the detection limit in co-307 

cultures. While in mono-cultures, C. massiliensis and C. timonensis produced 0.93 ± 308 

0.06 mmol.L-1 and 1.10 ± 0.00 mmol.L−1 of butyrate, respectively; in co-culture with M. 309 

smithii they produced 0.20 ± 0.14 mmol.L−1 and 0.13 ± 0.15 mmol.L−1, respectively. 310 

Acetate production by C. massiliensis was higher in co-culture compared to mono-311 

culture (7.83 ± 0.49 mmol.L−1 of acetate produced in mono-culture by day 6 and 9.75 ± 312 

0.78 mmol.L−1 produced in co-culture with M. smithii), although this difference was not 313 

significant (Wilcoxon rank sum test, p-value = 0.2). And in contrast with the co-cultures 314 

of C. minuta with M. smithii, acetate production by C. timonensis was not higher in the 315 

co-cultures compared to mono-cultures: C. timonensis produced 5.05 ± 0.21 mmol.L−1 316 

in mono-culture and 4.33 ± 1.21 mmol.L−1 in co-culture (Wilcoxon rank sum test, p-value 317 

= 0.8; Fig. 8h,i). 318 
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 319 

Discussion 320 

The link between the relative abundance of the Christensenellaceae and host 321 

BMI now stands as one of the most reproducible associations described between the 322 

gut microbiome and obesity (4–15). Here, we confirm in a meta-analysis of 323 

metagenomes across 10 populations, the previously observed association between 324 

leanness and the Christensenellaceae family (4, 20–22). We could also show that 325 

Christensenella genus and Christensenella spp. also correlated with leanness. Similarly, 326 

we observed correlations between leanness and the Methanobacteriaceae family, the 327 

Methanobrevibacter genus and M. smithii. These methanogens were positively 328 

correlated with members of the Christensenellaceae family. The relative abundances of 329 

the Christensenellaceae were higher in young people, whereas conversely, 330 

Methanobacteriaceae was enriched in older people. Despite these opposite patterns, 331 

the two families correlate with each other regardless of age and BMI.  332 

We selected the two most prominent members of the two families, C. minuta and 333 

M. smithii, to ask if physical and metabolic interactions could underlie these positive 334 

associations. C. minuta produced copious amounts of H2 during fermentation. In co-335 

culture with C. minuta, M. smithii produced comparable amounts of CH4 as in mono-336 

culture with an excess of H2, indicating that C. minuta can efficiently support the growth 337 

of M. smithii via interspecies H2 transfer. C. minuta formed flocs visible by eye, and M. 338 

smithii grew within these flocs.  339 

M. smithii would likely benefit by associating with the flocs formed by C. minuta 340 

through better access to H2. Interspecies metabolite transfer corresponds to the 341 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2019. ; https://doi.org/10.1101/872333doi: bioRxiv preprint 

https://doi.org/10.1101/872333


16 

diffusion of a metabolite (e.g., H2) from the producer (e.g., C. minuta) to the consumer 342 

(e.g., M. smithii). As described by Fick’s law of diffusion, the flux of a metabolite 343 

between two microorganisms is directly proportional to the concentration gradient and 344 

inversely proportional to the distance, such that the closer the microorganisms are, the 345 

better the H2 transfer (35, 36). Thus, within the flocs the H2 interspecies transfer would 346 

be more efficient, to the benefit of M. smithii. In accord, we observed greater methane 347 

production under excess H2 when C. minuta was present.  348 

When grown in co-culture, M. smithii influenced the metabolism of C. minuta. The 349 

presence of the methanogen inhibited the production of butyrate while enhancing 350 

acetate production by C. minuta under all growth conditions, on average among all 351 

experimental batches. This observation suggests that H2 consumption by M. smithii 352 

decreased the PH2 within the floc enough to favor acetate production (37). The 353 

consumption of H2 causes the cell to produce more oxidized fermentation products such 354 

as acetate (38–41), and the interspecies H2 transfer leads to greater CH4 production. 355 

Both the methane production and the co-flocculation were far more pronounced 356 

when M. smithii was grown with C. minuta compared to with B. thetaiotaomicron. B. 357 

thetaiotaomicron has previously been shown to support the growth of M. smithii in co-358 

culture (25, 26). B. thetaiotaomicron barely aggregated, in contrast to C. minuta's very 359 

large (visible to the naked eye) flocs. When grown together, B. thetaiotaomicron and M. 360 

smithii showed very poor aggregation. Moreover, acetate was the only SCFA detected 361 

in mono-cultures of B. thetaiotaomicron, and its production was less affected by the 362 

methanogen compared to C. minuta. Methane produced by M. smithii in co-culture with 363 

B. thetaiotaomicron was one fifth of that produced with C. minuta, possibly as a result of 364 
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the smaller amount of H2 produced and the reduced contact between cells. Given that 365 

M. smithii does not co-occur with B. thetaiotaomicron in human microbiome datasets, 366 

this is another indication that co-occurrence patterns may point to metabolic 367 

interactions. 368 

C. massiliensis and C. timonensis also produced H2, acetate and butyrate, and 369 

also flocculated in mono-culture. C. massiliensis and C. timonensis supported methane 370 

production by M. smithii, which grew within the bacterial flocs. However, M. smithii also 371 

grew outside the flocs when co-cultured with these two species, which we did not 372 

observed in the co-cultures with C. minuta. And although M. smithii also influenced 373 

fermentation of C. massiliensis and C. timonensis, the overall changes in SCFA 374 

production in co-culture were different from what we observed with C. minuta: butyrate 375 

production was almost undetectable, while acetate production was not significantly 376 

affected.  377 

These results suggest that the interaction between M. smithii and C. minuta 378 

leads to higher methane production compared to B. thetaiotaomicron and to other 379 

species of the Christensenellaceae, possibly due to the higher levels of interspecies H2 380 

transfer. Nevertheless, C. massiliensis and C. timonensis did support CH4 production 381 

better compared to B. thetaiotaomicron. The higher H2 production of C. massiliensis 382 

compared to B. thetaiotaomicron might explain this. In the case of C. timonensis, 383 

although it produced half of the H2 produced by B. thetaiotaomicron in mono-culture, M. 384 

smithii produced more CH4 in co-culture with C. timonensis than with B. 385 

thetaiotaomicron. This suggests that, similar to its effect on C. minuta, M. smithii also 386 

triggered the production of H2 by C. timonensis. 387 
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Altogether, our work demonstrates that members of the Christensenellaceae act 388 

as a H2 source to methanogens, and this process is enhanced via close physical 389 

proximity. Such interactions also likely underlie the co-occurrence patterns of the 390 

Christensenellaceae with other members of the microbiome. Many of these families lack 391 

cultured representatives, such as the Firmicutes unclassified SHA-98, Tenericutes 392 

unclassified RF39 and unclassified ML615J-28 (4). Based on our results, cultivation of 393 

these elusive members of the microbiome may require H2 (or the provision of another 394 

metabolite that C. minuta produces when H2 is being consumed). Despite their very low 395 

abundance in the human gut, members of the Christensenellaceae may shape the 396 

composition of the gut microbiome by favoring the colonization and persistence of 397 

certain hydrogenotrophs, and by supplying other butyrate producers with acetate (42).  398 

Here, we confirmed an association of M. smithii and leanness based on 399 

metagenomes from 10 studies. In contrast, some studies have reported an association 400 

between M. smithii and obesity (2, 43). In this scenario, H2 uptake by M. smithii would 401 

promote the breakdown of non-digestible carbon sources by fermenters, such as 402 

acetogens, thereby increasing the amount of acetate or other SCFA that can be 403 

absorbed and utilized by the host and promoting fat storage (2, 44). In contrast, and 404 

consistent with our results, M. smithii has also been repeatedly associated with anorexia 405 

and leanness (4, 45–48). In this case, the production of CH4 would decrease the 406 

amount of energy available for the host via carbon loss, as has been observed in 407 

livestock (49–52). Thus our observation, that the presence of M. smithii directs the 408 

metabolic output of the C. minuta towards greater H2 availability for methanogenesis, 409 

via increased acetate production, is consistent with their association with a lean 410 
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phenotype. To assess quantitatively how the presence and activity of these microbes 411 

impact host physiology will require careful modeling of energy flow in-vivo. 412 

 413 

Materials and methods 414 

Metagenome data generation - We generated 141 metagenomes from fecal 415 

samples obtained as part of a previous study (53) (Supplementary Table S2). 416 

Metagenomic libraries were prepared as described in Appendix 1, Additional methods. 417 

Data from public databases - We constructed a metagenome sequence 418 

collection from: i) the newly generated data (above) to complement the 146 419 

metagenomes previously reported in Poole et al., 2019 (53); and ii) publicly available 420 

shotgun-metagenome sequences from stool samples included in the 421 

curatedMetagenomicData package of Bioconductor (54) for which BMI information was 422 

provided. For the latter, we restricted our analyses to individuals for which the following 423 

information was available: gender, age, country of origin, and BMI. Individuals with 424 

Schistosoma (n = 4), or Wilson's disease (n = 2), were excluded from the analysis, as 425 

were samples from two pregnant women. In all, 1,534 samples from 9 studies were 426 

downloaded from the sequence read archive (SRA) and further processed (Table S3) 427 

for a total or 1,821 samples with at least one million sequence pairs per sample.  428 

Data processing - A detailed description of the processing of the raw sequences 429 

is given in Appendix 1. To obtain a taxonomic profile of the metagenome samples, we 430 

built a custom genomes database (55) for Kraken v2.0.7 (56) and Bracken v2.2 (57) 431 

using the representative genomes from the Progenomes database (as available on 432 
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August 24 2018) (58), to which we added genome sequences of C. minuta (GenBank 433 

assembly accession: GCA_001652705.1), C. massiliensis (GCA_900155415.1), and C. 434 

timonensis (GCA_900087015.1). Reads were classified using Kraken2 and a Bayesian 435 

re-estimation of the species-level abundance of each sample was then performed using 436 

Bracken2. We obtained complete taxonomic annotations from NCBI taxIDs with 437 

TaxonKit v0.2.4 (https://bioinf.shenwei.me/taxonkit/). The detection limit for the relative 438 

abundances in samples was 10-3 %; in consequence, all relative abundances below this 439 

threshold were equal to 0.  440 

Meta-analysis of human gut metagenomes - Linear mixed models (R package 441 

nlme) were used to evaluate the correlation between the relative abundances of taxa 442 

while correcting for the structure of the population; the study of origin was set as a 443 

random effect. In some datasets, individuals were sampled multiple times in which case 444 

the individual effect was nested inside the dataset effect. Relative abundances were 445 

transformed using the Tukey's ladder of powers transformation (59), and are designated 446 

with the suffix ‘-tra’ (e.g., the transformed relative abundance of the family 447 

Christensenellaceae is Cf-tra). Covariates in null models were selected using a 448 

backward feature selection approach based on a type II ANOVA (i.e., by including all 449 

covariates and removing the non-significant ones step-by-step until all remaining 450 

variables were significant, Appendix 2). We made 4 null models predicting the 451 

transformed relative abundance of the family Christensenellaceae (Cf-null), the genus 452 

Christensenella (Cg-null), the family Methanobacteriaceae (Mf-null) and the genus 453 

Methanobrevibacter (Mg-null). To evaluate the correlation between taxa, we made 454 

model Cf-Mf by adding Mf-tra and its interaction with age to the covariates of Cf-null. 455 
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Reciprocally, we made model Cg-Mg by adding Mg-tra and its interaction with age to 456 

the covariates of Cg-null. The same approach was performed at the species level and it 457 

is described in Appendix 2. 458 

(Cf-null) 𝐶𝑓‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 +  1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 459 

(Cg-null) 𝐶𝑔‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 +  1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 460 

(Mf-null) 𝑀𝑓‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 +  1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 461 

(Mg-null) 𝑀𝑔‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 +  1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 462 

(Cf-Mf) 𝐶𝑓‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 +  𝑀𝑓‐ 𝑡𝑟𝑎 +  𝑎𝑔𝑒 ∗  𝑀𝑓‐ 𝑡𝑟𝑎 +463 

 1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 464 

(Cg-Mg) 𝐶𝑔‐ 𝑡𝑟𝑎 =  𝐵𝑀𝐼 +  𝑎𝑔𝑒 + 𝑀𝑔‐ 𝑡𝑟𝑎 +  𝑎𝑔𝑒 ∗ 𝑀𝑔‐ 𝑡𝑟𝑎 +465 

 1 | 𝐷𝑎𝑡𝑎𝑠𝑒𝑡/𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 466 

We used the likelihood ratio test to compare the nested models via the χ2 467 

distribution (i.e. Cf-null vs. Cf-Mf and Cg-null vs. Cg-Mg). To characterize the correlation 468 

of Cf-tra with Mf-tra, and Cg-tra with Mg-tra, after correcting for BMI and age, we used a 469 

type I ANOVA to evaluate the importance of the variables in the order they appear in Cf-470 

Mf and Cg-Mg. The F-value, degree of freedom and p-value are reported for each 471 

variable. All analyses were performed using R (60). 472 

Culturing of methanogens and bacteria – We obtained M. smithii DSM-861, C. 473 

minuta DSM-22607, C. massiliensis DSM 102344, C. timonensis DSM 102800, and B. 474 

thetaiotaomicron VPI-5482 from the German Collection of Microorganisms and Cell 475 

Cultures (DSMZ; Braunschweig, Germany). Each culture was thawed and inoculated 476 

into Brain Heart Infusion (BHI) medium (Carl Roth, Karlsruhe, Germany) supplemented 477 

with yeast extract (5 g/L), reduced with L-Cysteine-HCl (0.5 g/L) and Ti-NTA III (0.3 478 
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mM), and buffered with sodium bicarbonate (42 mM, pH 7, adjusted with HCl 6M). 10 479 

mL cultures were grown at 37˚C without shaking in Balch tubes (total volume of 28 mL) 480 

under a headspace of N2:CO2 (80:20% v/v) in the case of the bacteria, and H2:CO2 481 

(80:20% v/v, pressure adjusted to 2 bar) for M. smithii. When initial cultures reached 482 

exponential growth, and before floc formation, they were transferred into fresh medium 483 

and these transfers were used as inocula for the experiments described below. 484 

Co-culture conditions - M. smithii was co-cultured with C. minuta, B. 485 

thetaiotaomicron, C. massiliensis, or C. timonensis, and in parallel, each microorganism 486 

was grown in mono-culture (Table S1). Prior to inoculation, one-day old cultures of 487 

bacterial species, or 4-day old cultures of M. smithii, were adjusted to an OD600 of 0.01 488 

with sterile medium. For the co-cultures, 0.5 mL of each adjusted culture was inoculated 489 

into 9 mL of fresh medium. For the mono-cultures, 0.5 mL of the adjusted culture and 490 

0.5 mL of sterile medium were combined as inoculum. For negative controls, sterile 491 

medium was transferred as a mock inoculum. Headspaces were exchanged with 80:20 492 

% (v/v) of N2:CO2 or H2:CO2 and pressurized at 2 bar or atmospheric pressure (Table 493 

S1). Each batch of experiments was carried out once with 3 biological replicates per 494 

culture conditions (Table S1).  495 

Imaging - For confocal microscopy, SYBR®️ Green I staining was performed as 496 

previously described (61) with the modifications described in Appendix 1. Imaging by 497 

confocal microscopy (LSM 780 NLO, Zeiss) was used to detect the autofluorescence 498 

emission of coenzyme F420 of M. smithii and the emission of SYBR Green I (Appendix 499 

1). Images were acquired with the ZEN Black 2.3 SP1 software and processed with FIJI 500 

(62). Micrographs are representative of all replicate cultures within each experimental 501 
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batch. The preparation of the samples for scanning electron microscopy is described in 502 

Appendix 1. Cells were examined with a field emission scanning electron microscope 503 

(Regulus 8230, Hitachi High Technologies, Tokyo, JPN) at an accelerating voltage of 10 504 

kV. 505 

Gas and SCFA measurements - Headspace concentrations of H2, CO2, and 506 

CH4 were measured with a gas chromatograph (GC) (SRI 8610C; SRI Instruments, 507 

Torrence, USA) equipped with a packed column at 42˚C (0.3-m HaySep-D packed 508 

Teflon; Restek, Bellefonte, USA), a thermal conductivity detector (TCD) at 111˚C, and a 509 

flame ionization (FID) detector. The gas production and consumption were estimated 510 

from the total pressure in the vials (ECO2 manometer; Keller, Jestetten, Germany) and 511 

the gas concentrations in the headspace using the ideal gas equation. The 512 

concentrations are given in mmol of gas in the headspace per liter of culture.  513 

 SCFA measurements were performed with liquid samples (0.5 mL) filtered 514 

through 0.2 μm pore size polyvinylidene fluoride filters (Carl Roth, GmbH, Karlsruhe, 515 

GER). SCFA concentrations were measured with a CBM-20A high performance liquid 516 

chromatography (HPLC) system equipped with an Aminex HPX- 87P column (300 x 7.8 517 

mm, BioRad, California, USA), maintained at 60 ˚C, and a refractive index detector. A 518 

sulfuric acid solution (5 mM) was used as eluent at a flow rate of 0.6 mL/min (∼40 bar 519 

column pressure). Calibration curves for acetate and butyrate were prepared from 1.25 520 

to 50 mM using acetic acid and butyric acid, respectively (Merck KGaA, Darmstadt, 521 

Germany). No other fatty acids were detected (Appendix 1). The SCFA concentrations 522 

were estimated with the Shimadzu LabSolutions software.  523 
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Statistical analyses - We used Wilcoxon rank sum tests to compare gas 524 

production between cultures after 6 days of growth. We performed ANOVA tests when 525 

more than one culture condition (i.e., headspace composition and pressure, Table S1) 526 

was included in the comparison. The conditions in the ANOVA tests (i.e., headspace 527 

composition and pressure, in mono- or co-culture) were evaluated to explain the 528 

variance of CH4 production after 6 days of growth. A Tukey’s post-hoc test was then 529 

performed to discriminate between the effects of the different conditions. SCFA 530 

concentrations were compared using a two-way ANOVA where the culture conditions 531 

(i.e., headspace composition and pressure, Table S1) and the sample (mono- and co-532 

culture) were evaluated to explain the variance of butyrate and acetate concentrations 533 

after 6 days of growth. p-values were adjusted using the Benjamini-Hochberg method. A 534 

Tukey’s post-hoc test was performed to discriminate between the effects of the different 535 

conditions. All statistical analyses were done in R using the stats R package. 536 

 Data and code availability - The metagenomic sequence data generated during 537 

this study have been deposited in the European Nucleotide Archive with accession IDs 538 

PRJEB34191 (http://www.ebi.ac.uk/ena/data/view/PRJEB34191). The jupyter 539 

notebooks and associated data are available at 540 

https://github.com/Albabune/Ruaud_EsquivelElizondo. 541 
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 548 

Appendixes 549 

Appendix 1. Additional methods 550 

Metagenomic libraries preparation - Metagenomic libraries were prepared  551 

using 1 ng of DNA input per sample (extracted with the MagAttract PowerSoil DNA kit, 552 

Qiagen) as previously described (63). Fragment sizes were restricted to 400 - 700 bp 553 

using BluePippin (Sage Science), and samples were pooled at equimolar 554 

concentrations before being run on an Illumina HiSeq3000 with 2x150 bp paired end 555 

sequencing, resulting in sequencing depths of 3.0 ± 2.1 Gb (median ± standard 556 

deviation). 557 

Raw Data processing - Raw sequences were first validated using fqtools v.2.0 (64) 558 

and de-duplicated with the “clumpify” command of bbtools v37.78 559 

(https://jgi.doe.gov/data-and-tools/bbtools/). We trimmed adapters and performed read 560 

quality control using skewer v0.2.2 (65) and the “bbduk” command of bbtools. We used 561 

the “bbmap” command of bbtools to filter human genome reads that mapped to the 562 

hg19 assembly. Finally, we generated QC reports for all reads with fastqc v0.11.7 563 

(https://github.com/s-andrews/FastQC) and multiQC v1.5a (66).  564 

Confocal imaging, equipment, and settings -  For confocal microscopy, SYBR®️ 565 

Green I staining was performed as previously described (61) with the following 566 

modifications: 0.5 mL of culture were sampled and pelleted by centrifugation for 6 min at 567 
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6,000 xg (Benchtop centrifuge, Eppendorf, Hamburg, Germany) and pellets were 568 

resuspended in a solution containing 744 μL 1x PBS, 16 μL 25x SYBR®️ Green I 569 

(Sigma-Aldrich, Merck, Germany) and 40 μL 70% v/v ethanol. Samples were pelleted 570 

and resuspended before imagining in 100 μL 1x PBS, of which 5 μL were immobilized 571 

on 50 μL solid agar (1.5% noble agar in distilled water) (67). Imaging was performed 572 

with a confocal microscope (LSM 780 NLO, Zeiss) using oil and water objectives (40x 573 

and 63x). A DPSS laser at 405 nm was used to excite the F420 enzyme of M. smithii. 574 

Autofluorescence emission was collected on a 32 channel GaAsP array from 455 to 499 575 

nm. A transmitted light detector (T-PMT) was used to collect the whole light spectrum to 576 

create a bright field image. On a second track, an Argon laser at 488 nm was used to 577 

excite SYBR®️ Green I and its emission was collected from 508 to 588 nm with the 32 578 

channel GaAsP array as well. Images were acquired with a time and space resolution of 579 

2048x2048x(1 to 12)x (xyzt) and pixel dimensions of 0.1038x0.1038 μm for the images 580 

taken with the x40 oil objective and pixel dimensions of 0.0659x0.0659 μm for the 581 

images taken with the x63 oil objective. The bit depth was 16-bit. Acquisition was 582 

performed at 20 ˚C.  583 

Processing of the confocal images - FIJI (62)  was used to process the confocal 584 

micrographs. Contrast and brightness adjustment were applied to the whole image. Due 585 

to the thickness of the aggregates of Christensenella minuta, the SYBR®️ Green I 586 

fluorescence intensity was varied with different focal planes. We used a gamma 587 

transformation (with gamma = 0.50) to homogenize the fluorescence intensity. The 588 

exact same transformation was applied to all samples, even though there were no 589 

aggregates, for consistency purposes. Similarly, we applied a gamma transformation to 590 
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the F420 autofluorescent channel to decrease the low fluorescence coming from SYBR®️ 591 

Green I (gamma = 1.20 to 1.50). As their excitation and emission spectra overlap, there 592 

was  a low fluorescence intensity of the SYBR®️ Green I on the F420 autofluorescent 593 

channel. The lookup tables (LUT) were Cyan Hot for the F420 autofluorescence and red 594 

(linear LUT, covering the full range of the data) for the SYBR®️ Green I fluorescence.  595 

Preparation of samples for scanning electron microscopy - Pellets were washed 596 

3-5 times with 1x PBS and then fixed with a 2.5% v/v glutaraldehyde solution in 1x PBS 597 

for 1-2 h at room temperature and post-fixed with 1% w/v osmium tetroxide for 1h on 598 

ice. Samples were dehydrated in a graded ethanol series followed by drying with CO2 in 599 

a Polaron critical point dryer (Quorum Technologies, East Sussex, UK). Finally, cells 600 

were sputter coated with a 5 nm thick layer of platinum (CCU-010 Compact coating unit, 601 

Safematic GmbH, Bad Ragaz, SWI).   602 

Screening of the short and medium chain fatty acids produced - Before carrying 603 

out the experiments presented in the main text, we used gas chromatography (GC) to 604 

determine which fatty acids were produced by the cultures and if the corresponding 605 

peaks were present in BHI. For this screening, the external standards included 606 

equimolar mixtures of acetate, propionate, iso-butyrate, butyrate, iso-valerate, valerate, 607 

iso-caproate, caproate, heptanoate, and caprylate, from 0.2 to 7 mM. Measurements 608 

were performed with a 7890B GC system (Agilent Technologies Inc., Santa Clara, USA) 609 

equipped with a capillary column (DB-Fatwax UI 30 m x 0.25 m; Agilent Technologies) 610 

and an FID detector with a ramp temperature program (initial temperature of 80 ˚C for 611 

0.5 min, then 20 ˚C per min up to 180˚, and final temperature of 180 ˚C for 1 min). The 612 

injection and detector temperatures were 250 and 275 ˚C, respectively. Samples were 613 
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prepared as for HPLC (Methods in the main text) with the addition of an internal 614 

standard (Ethyl-butyric acid) and acidification (to pH 2) with 50% formic acid. Data were 615 

acquired and analysed with the Agilent OpenLAB CDS software.  616 

Only acetate and butyrate were detected  in the mono- and co-cultures, and none of 617 

the other short and medium chain fatty acids used as standards were detected. As 618 

formate was used to acidify samples for the GC measurements, to assess if it was a 619 

main product in the cultures, its concentration was measured by HPLC. We also looked 620 

for ethanol using HPLC but similar to formate, it was not detected in any of the 621 

cultures.Thus, for the experiments in the main text, only acetate and butyrate were 622 

quantified via HPLC.  BHI medium showed peaks corresponding to 0.33 mM formate 623 

and 6 mM of acetate, which were subtracted from the reported concentrations of the 624 

cultures. 625 

 626 

Appendix 2. Additional statistics  627 

Variable selection for the null model - To construct the null model, we tested the 628 

effect of the following covariates with a marginal ANOVA: sequencing depth, gender, 629 

country, BMI, and age. The sequencing depth was not significant (p-value = 0.73) and 630 

was subsequently removed. BMI and age were correlated with the Chistensenellaceae 631 

abundance (p-value = 0.0002 for the correlation with BMI and 0.02 for the correlation 632 

with age).  633 

As Methanobrevibacter smithii has been associated with age (23) and BMI (4, 43, 634 

45–48, 68, 69), we first added the interaction factors to the models: the interaction 635 

factors were not significant with BMI (p-values = 0.11 and 0.07, for both 636 
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Methanobrevibacter and Methanobacteriaceae, respectively). However, the interactions 637 

with age were significant (p-values = 0.004 and 0.002, for both Methanobrevibacter and 638 

Methanobacteriaceae, respectively) and therefore, both variables were kept in the 639 

models.   640 

Statistical analysis at the species rank - Similar to the analysis at family and genus 641 

levels presented in the main text, we performed an analysis at the species level 642 

between Christensenella minuta and Methanobrevibacter smithii, the most abundant 643 

and prevalent species of their genera. We also studied the correlation of the other two 644 

known species of Christensenella, i.e., C. massiliensis and C. timonenesis, with M. 645 

smithii. M. smithii was detected in 78.7 % of the samples with a mean relative 646 

abundance of 0.53 % (M. oralis was the only other Methanobrevibacter detected, with a 647 

prevalence of 42.8 % and a mean relative abundance of 3.07x10-3 %). C. minuta had an 648 

averaged relative abundance of 0.05% in the 99.7% samples where it was present. C. 649 

timonensis and C. massiliensis had respectively, prevalences of 95.11 % and 98.57 % 650 

and mean relative abundances of 6.49x10-3 % and 0.02 %. 651 

M. smithii was significantly positively correlated with age (type II ANOVA, F-value = 652 

13.22 and p-value = 2.86x10-4) and negatively correlated with BMI (type II ANOVA, F-653 

value = 4.13 and p-value = 0.04). The association between M. smithii and leanness was 654 

not as strong as for its family and genus levels, meaning that other 655 

Methanobacteriaceae members must contribute to the strength of the association. 656 

Consistently with the analyses at the family and genus levels, Christensenella minuta 657 

and Methanobrevibacter smithii were significantly correlated (χ2 test, p-value = 1.05x10-658 

34) and the effect of M. smithii was significant (type I ANOVA, p-value < 0.0001, F-value 659 
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= 147.82). Moreover, C. minuta’s relative abundance correlated with both age and BMI 660 

(type I ANOVA, p-values = 0.0071 and 0.0011, F-values = 7.28 and 10.91, 661 

respectively), as well as with the interaction term between M. smithii and age (type I 662 

ANOVA, p-value < 0.0001, F-value = 17.99). 663 

Christensenella timonensis and M. smithii were correlated (χ2 test, p-value = 6.12x10-664 

98; type I ANOVA, p-value < 0.0001, F-value = 482.42). And, similar to C. minuta, the 665 

relative abundance of C. timonensis correlated with both age and BMI (type I ANOVA, 666 

p-values = 0.0012 and 0.0001, F-values = 10.59 and 16.61, respectively), as well as 667 

with the interaction term between M. smithii and age (type I ANOVA, p-value < 0.0001, 668 

F-value = 35.50). 669 

The relative abundance of Christensenella massiliensis correlated with BMI (type I 670 

ANOVA, p-value =  0.0028 and F-value = 9.0804) but not with age (p-value > 0.5) and 671 

so, we did not correct for age in the null model nor in the model including 672 

Methanobrevibacter smithii’s transformed relative abundance. C. massiliensis and M. 673 

smithii were also correlated (χ2 test, p-value = 1.31x10-61; type I ANOVA, p-value < 674 

0.0001, F-value = 310.51), but the interaction term between M. smithii and age was not 675 

significantly correlated to the bacterium’s abundance. C. massiliensis is thus the only 676 

Christensenella spp. for which the correlation with the methanogen abundance is not a 677 

function of the age of the carrier.  678 

 679 

Appendix 3. Comparison of the expected (theoretical) vs. the measured methane 680 

production in co-cultures   681 
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We used the stoichiometry of hydrogenotrophic methanogenesis (CO2 + 4 H2 = CH4 682 

+ 2 H2O) to calculate the amount of CH4 that could be produced from the estimated 683 

amount of H2 consumed in each sample. For this, we used the mono-cultures of 684 

bacteria as references and assumed equal H2 production in co-culture as in mono-685 

culture. We estimated the H2 consumed after 6 days for each replicate as the difference 686 

between the averaged H2 concentrations in mono-cultures and the concentration 687 

measured in co-culture (i.e., unconsumed H2). The estimated H2 consumed was then 688 

divided by 4 in order to obtain the theoretical amount of CH4 that could be produced via 689 

hydrogenotrophic methanogenesis. 690 

 691 

Table A3. Analysis of the origin of the high methane produced in co-culture 692 

based on the changes in metabolism of C. minuta. CH4 produced in co-culture was 693 

higher than the theoretical amount of CH4 that could be generated from H2 assuming 694 

that C. minuta produced the same amount of H2 in both mono- and co-cultures. The 695 

additional CH4 observed could originate from the shift in metabolism from butyrate to 696 

acetate production along with H2 by C. minuta in co-culture. The average concentration 697 

among the triplicates after 6 days of growth is given with the standard deviation (SD).  698 

Condition H2:CO2 - 2 bar 
a
 N2:CO2 - atm N2:CO2 - 2 bar 

 Average SD Average SD Average SD 

H2 produced in mono-culture (mmol.L−1) 18.71 9.71 
17.28 1.12 14.15 1.56 

H2 not consumed in co-culture
 b
 (mmol.L−1) -21.81 0.87 

0.08 0.01 0.03 0.00 

Theoretical CH4 produced based on H2 

produced in mono-culture (mmol.L−1 c) 10.13 0.22 

4.30 0.00 3.53 0.00 
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Observed CH4 produced in co-culture 

(mmol.L−1) 14.21 5.33 

6.57 0.77 5.81 0.45 

Difference between observed and theoretical 

CH4 (mmol.L−1) 04.08 5.50 

2.27 0.77 2.28 0.45 

Butyrate difference between co- and mono-

culture (mmol.L−1) -1.11 0.30 

-1.21 0.04 -0.91 0.27 

Acetate difference between co- and mono-

culture (mmol.L−1) 0.68 0.10 

2.20 0.22 1.36 0.17 

 699 

a For the experiments grown under an H2:CO2 (80:20 %) atmosphere, the average H2 concentration 700 

measured in the negative controls after 6 days (sampled as many times as the cultures) was subtracted 701 

from the concentration measured in the cultures.  702 

b
  Average of the concentration of H2 in co-cultures to which the average of H2 concentration in mono-703 

culture of C. minuta was subtracted.  704 

c
 This amount is calculated based on the stoichiometry of the hydrogenotrophic methanogenesis reaction: 705 

4 H2 + CO2 = CH4 + 2 H2O.  706 
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Figure Legends 915 

Fig. 1. Abundances of the Methanobacteriaceae and Christensenellaceae 916 

families across populations. (a) Countries where the human gut metagenomes used 917 

in our meta-analysis (n = 1,821 samples) were recruited by 10 independent studies 918 

(summarized in Dataset); (b) association between the transformed relative abundances 919 

of Christensenellaceae and Methanobacteriaceae, in samples where the 920 

Methanobacteriaceae was detected; (c) Number of samples for which the 921 

Methanobacteriaceae were detected; d-e and f-g: same as b-c, at the genus and 922 

species level respectively. The correlation between the transformed relative 923 

abundances of both taxa at each taxonomic level was evaluated using linear mixed 924 

models to corrected for covariates (ANOVA, p-values < 0.0001).  925 

 926 

Fig. 2. Confocal micrographs of the cultures at 3 days of growth. Confocal 927 

micrographs after 3 days of growth. (a) C. minuta alone; (b) M. smithii alone; (c) B. 928 

thetaiotaomicron alone; d: M. smithii and C. minuta together; and e: M. smithii and B. 929 

thetaiotaomicron together. SYBR Green I fluorescence (DNA staining) is shown in red 930 

and M. smithii’s coenzyme F420 autofluorescence is shown in blue. Scale bars represent 931 

10 μm. Based on gases production, at 3 days of growth, B. thetaiotaomicron was 932 

already at stationary phase (explaining the elongated cells, see Fig. S2 for confocal 933 

micrographs of B. thetaiotaomicron and M. smithii at 2 days of growth), C. minuta was 934 

at the end of the exponential phase and M. smithii was still in exponential phase.  935 

 936 

Fig. 3. Scanning electron micrographs of the cultures at 3-7 days of growth.  937 
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(a, d, g and k) Representative Balch tubes of cultures of C. minuta (Cm), M. smithii 938 

(Ms), C. minuta and M. smithii (Cm/Ms), and B. thetaiotaomicron and M. smithii (Bt/Ms) 939 

after 7 days of growth. In panel g, the floc formed by Cm/Ms is indicated with an arrow. 940 

(b-c) Scanning electron micrographs (SEMs) of mono-cultures of C. minuta at 5 days of 941 

growth; (e-f) SEMs of mono-cultures M. smithii at 5 days of growth; (h-j) SEMs of co-942 

cultures of C. minuta and M. smithii at 7, 5 and 2 days of growth respectively; (l-n) 943 

SEMs of co-cultures of B. thetaiotaomicron and M. smithii at 7 days of growth. Arrows 944 

indicate M. smithii cells. Metal bars on panels a, d and j are from the tube rack. 945 

  946 

Fig. 4. Gas concentrations over time in mono- and co-cultures of C. minuta, 947 

B. thetaiotaomicron, and M. smithii grown under different conditions. (a-e) H2 948 

(orange) and CH4 (blue) concentrations in the headspace over time in cultures from 949 

batches 1-3 (see Table S1). Points represent the average of the 3 biological replicates 950 

for each condition, and red bars join the minimal and maximal values. In conditions 951 

where H2 was provided in excess (H2 - 2 bar and H2 - atm, headspace initially 952 

composed of 80:20 % H2:CO2), its concentrations are not shown for scale reasons. 953 

Initial concentrations of H2 in conditions where it was not provided in the headspace 954 

were undetectable (N2 - 2 bar and N2 - atm, headspace initially composed of 80:20 % 955 

N2:CO2) and stayed null in the mono-cultures of M. smithii (not shown). CH4 956 

concentrations in the bacterial mono-cultures were undetectable and are not shown as 957 

well. Panels a-c share the same y-scale, as do panels d-e. 958 

 959 
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Fig. 5. Summary of gases and SCFA produced in mono- and co-cultures of 960 

C. minuta, C. timonensis, C. massiliensis, B. thetaiotaomicron, and M. smithii 961 

after 6 days of growth. (a-d) H2, CH4, butyrate, and acetate production after 6 days of 962 

growth in all mono- and co-cultures presented in this study (batches 1-4, Table S1). 963 

Points represent the concentration of each biological replicate; (e) Table summarizing 964 

the conditions for each culture. The conditions include the gas mixture (H2:CO2 or 965 

N2:CO2 80:20 % v/v), the initial pressure (2 bar or atmospheric) and the microorganisms 966 

inoculated. C: C. minuta. Ct: C. timonensis. Cm: C. massiliensis (Cm). B: B. 967 

thetaiotaomicron. M: M. smithii. Samples inoculated with the same microorganisms are 968 

the same color. 969 

 970 

Fig. 6. SCFA concentrations over time in mono- and co-cultures of C. 971 

minuta and M. smithii grown under different conditions. Short chain fatty acids over 972 

time in cultures from batches 1-3 (see Table S1). (a-c) butyrate concentrations; d-f: 973 

acetate concentrations. Only these SCFA were detected among the fatty acids tested 974 

(fatty acids from C1 to C8, iso-valerate and iso-butyrate). Points represent the average of 975 

the 3 biological replicates for each condition, and red bars join the minimal and maximal 976 

values. Mono-cultures of M. smithii are not shown as they did not differ from the blanks 977 

(negative controls).  978 

 979 

Fig. 7. Confocal imaging of C. massiliensis and C. timonensis in mono- and 980 

co-cultures with M. smithii. Confocal micrographs after 5 days of growth of (a) C. 981 

massiliensis, (b) M. smithii and C. massiliensis in co-culture, (c) C. timonensis, d-e: M. 982 
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smithii and C. timonensis in co-culture. SYBR Green I fluorescence (DNA staining) is 983 

shown in red and, M. smithii’s coenzyme F420 autofluorescence is shown in blue. Scale 984 

bars represent 10 μm. 985 

 986 

Fig. 8. Gas and SCFA concentrations in mono- and co-cultures of C. 987 

massiliensis and C. timonensis with M. smithii. (a-e) H2 (orange) and CH4 (blue) 988 

concentrations in the headspace in cultures from batch 4 (see Table S1); (f-g) butyrate 989 

and (h-i) acetate concentrations in these cultures. Points represent the average of 3 990 

biological replicates, and red bars join the minimal and maximal values. In the mono-991 

cultures of M. smithii (b) where H2 was provided in excess (condition H2 - atm, 992 

headspace initially composed of 80:20 % H2:CO2), its concentrations are not shown for 993 

scale reasons. 994 

 995 

Fig. S1. Abundances of the Methanobacteriaceae and Christensenellaceae 996 

families across studies. (a-j) Transformed relative abundances of Christensenellaceae 997 

(Cf-tra) and Methanobacteriaceae (Mf-tra) across 1,821 samples from 10 countries and 998 

generated from 10 independent studies. The data generated for this study are grouped 999 

with the first time series published in Poole et al., 2019. The gap between 0 and ~0.2 is 1000 

due to the detection limit of the sequencing method; the minimal relative abundance is 1001 

10-3 %. Hence, 0 indicates the microorganism was not detected, which introduces a gap 1002 

after transformation of the data. 1003 

 1004 
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Fig. S2. Confocal imaging of co-cultures of B. thetaiotaomicron and M. 1005 

smithii at different time points. (a-b) cells at day 2, when B. thetaiotaomicron enters 1006 

stationary phase (see Fig. 4d). (c-d) at day 7, the end of the experiment, when maximal 1007 

CH4 concentrations were observed both in mono-cultures of M. smithii and in co-1008 

cultures with B. thetaiotaomicron (Fig. 4b,e). In exponential phase, B. thetaiotaomicron 1009 

cells are rod-shaped (a); while during stationary phase they suffer stress, leading to 1010 

elongated cells (c). The bright fields (a and c) and M. smithii’s co-enzyme F420 (b and d) 1011 

channels are displayed. Scale bars represent 10 μm. 1012 

 1013 

Fig. S3. C. minuta and M. smithii also aggregate at atmospheric pressure 1014 

and even when there is excess H2 in the medium. Confocal imaging of C. minuta and 1015 

M. smithii at 3 days of growth. (a-b) co-culture grown at atmospheric pressure; (c-d) co-1016 

culture grown under a pressurized H2:CO2 atmosphere. The bright fields (a and c) and 1017 

M. smithii‘s co-enzyme F420 (b and d) channels are displayed. Scale bars represent 10 1018 

μm. 1019 

 1020 

Fig. S4. Additional batches. H2, CH4, acetate, and butyrate concentrations in 1021 

mono- and co-cultures of M. smithii and C. minuta grown at 2 bars, as described in the 1022 

main text. The SCFA of batch S1 were measured by Gas Chromatography instead of 1023 

High-Performance Liquid Chromatography. The points represent the average of 2 to 3 1024 

biological cultures, and red bars join the minimal and maximal values. 1025 

 1026 
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Tables 1027 

Table S1. Total pressure, headspace composition, and culture inocula for 1028 

each batch of experiments described in the main text.  1029 

 1030 

Table S2. Samples from the Poole et al. (2019) study. Additional data were 1031 

generated from time points that had not been sequenced for the Poole et al. study. For 1032 

each individual and each time point, the color indicates whether the sample was 1033 

prepared and sequenced as previously (orange) or as described in the Methods (blue). 1034 

If the sample was failed sequencing or was otherwise missing, the color is white. 1035 

 1036 

Table S3. Datasets used for the statistical analysis. The body mass index 1037 

(BMI) and age values for each dataset are reported as an average value with minimum 1038 

and maximum values in parentheses. 1039 
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