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Abstract  17 

Mutualistic co-evolution can be mediated by vertical transmission of symbionts between host 18 

generations. Organisms exhibit adaptations that ensure optimal microbial inheritance, yet it is 19 

unknown if this extends to superorganismal social insects that host co-evolved gut 20 

microbiomes. Here, we document consistent vertical transmission that preserves more than 80 21 

bacterial genera across colony generations in a fungus-farming termite model system. 22 

Inheritance is governed by reproductives, analogous to organismal gametes, that found new 23 

colonies and are endowed with environmentally-sensitive and termite-specific gut microbes. 24 

These symbionts are then reliably passed on within the offspring colony, where priority effects 25 

dictate the composition of the forming colony microbiome. Founding reproductives thus play 26 

a central role in transmission. However, in sharp contrast to organismal inheritance of an 27 

endosymbiont within an egg, the multicellular properties of the superorganismal gametes allow 28 
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for inheritance of entire communities of co-adapted microbes. Superorganismal inheritance 29 

aligns the reproductive interests of the host colony and a diverse set of microbes and clarifies 30 

a fundamental driver of millions of years of termite-bacterial co-diversification. Ultimately, 31 

the high symbiotic fidelity and host control favors mutualistic cooperation that should surpass 32 

that of other animals with complex microbiomes. 33 

Introduction 34 

Associations with microbiomes unequivocally impact the ecology and evolution of animal 35 

hosts. From humans to insects, animals that consistently engage with microbial partners often 36 

reap synergistic metabolic, immune, and defensive benefits1-3. Vertical transmission, the 37 

process by which microbes are passed from parent to offspring, ensures inheritance of these 38 

beneficial symbionts4 and provides an initial microbial inoculum that directs microbiome 39 

assembly5,6. For example, in humans, maternally inherited bacteria govern the early-life 40 

microbiome and health outcomes7,8. Over evolutionary time, vertical transmission can align 41 

the reproductive interests of hosts and microbes, which enhances the exchange of mutualistic 42 

benefits and favors host-symbiont co-adaptation9,10. Persistent inheritance of mutualistic 43 

microbes also requires that hosts have traits that facilitate the passage of microbes and that 44 

control the microbial community to ensure cooperation11-13. In the most intimate of mutualisms, 45 

hosts integrate bacteria within the gametes (eggs) to ensure unwavering transmission of simple, 46 

co-evolved microbial partners14,15. More commonly, animals transmit complex microbiomes 47 

externally during birth or early in offspring development, but this incurs less reliable transfer 48 

of microbes and often involves horizontal transmission16,17.  49 

Unprecedented inheritance of complex microbiomes and consequential co-evolution may 50 

occur in social insects, where the colony itself acts like an organism. Clades of social insects 51 

have undergone a major evolutionary transition that leads selection to act on the colony as an 52 

individual – a superorganism18,19. Superorganisms are analogous to multicellular organisms 53 

because they maintain obligate division of reproductive labor19,20. Colony life begins with 54 

superorganismal gametes, known as reproductives. Reproductives leave their parental colony 55 

to found offspring colonies, where they produce workers, the superorganismal soma, which 56 

maintain colony homeostasis20. Superorganismal bees, termites, and ants have also co-evolved 57 

with beneficial communities of gut microbes21-23. Host-symbiont co-evolution implies 58 

selection to preserve these associations, potentially promoting colony-level adaptations for 59 

vertical transmission. Colonies thus may inherit microbes through the superorganismal 60 
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gametes. These reproductives, in contrast to eggs14, are multicellular organisms themselves 61 

that allow for controlled transmission of complex microbiomes, potentially facilitating 62 

unparalleled mutualistic co-evolution. However, while components of transmission have been 63 

examined24-26, complete superorganismal inheritance of gut microbiomes, from parent to 64 

offspring colonies, has never been characterized.  65 

Here, we elucidate the extent of vertical transmission and potential adaptations for microbial 66 

inheritance in termite superorganisms. We assessed vertical transmission from parent to 67 

offspring colonies in four distinct termite pedigrees of the fungus-farming termite Macrotermes 68 

natalensis27. Fungus-farming termites host a specific28, consistent29,30, and co-evolved gut 69 

microbiome31,32. Given their superorganismal life history and symbiotic microbiome, we 70 

predicted that (i) a substantial part of the microbiome consists of a conserved set of inherited 71 

microbes, and (ii) founding reproductives are endowed with complex communities that they 72 

disseminate to offspring colonies. We used amplicon sequencing of the V3-V4 region of the 73 

16S rRNA bacterial gene to track individual Amplicon Sequence Variants (ASVs) from 74 

parental colonies through founding reproductives to offspring colonies (Fig. 1a). This allowed 75 

us to first assess the extent and consistency of inheritance across pedigrees. Subsequently, we 76 

identified host factors and microbial interactions that support inheritance and confirmed their 77 

impact in a Random Forest model. 78 

Results 79 

The termite superorganism: a model system for vertical transmission of microbiomes 80 

Termites are an ideal model to characterize superorganismal vertical transmission. Over the 81 

past 150 MY, termites have engaged in obligate mutualism with complex gut microbiomes33. 82 

These ancient symbioses have resulted in co-adaptations with microbes for digestion21,34 and 83 

co-cladogenesis with multiple symbiont lineages35,36. The patterns of association specificity 84 

observed in termite hosts imply that any microbe that started to co-adapt to termite guts would 85 

have been under selection to become inherited, and that the superorganismal termite host would 86 

have been under selection to evolve colony-level adaptations for inheritance.  87 

We determined gut microbiome inheritance by analyzing vertical transmission from parent to 88 

offspring colonies in four independent pedigrees of fungus-farming termites (Termitidae: 89 

Macrotermitinae)27. As superorganisms, fungus-farming termite colonies are founded by a 90 

queen and a king (the reproductives) that originate from different mature parental colonies. 91 

After a few months, these reproductives have produced their first offspring workers and 92 
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soldiers that forgo reproduction and perform most colony functions, while the reproductives 93 

gradually transition to exclusively reproduce27. To experimentally track vertical transmission, 94 

founding queens from four independent maternal colonies were crossed with founding kings 95 

from a paternal colony to establish offspring colonies (Fig. 1a). Offspring colonies were 96 

sampled at three months old, prior to acquisition of their fungal cultivar. We invoked a strict 97 

definition of inheritance that required an ASV to be present in one of the two parental colonies, 98 

in all founding reproductive samples from that parental colony, and in the resulting offspring 99 

colonies. Although inherited microbes may be hosted by any termite in the colony, we focused 100 

our subsequent analyses on workers and founding reproductives that, respectively, house and 101 

transmit most of the colony microbiome37,38 (for quantification of microbial loads and 102 

inheritance across all colony members, see Extended Data Fig. 1 and Supplementary Fig. 1).  103 

Extensive and consistent vertical transmission of a diverse microbiome 104 

The proportion of the microbiome that was vertically transmitted from parent to offspring 105 

colonies was, as predicted, extensive and congruent across pedigrees (Fig. 1b). The individuals 106 

key to microbial inheritance – parental colony workers, founding reproductives, and offspring 107 

colony workers – maintained high numbers and relative abundances of vertically transmitted 108 

ASVs. Parental colony workers transmitted, on average, more than 2,000 ASVs to the founding 109 

reproductives and ultimately offspring colonies, equivalent to ~20% of the relative abundance. 110 

Founding reproductives hosted the greatest diversity and abundance of vertically transmitted 111 

microbes, averaging more than 2,900 ASVs and almost 60% of the relative abundance of their 112 

microbiomes. Offspring colony worker microbiomes contained on average 1694 inherited 113 

ASVs that accounted for ~40% of microbial abundance (see Supplementary Table 1 for means 114 

and standard deviations). Consistent with previous findings24, inheritance was biparental, 115 

resulting in communities with some ASVs being unique to a specific parental colony and other 116 

ASVs being shared by both parental colonies (Fig. 1b; see Supplementary Table 2 for average 117 

parental inheritances). Notably, biparental contributions were conceivably greater than 118 

recognized here because our experimental design most likely underestimated paternal 119 

contributions (see Methods). Extensive superorganismal inheritance of the gut microbiome 120 

secures symbiotic benefits and facilitates unparalleled mutualistic co-evolution between hosts 121 

and microbial communities.  122 

We then assessed the specificity of the microbiome inherited across the pedigrees, elucidating 123 

that many ASVs are unique to individual maternal pedigrees. We quantified the number of 124 
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ASVs that were uniquely inherited in individual maternal pedigrees or shared between 125 

pedigrees. In each maternal pedigree, on average almost 1,000 unique ASVs were transmitted 126 

to founding reproductives, of which 84% were maintained in offspring colonies (Fig. 2a). In 127 

contrast, only 364 ASVs were ubiquitous to all pedigrees (Fig. 2a), and others were shared 128 

between two or three pedigrees (Extended Data Fig. 2). The remarkable extent of pedigree 129 

specificity underlines that 16S rRNA gene amplicons provide adequate resolution to detect 130 

vertical transmission. Ultimately, the observed pedigree specificity is an estimate because 131 

ASVs themselves still do not reflect true bacterial strain diversity39. However, this is 132 

unproblematic for comparisons of the extent and consistency of transmission, as ASVs have 133 

previously been used to assess patterns of vertical transmission16,35. 134 

We then determined the taxonomic consistency of the communities transmitted across 135 

pedigrees, which revealed that colonies inherit a diverse and predictable set of mutualistic 136 

microbes. We found the genus-level composition of the inherited microbiomes to be near-137 

identical across the independent pedigrees (Fig. 2b). Specifically, 85 genera were inherited by 138 

all pedigrees (Supplementary Table 3), and on average any two pedigrees shared 95.2% of the 139 

same bacterial genera (Supplementary Fig. 2). Further, pedigree-specific ASVs accounted for 140 

many of these genera (Supplementary Table 3), and ASV diversity within genera was 141 

comparable across pedigrees (Fig. 2b). Thus, pedigrees inherit a diverse and congruent set of 142 

microbes, including multiple taxa that are consistently associated with fungus-growing 143 

termites29. The exceptional consistency of microbiome transmission ensures that offspring 144 

colonies have predictable access to beneficial co-adapted symbionts. 145 

The microbial endowment of founding reproductive secures transmission  146 

Founding reproductives are the only avenue for offspring colonies to obtain gut microbes that 147 

are not common in the environment. The richness, abundance, and consistency of gut microbes 148 

inherited by offspring colonies implies that reproductives transmit a specific and optimal 149 

bacterial community (Figs. 1b and 2a). The bacteria endowed in founding reproductives could 150 

be random, based on the prevalence of microbes within parental colonies, as previously 151 

observed for transmission of termite protists24. Alternatively, the founding reproductives may 152 

be adapted to selectively transmit a microbial cohort key to the symbiosis.  153 

By comparing a null model of random inheritance to the observed inheritance, we elucidated 154 

that the founding reproductives selectively transmit non-random microbial communities to 155 

offspring colonies. The null model predicts random microbial transmission based on the 156 
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prevalence of bacteria; thus, it selects the actual number of ASVs inherited by founding 157 

reproductives or offspring colonies, but it assumes the chance of inheritance is proportional to 158 

ASV abundance in maternal colony workers (see Methods). The comparison revealed that 159 

significantly fewer genera were inherited by founding reproductives than predicted by the null 160 

model (Fig. 3a; permutation tests: p < 0.0001, for each pedigree). Subsequently, most of these 161 

genera are inherited by offspring colonies, and that community also contains fewer genera than 162 

predicted by the null model (permutation tests: p <0.0001, for each pedigree). Therefore, the 163 

inheritance is not function of ASV prevalence alone, but rather a specific cohort of microbial 164 

genera are selected. Founding reproductives are thus uniquely adapted to selectively transmit 165 

this microbial endowment for the next generation. Outbreeding then may promote 166 

complementarity between maternal and paternal microbiomes, analogous to the genetic 167 

endowment of maternal and paternal gametes that form a zygote. 168 

We then confirmed that transmission to founding reproductives increases the relative 169 

abundances of inherited bacterial genera. Differential abundance analysis comparing the 170 

microbiota in maternal colonies to that in founding reproductives revealed four genera that 171 

were always less abundant in reproductive guts. These genera were either never inherited or 172 

only inherited in one pedigree (Fig 3b). In contrast, the thirteen genera that increased in 173 

abundance in founding reproductives were inherited across all four pedigrees (Fig. 3b; see 174 

Supplementary Table 4 for differential abundance statistics). These genera thus appear critical 175 

for the fungus-farming termite host, which is consistent with findings that several genera have 176 

diversified with the termite host35 and are members of the core microbiome29. The subsequent 177 

transfer to offspring colonies did not drastically alter the inherited microbiome, but some 178 

inherited genera either significantly increased or decreased in relative abundance within 179 

offspring colony workers (Extended Data Fig. 3, see Supplementary Table 5 for differential 180 

abundance statistics).  181 

Transmission from parent to offspring colonies by reproductives also shapes the composition 182 

of the inherited microbiome at the level of ASVs. We examined if the abundance of ASVs 183 

within genera impacted the probability of transmission (see Methods). If this process was 184 

random and abundance driven, ASVs with higher abundance within genera would have a 185 

greater chance of transmission to founding reproductives and then offspring colony workers. 186 

However, this is not the case for transmission from maternal colony workers to founding 187 

reproductives. ASV abundance in maternal colonies had a significant negative effect on the 188 
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probability of transmission to founding reproductives (Fig. 3c), suggesting that reproductives 189 

secure a diverse inoculum of key genera rather than allowing competitive exclusion to drive 190 

transmission. However, ASV abundance in the founding reproductives did have a significant 191 

positive impact on whether ASVs would establish within workers in offspring colonies, such 192 

that inherited ASVs were more abundant than those that were not inherited (Fig. 3c, 193 

Supplementary Table 6 for mean abundances of transmitted and non-transmitted ASVs). Thus, 194 

transmission to founding reproductives is not abundance driven, but rather encompasses a great 195 

diversity of ASVs that are potentially selected. Then these microbes become abundant in the 196 

founding reproductives and establish in the offspring colony microbiome. The selective 197 

processes in transmission of ASVs and genera emphasize that the superorganismal gametes are 198 

adapted to carry a specific inherited microbiome to the next generation.  199 

Inheritance grants microbes priority effects 200 

Once founding reproductives have passed the microbiome onto their offspring workers, they 201 

gradually specialize on hosting very few bacterial genera31,37. Founding reproductives thus 202 

vector inherited microbiomes to secure emerging functions within the somatic workers of the 203 

superorganism. Priority effects, in which early-arriving microbes dictate community assembly, 204 

could both enhance establishment of inherited microbes and facilitate uptake of beneficial non-205 

inherited microbes40.  206 

We found that inherited microbes indeed generate priority effects by gaining higher 207 

abundances than those that are not inherited. We examined this for ASV abundance within 208 

genera. Relative abundance of ASVs within founding reproductives and offspring colonies was 209 

significantly related to whether an ASV was inherited or not (Fig. 4a). Ultimately, this means 210 

that inherited ASVs gained higher relative abundances within the superorganism microbiome 211 

(Fig. 4a; see Supplementary Table 7 for mean abundance of inherited and non-inherited ASVs). 212 

Larvae and the maturing reproductives in offspring colonies also showed priority effects of 213 

inherited ASVs (Extended Data Fig. 4). Initial inoculation may thus promote the predictable 214 

presence of inherited microbes in a community that also contains horizontally acquired (non-215 

inherited) bacteria, which jointly are likely needed to optimize performance of the mature 216 

colony superorganism. 217 

The observed priority effects imply that microbial interactions within the gut underlie the 218 

propensity for inherited ASVs to establish and proliferate. Network analysis assessing positive 219 

interactions (co-occurrence of two ASVs) and negative interactions (presence of an ASV 220 
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associated with absence of another ASV) can help shed light on community dynamics41. Our 221 

network analyses revealed that inheritance itself did not significantly affect microbial 222 

interactions, neither positive or negative (Supplementary Table 8), and thus we could not detect 223 

cooperation or competition between microbes. However, when we assessed assortativity of 224 

inherited ASVs to further understand ecological interactions amongst inherited and non-225 

inherited taxa, we uncovered that ASVs with positive network interactions tended to be co-226 

inherited (Fig. 4b). This assortativity was significantly higher than expected by chance for 227 

ASVs with positive interactions in the network (Fig. 4c), but not for the disassortative trend of 228 

negative interactions (Supplementary Table 9 for inheritance assortativity coefficients). While 229 

multiple 16S copies per genome may partially explain such results, positive assortativity 230 

reflects priority effects because co-occurring inherited ASVs may direct the establishment of 231 

horizontally acquired environmental ASVs. 232 

Microbial taxonomy and acquisition by founding reproductives are major drivers of 233 

inheritance 234 

We confirmed that founding reproductives and ASV taxonomy strongly impact the probability 235 

of inheritance. We utilized a Random Forest (RF) model to assess the predictive power of a set 236 

of experimental variables for the observed inheritance and the null model previously described. 237 

The predictive power of the RF model using the observed data was 2.0 to 2.5-fold higher than 238 

the null model, highlighting the impact of variables aside from abundance, such as microbial 239 

taxonomy (Fig. 5a). Consistent with founding reproductives shaping the inherited microbiome, 240 

transmission to founding reproductives was the most predictable step of this two-step 241 

inheritance (Fig. 5a), clearly surpassing any abundance-driven process (Fig. 5b, left). 242 

Subsequently, the community inherited by offspring colony workers was abundance-driven, 243 

reflected by the predictive response of abundance in maternal colonies (Fig. 5b, right), allowing 244 

for the establishment of the core colony microbiome. 245 

Phylum and genus were the most powerful predictors of inheritance among taxonomic levels 246 

(Fig. 5c), based on the absolute average predictive power of taxonomic ranks. This suggests an 247 

interplay between basal traits of phyla and more recently evolved traits of genera affects 248 

inheritance. The largely anaerobic non-spore forming phyla Synergistetes42, Bacteroidetes43, 249 

and Proteobacteria44 are strongly predicted to be represented in the inherited microbiome. 250 

Conversely, spore-formers like Actinobacteria and Firmicutes with more flexible 251 

respiration45,46 are predicted to not be inherited, except for the Candidate Phylum TG3 that 252 
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includes obligate anaerobes43 (Fig. 5d). Differential inheritance of bacterial phyla may be a 253 

consequence of their respective environmental resistance. These patterns are reminiscent of 254 

findings in the human microbiome, which has spore-forming bacteria as consistently late-255 

colonizers47,48. The genera with the strongest predictive power included six that were 256 

previously identified as differentially enriched in founding reproductives (Fig. 3b) and that are 257 

core gut microbiome members across the fungus-growing termites29, i.e., well beyond the 258 

single Macrotermes species studied here.  259 

Discussion 260 

Our quantification of extensive and consistent inheritance of gut bacterial communities in 261 

superorganisms revealed that inheritance critically relies on the founding reproductives that act 262 

as microbially-endowed gametes. The higher-level complexity of superorganisms, relative to 263 

a single multicellular body, allows for inheritance of entire co-adapted microbial communities 264 

in gut compartments of the reproductives. Analogous inheritance in organisms is restricted to 265 

a single egg, which can vector at best few bacterial symbiont strains14,49. As expected for a 266 

complex microbial community, the diverse inoculum inherited by the first workers amplifies 267 

as the colony matures. Then, local recruitment of non-inherited environmental strains enriches 268 

the microbiome of the worker soma without necessarily becoming part of the microbiota 269 

inherited across colony generations. The inherited microbiota thus includes many of the 270 

bacteria that are consistently present in28-30 and co-adapted to fungus-farming termites31,32 and 271 

engages in interactions with horizontally-acquired microbes. The superorgansimal inheritance 272 

observed likely extends to other termites, corbiculate bees, and ants that host co-evolved 273 

mutualistic gut microbiomes21-23. Ultimately, our study is the first to show that host adaptations 274 

for microbiome management typically associated with multicellular organisms extend to 275 

superorganisms. 276 

Patterns of inheritance were remarkably consistent across pedigrees, despite the relatively 277 

small subset of samples from each pedigree. For all maternal pedigrees, we observed 278 

consistency in the identity, number, abundance, and diversity of inherited genera. The large 279 

number of ASVs that were exclusive to each of the four maternal pedigrees indicates that we 280 

obtained adequate taxonomic resolution to detect inheritance and test our predictions. Even so, 281 

the sequence length of ASVs provides an estimate of microbial strain diversity39, implying that 282 

they can only elucidate some strain-level patterns of association specificity50. We predict that 283 

strain-level metagenomics would clarify the extent of pedigree-specificity observed and 284 
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elucidate symbiotic functions of strains50. Additionally, comparison of the genome sizes of 285 

inherited and non-inherited strains may allow testing whether genome reduction has 286 

accompanied core microbiome inheritance, as is frequently observed in obligately vertically 287 

transmitted symbionts14,51. Our findings provide a foundation and bacterial targets for new 288 

research avenues on specificity, adaptation, and co-evolutionary histories of complex 289 

microbiomes.  290 

The termite superorganism manages the microbiome through extensive inheritance, yet only a 291 

portion of the extraordinary diversity of parental colony gut microbiomes is vertically 292 

transmitted. This implies that symbiotic assembly continues during colony development. Our 293 

assessment was performed at the earliest stages in colony life, before environmental acquisition 294 

of the Termitomyces fungal cultivar52, which complements the gut microbiome in symbiotic 295 

digestion of plant substrates31. With establishment of the fungal cultivar, acquisition of 296 

complementary symbionts is expected, after which the superorganism microbiome should 297 

continue to differentiate based on termite division of labor37,53. However, this can only take 298 

place when the superorganism has successfully established complex microbial communities 299 

within workers, whom secure colony homeostasis and maintain the microbial inoculum for 300 

future founding reproductives. Overall, the observed mixed-mode transmission is consistent 301 

with evolutionary patterns of termite-bacteria cladogenesis35 and aligns with the overarching 302 

propensity of hosts to maintain adaptable and resilient microbiomes17,54.  303 

The potential for superorganism-symbiont coevolution should vastly exceed other host 304 

symbioses with complex microbiomes, including those of mammals, for three main reasons. 305 

First, superorganismal inheritance generates compartmentalization of the microbiome, which 306 

reduces microbial competition and favors cooperation55.  The microbiome can be partitioned 307 

not only in the regions of the gut56, but also across the division of labor53. For example, 308 

reproductives loose most of their original microbiome and host only a few bacterial lineages at 309 

maturity and non-reproductive somatic castes host different microbial communities based on 310 

task or morphology37,53. Second, superorganismality allows for inheritance of complex 311 

communities, where vertical transmission aligns host and symbiont reproductive interests on 312 

evolutionary timescales, promoting mutualistic cooperation9,10. If inheritance generates 313 

lifetime commitment, such that symbionts cannot disperse away from hosts, maximal 314 

cooperation should be favored15,57. This is supported by our finding that microbial taxa that are 315 

most frequently vertically transmitted also are environmentally sensitive, implying that they 316 



 

 

11 

may be precluded from a free-living lifestyle. Third, the continuous interactions between the 317 

superorganism and its inherited microbiome may select for community wide co-adaptations 318 

that ultimately optimize functions such as symbiotic digestion21. In animal symbioses with less 319 

reliable vertical transmission or predominantly environmentally acquired symbionts, co-320 

adaptation is less stable54. Overall, the observed consistent inheritance and host-symbiont 321 

cooperation should drive unprecedented mutualistic co-evolution that may surpass other 322 

animals with complex microbiomes. 323 

Methods 324 

Termite collection and pedigree establishment 325 

Termites of the genus Macrotermes natalensis were sampled from four maternal colonies and 326 

a paternal colony, after which founding reproductives were crossed to establish offspring 327 

colonies. Details of the experimental design are found in27. These offspring colonies were 328 

sampled at three months old before they naturally acquire their fungal cultivars52. Termites 329 

from maternal colonies and female founding reproductives were collected in 2016 when the 330 

crosses were established. However, workers from paternal colonies and male founding 331 

reproductives were sampled for microbiome characterization in 2018. The reduced paternal 332 

inheritance we observe in the results, in comparison to maternal inheritance, may be due to the 333 

time that elapsed between establishing crosses for pedigrees and when the colonies were 334 

sampled for amplicon sequencing. The gut microbiome composition of fungus-farming 335 

termites has been shown to shift slightly across years of colony life30.  336 

Gut dissections, DNA extraction, and quantification of microbial load  337 

Guts of reproductive termites were dissected aseptically and stored in RNAlater® (Sigma-338 

Aldrich, Germany), and sterile castes (workers, larvae, soldiers) were dry frozen. All samples 339 

were stored at -80°C. The termites from sterile castes were briefly rinsed in 70% EtOH and 340 

sterile dH2O (1 minute each) to reduce surface contaminants, dissected aseptically, and pooled. 341 

Termite gut samples, cellular mock community DNA standards (Zymobiomics, Nordic BioSite 342 

ApS, Denmark), and two negative controls were included for DNA extraction and sequencing 343 

(see Supplementary Table 11 for sample information, including the number of guts pooled per 344 

sample). Offspring colony workers were pooled from 2-3 colonies within pedigrees because 345 

the colony sizes were too small at 3 months to obtain a sufficient number of individuals per 346 

colony. DNA was extracted using a modified DNeasy Blood and Tissue kit protocol (Qiagen, 347 
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Germany) 32. The guts of queens from parental colonies were divided into three extractions due 348 

to tissue size and later pooled in silico.  349 

Relative microbial loads per termite gut were determined by quantifying copies of the V2 350 

region of the 16S rRNA marker gene using droplet digital PCR (BioRad, Denmark) 58. Non-351 

template controls were over 100-fold less that the lowest quantification of termite gut extracts. 352 

In the final analysis, any dilution for ddPCR, the total volume of the elute from DNA extraction, 353 

and the number of termites per DNA extract were corrected for to determine gene copies per 354 

gut (Supplementary Table 12).  355 

Amplicon sequencing, quality control, and taxonomic assignment 356 

DNA was sent to BGI-Hong Kong for paired-end HiSeq2500 amplicon sequencing with 357 

341F/806R primers targeting the V3-V4 region of the 16S rRNA gene. All analyses were 358 

performed in R (v.3.6.1) 59. We utilized the dada2 pipeline (v.1.12.1) 60 with default parameters 359 

and the following adjustments to increase the stringency of the analysis: we set the truncLen 360 

parameter in filterAndTrim to c(270, 260), maxEE to c(1,1) and truncQ to 1, and increased the 361 

minOverlap parameter in mergePairs to 20. We obtained a total of 50,016 Amplicon Sequence 362 

Variants (ASVs) in 4,403,068 non-chimeric clean paired-end sequences, of which 19,909 363 

ASVs in 4,262,444 reads remained after removal of taxa with <25 reads across the full dataset. 364 

This removal of taxa of low prevalence or relative abundance is commonplace in microbiome 365 

studies to avoid contaminants and many microbial dimensions, focusing on the most relevant 366 

microbes in the dataset. Rarefaction plots indicated that we captured community diversity and 367 

can sufficiently assess bacterial inheritance (Supplementary Fig. 3). 368 

We assigned ASVs with taxonomic ranks using default parameters in the assignTaxonomy 369 

function in dada2. Taxa were classified with the Dict_db v.3.0 database61, after which ASVs 370 

without genus-level taxonomic assignments were reclassified with SILVA v.13262. We 371 

successfully classified 87.4% of taxa and 92.4% of reads to genus level, 91.6% and 95.0% to 372 

family level, and 99.3% and 99.7% to phylum level (Supplementary Tables 13, 14). The 373 

cellular mock community validated the detection of all eight expected taxa. 374 

Negative control samples lacked DNA and failed library preparation, suggesting the absence 375 

of contaminants. In addition, we ran the Decontam package to identify potential contaminant 376 

taxa (v.1.10.0) 63, which is inferred from a negative correlation between taxon abundance across 377 

samples. The total relative abundance of potential contaminant reads identified by Decontam 378 
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was only 1.3% of reads across samples. Given that many of the taxa identified by Decontam 379 

were common members of the fungus-farming termite microbiome29, we did not remove them 380 

from the dataset (Supplementary Table 15). 381 

Inheritance criteria 382 

Superorganismal termite colonies are the unit upon which natural selection acts19. Therefore, 383 

we included all castes (i.e. king reproductive, queen reproductive, workers, larvae) in our 384 

assessment of inheritance despite differences in the diversity and microbial loads that 385 

individual castes harbor37. We used the most stringent classification possible and hence 386 

considered ASVs (100% identical OTUs) independently. To be considered inherited, an ASV 387 

had to be found in the parental colony and all founding reproductives of that pedigree (i.e. 388 

colony). Subsequently, the ASV had to be present in at least one offspring colony sample in 389 

the same pedigree (Supplementary Table 16). The number of ASVs, ASV abundance, and the 390 

percent of ASVs that were inherited were determined for each sample (Supplementary Table 391 

17). 392 

Statistical analyses 393 

To test whether the relative abundance of an ASV predicts how frequently it was inherited, we 394 

normalized for the relative abundance of the genus it belonged to. To do that, we subtracted 395 

the mean relative abundance of the given genus from the relative abundance of the given ASV. 396 

First, to determine if abundance in the transmitter impacted inheritance, we fitted a linear mixed 397 

model to predict whether ASVs were inherited or not with the transformed ASV abundances, 398 

while controlling for termite pedigree and bacterial genus as random effects. We did this for 399 

ASVs that were transmitted from maternal colonies to founding reproductives, and ASVs 400 

transmitted from founding reproductives to offspring colonies (Fig. 3c). Second, to determine 401 

if inherited ASVs were more abundant in the receiver of each step, we repeated this analysis 402 

with ASVs received by founding reproductives and by offspring colony workers, respectively 403 

(Fig. 4a). The models were run using the lme function in nlme. We then created density plots 404 

to visualize the distribution of inherited versus environmentally acquired ASVs. The 405 

normalized abundance values were log-transformed to clearly see the contrasting distribution 406 

of the inherited and non-inherited ASVs. To allow for logarithmic transformation, we increased 407 

the normalized abundance values by a factor of 10^5, then maintained the sign in relation to 408 

the mean64, which was performed as follows: y(x) = sign(x)*log(1+abs(x)/10-5). The result of 409 
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the data with this transformation is what is presented in Figs. 3c and 4a, while the x-axis is 410 

labelled in accordance with the non-transformed normalized abundance values. 411 

We utilized permutation tests to measure any statistical difference between patterns of observed 412 

inheritance and the null model (described below). This included the number of inherited genera 413 

and the assortativity coefficient of inheritance for the positive and negative interactions in the 414 

networks. The permutation was manually calculated by determining the proportion of 415 

simulations above or below the observed value. For example, if 96 of the 100 iterations of the 416 

simulation were above the observed value, the p value was 0.04.  417 

Abundance-driven null model 418 

To assess if the propensity for inheritance could be explained by ASV abundance, we simulated 419 

an abundance-driven null model. The null model selected the same number of ASVs as was 420 

found to inherited by founding reproductives or offspring colonies within a termite pedigree 421 

from those present in the respective maternal colony workers, weighed by their average relative 422 

abundance in these workers. We ran 100 iterations of the null model for each stage of 423 

inheritance and pedigree.  424 

In comparing the null model to the observed inheritance, we first calculated the number of 425 

genera predicted or observed to be transmitted to founding reproductives and offspring colonies 426 

within each pedigree (Fig. 3a). We used permutation tests to compare the outcome of the null 427 

model to observed values for each stage of transmission and for each pedigree.  428 

Differential abundance analysis 429 

To assess increases and decreases in relative abundance of genera throughout inheritance, we 430 

used ALDEx2 (v. 1.24.0) 65, with the generalized linear model function and pedigree as a fixed 431 

effect. We performed analyses that identified genus-level enrichment or depletions from both 432 

maternal colony workers to founding reproductives, and from founding reproductives to 433 

offspring colony workers. 434 

Network construction 435 

We calculated ASV association networks for the offspring colony worker samples to infer 436 

ecological relationships using the SpiecEasi package v.1.1.041 and the “mb” algorithm, 437 

lambda.min.ratio = 1e-3, nlambda = 300. Prior to network calculation, following good network 438 

practices, we removed rare ASVs with less than 200 reads across all offspring colony samples. 439 

To improve visualizations, we only included nodes with six or more connections in the final 440 
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figures (Fig. 4b). We handled graphs using igraph v.1.2.5, network v.1.16.0 and plotted them 441 

using ggnet v.0.1.0 and ggnetwork v.0.5.8. To understand ecological interactions amongst and 442 

between inherited and non-inherited taxa, we calculated the assortativity coefficient for the 443 

variable ‘inheritance’, using the function with the same name within igraph. This metric ranges 444 

from -1, if all interactions are disassortative and between an inherited and a non-inherited 445 

ASVs, to 1 if all interactions are between inherited ASVs or between non-inherited ASVs. 446 

Thus, assortativity indicates a preference for nodes in the network to attach to others that are 447 

similar in inheritance. We did so for the full networks and for subsets of networks with only 448 

positive or negative associations. For the null model, we calculated assortativity using the same 449 

network and assigned nodes to be inherited or non-inherited according to the results of the 450 

abundance-driven null model. We then compared positive assortativity values between the 451 

observed inheritance network to those of the null model using a permutation test.  452 

We then tested if interactions between ASVs in the network could be explained by whether 453 

taxa were inherited or non-inherited, where positive interactions indicate potential cooperation 454 

and negative interactions indicate potential competition. To do this, we created a linear model 455 

where all interactions, positive or negative, were the response variables and the fixed effects 456 

were whether the ASV was inherited or not, the log of ASV abundance, and the interaction 457 

between the two. The latter was not significant and was consequently removed from the final 458 

model.  459 

Random Forest models to identify major features predicting inheritance 460 

We fitted Random Forest classifiers (RF) implemented in python’s scikit-learn66 to uncover 461 

which experimental characteristics predict inheritance. We focused on the impact of bacterial 462 

taxonomy, abundance in maternal colonies, and network features on the propensity for 463 

inheritance of an ASV. This was done in six different models based on dependent variables: 464 

observed and null model inheritance to founding reproductives, offspring colonies, and overall. 465 

Each ASV was classified eight times (once per stage of inheritance and per pedigree) with each 466 

taxonomical level recorded (the null model was assigned a dummy binary variable), which, 467 

along with stage of inheritance, network features and abundance (normalized as above) were 468 

the independent variables. ASVs containing missing data in any features were removed.  469 

The contribution of each predictor to inheritance was estimated in utilizing Gini importance 470 

values and SHAP values (Shapley Additive exPlanations) 67. We randomly split each dataset 471 

into a training set comprising 80% of the ASVs and a test set comprising 20%. We used the 472 
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training dataset to form a 10-fold cross-validated grid search for the best number of features 473 

used in each split, while fixing the number of trees used to 500. Using the best model, we 474 

predicted the test’s ASV inheritance status. We used a game theory approach to unlock the 475 

predictive potential of each feature (i.e., taxonomy, transmission stage, abundance, and 476 

network properties) in each ASV via SHAP values.  477 

We used SHAP values as 1) an indication of overall importance, and 2) to compare the feature 478 

importance between the null models and the observed inheritance models. We normalized the 479 

SHAP values from each model by retrieving the difference between the SHAP values for 480 

binomial predictors (true / false), and the SHAP value difference between predictor values 481 

above the median and below the median for continuous predictors. To determine the overall 482 

predictive power of the different models (Fig 5a), predictive power ratios between observed 483 

data and the null model were calculated as the sum of the absolute values of the SHAP of each 484 

feature from the observed data, divided by the sum of the absolute values of the SHAP for each 485 

feature from the null data. The process was performed for each model pair (i.e. founding 486 

reproductive, offspring colonies, and complete inheritance). Then, to compare the importance 487 

of individual features in the null model and the observed inheritance model (Fig 5b-e), we 488 

calculated the difference between the normalized SHAP values of the observed inheritance 489 

model minus the null model. SHAP values close to 0 hold little predictive power, positive 490 

values indicate a prediction that variable leads to inheritance, and negative values indicate a 491 

prediction that variable reduces chance of inheritance. 492 
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 493 

Fig. 1| Biparental inheritance of bacteria across independent termite pedigrees. Fungus-494 

farming termites are predicted to transmit gut bacteria35 that they obligately rely on for 495 

symbiotic digestion21 via outbred colony-founding reproductives. These reproductives are 496 

released from reproducing parental colonies to establish offspring colonies. Such inheritance 497 

would require two consecutive steps: 1) passage of bacteria from parental colonies to 498 

dispersing founding reproductives, and 2) passage of bacteria from these founding 499 

reproductives to the workers in the offspring colony. a) To assess inheritance of gut 500 

bacteria across generations, we used a pedigree design in which four maternal colonies of 501 

fungus-farming termites were crossed with a single paternal colony. This was conducted prior 502 

to environmental acquisition of the fungal cultivar by offspring colonies. b) A large number 503 

(1000-2500) of the Amplicon Sequence Variants (ASVs) were always inherited, representing 504 

a substantial portion of the mature superorganism microbiome. Maternal colonies (top) host on 505 

average 2,311 ASVs that they transmit to offspring colonies, corresponding to ca. 20% of the 506 

relative abundance of their microbiomes. Female founding reproductives (center) host the 507 

greatest number (average 2,987) and relative abundance (average 57.6%) of inherited ASVs. 508 

Of these, offspring colonies (bottom) maintain on average 1,694 inherited ASVs, representing 509 

43.9% of the relative abundance (see Supplementary Table 1 for averages and standard 510 

deviations). Inheritance was biparental, resulting in ASVs that were uniquely maternal, 511 

uniquely paternal, or shared between parental lineages (stacked bars; see Supplementary Table 512 

2 for averages and standard deviations). The extent of paternal inheritance (grey) compared to 513 

maternal (colored) is likely an underestimate because of discrepancies in sampling (see 514 

Methods). Each bar represents community analyses using 16S rRNA amplicon sequencing of 515 
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a sample of 6-10 pooled guts. Only workers in parental and offspring colonies are plotted 516 

because they play the primary role in maintaining bacterial diversity and absolute load of 517 

bacterial cells37,38 (see Supplementary Fig. 1 for bacterial load; see Extended Data Fig. 1 for 518 

inherited gut bacteria in all castes).  519 
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 520 

Fig. 2| Inheritance of consistent bacterial genera and their diversity. a) A remarkable 521 

number of ASVs were exclusively inherited in each of the four maternal pedigrees (colored), 522 

indicating that 16S rRNA amplicon sequencing provides sufficient taxonomic resolution to 523 

detect inheritance or lack thereof, albeit longer gene fragments would inevitably have increased 524 

the number of ASVs unique to a single pedigree50. ASVs transmitted from maternal colonies 525 

to founding reproductives (left) were largely retained in subsequent transmission from 526 

founding reproductives to offspring colonies (right). Pedigree-specific inheritance vastly 527 

exceeded the number of ASVs that were ubiquitously inherited among pedigrees (black; see 528 

Extended Data Fig. 2 for full comparison between pedigrees). b) Pedigrees share a strong 529 

taxonomic signal that implies consistency in inheritance at the population level. However, in 530 

contrast to the ASV-level, the identity of bacterial genera that were inherited were remarkably 531 

congruent across pedigrees (on average any two pedigrees shared 95.2% of genera; see 532 

Supplementary Fig. 2 for full comparison). The diversity of ASVs within genera was also 533 

similar across pedigrees. ASVs with pedigree-specific inheritance (light-colored lower bars) 534 
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and ASVs generally inherited (full bars) belong to the same genera, again confirming that 535 

ASVs are sufficient to detect inheritance (see Supplementary Table 3 for the full taxonomy). 536 

Only 32 genera contained ASVs that were ubiquitous to all pedigrees (black). 537 
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 538 

Fig. 3| Founding reproductives are endowed with a specific inherited gut microbiome. a) 539 

Maternal founding reproductives inherited fewer genera than predicted by the null model, 540 

where the chance of inheritance was based on ASV abundance in maternal colonies (left) 541 

(permutation tests: p < 0.0001, for each pedigree). Offspring colony workers hosted a 542 

comparable number of genera to founding reproductives, and thus fewer than predicted by the 543 

null model (permutation tests: p < 0.0001, for each pedigree). This implies that many, but not 544 

all genera are inherited and that reproductives are endowed with a specific set of bacterial 545 

genera that they reliably pass on to their offspring colonies. b) Vertical transmission to 546 

founding reproductives endows them with an increased abundance of inherited microbial 547 

genera. When comparing the relative abundance of genera in maternal colony workers to 548 

founding reproductives, genera that decreased in abundance were never or infrequently 549 

transmitted. Conversely, all genera that increased in abundance were always inherited across 550 

all pedigrees (grey scale derived from Supplementary Table 3; see Supplementary Table 4 for 551 
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statistical results). c)  The abundance of ASVs within genera in maternal colonies did not 552 

increase the chance of transmission to founding reproductives (top panel), but in fact had a 553 

minor yet significant negative impact on transmission (general linear mixed model (LMM): 554 

F1,48018 = 10.26, t = -3.20, p = 0.0014), as illustrated by the slightly lower abundance of 555 

transmitted (colored) to non-transmitted (grey) ASVs in the density plots. In contrast, ASV 556 

abundance in founding reproductives significantly improved transmission to offspring colonies 557 

(bottom panels; LMM: F1,40329 = 2665, t = 51.62, p < 0.0001). Density plots represent ASV 558 

abundances across bacterial genera after normalizing abundances to the mean ASV abundance 559 

within each genus (0 on the x-axis). Distributions were log-transformed to visually differentiate 560 

between transmitted and non-transmitted ASVs (see Methods for details). Vertical bars indicate 561 

means for transmitted (colored) and non-transmitted ASVs (black; see Supplementary Table 6 562 

for means and standard deviations).  563 
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 564 

Fig. 4| Microbiome transmission generates priority effects that favor inherited ASVs. a) 565 

The higher abundances of inherited ASVs (colored) compared to non-inherited ASVs (grey) 566 

suggest that inheritance provides bacteria with a foothold within guts that help define 567 

community assembly through priority effects. Consequently, the abundance of an ASV was 568 

significantly affected by whether a strain was inherited or not, in both founding reproductives 569 

(top panel; LMM: F1,40329 = 2453, t = 49.52, p < 0.0001) and offspring colony workers (bottom 570 

panels; F1,20250 = 116.8, t = 10.81, p < 0.0001). Differences in mean abundances were most 571 

pronounced in founding reproductives, implying that priority effects were most influential in 572 

early stages of inheritance. Priority effects were also observed in larvae and maturing 573 

reproductives in offspring colonies (Extended Data Fig. 4; see Supplementary Table 7 for 574 

means and standard deviations). See Methods and the legend of Fig. 3 regarding the generation 575 

density plots. b) The microbiome network revealed inherited ASVs frequently co-occurred, as 576 

did non-inherited ASVs, while co-occurrences of inherited and non-inherited ASVs were less 577 

frequent. This assortative clustering likely reflects priority effects because inherited ASVs that 578 
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co-occur may direct the establishment and later interactions of non-inherited ASVs as the 579 

colony microbiome matures. The visualized network includes ASVs with positive interactions 580 

in the microbiome network in offspring colony workers. The displayed network only includes 581 

ASVs that co-occurred with at least six others to clarify assortative patterns. c) Assortativity of 582 

the positive network, based on inheritance, was significantly greater than predicted by our null 583 

model (permutation test: p < 0.0001). The network of ASVs with negative interactions, where 584 

the presence of an ASV is associated with the absence of another, was marginally disassortative 585 

but was not significantly different from the random null model predictions (permutation test: 586 

p = 0.6300; Supplementary Table 9). The null model was created using the same network and 587 

by assigning ASVs to be inherited or not according to the results of the abundance-driven null 588 

model (see Methods). 589 
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 590 

Fig. 5½ Random Forest model predictions of bacterial inheritance. a) The Receiver 591 

Operating Characteristic plot indicated that variables related to observed inheritance (dark 592 

blue) hold greater predictive power than the null model (light blue). Additionally, transmission 593 

to founding reproductives (solid line) has greater predictive power for inheritance than 594 

transmission to offspring colonies (dotted line) in both the observed and null model. b-e) The 595 

predictive power (SHAP; see Methods for details) was determined from several variables to 596 

assess their importance for inheritance. This was done for both observed inheritance and the 597 

null model, and grey bars indicate the difference between the two. Positive values indicate that 598 

a variable enhanced inheritance and negative values indicate that a variable reduced inheritance 599 

compared to random expectations. b) ASV abundance in maternal colonies was a poor 600 

predictor of inheritance by founding reproductives when compared to our null model, aligning 601 

with results of Figs. 3a and 4c. Conversely, ASV abundance in maternal colonies strongly 602 

predicted inheritance by workers in offspring colonies, signifying that ASVs re-establish in 603 

offspring colonies according to the composition of the maternal microbiome. The number of 604 

connections of an ASV in the network did not affect inheritance (Supplementary Table 8). c) 605 

Microbial taxonomy influenced the likelihood of inheritance, with phylum and genus being the 606 
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best predictors, suggesting that both archaic and recently evolved microbial traits play a role. 607 

d) Within phyla, Synergistetes, Proteobacteria, and Bacteroidetes were the strongest predictors 608 

of inheritance, potentially because their predominantly anaerobic respiration and inability to 609 

form endospores prevent survival outside the termite host42-44. In line with this assertion, 610 

Firmicutes were predicted not to be inherited, potentially because aerobic respiration and 611 

endospore formation allow environmental acquisition46. e) Bacterial genera with strong 612 

predictive power included six genera that increased in abundance in founding reproductive guts 613 

(black squares; Fig. 3b). The top 22 genera with the greatest positive or negative difference in 614 

predictive power are shown; R = Ruminococcaceae, P = Porphyromonadaceae, TC 1 = 615 

Termite_cluster_1. For all SHAP values, see Supplementary Table 10. 616 
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