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Mutualistic coevolution can be mediated by vertical transmission of symbionts

between host generations. Termites host complex gut bacterial communities
with evolutionary histories indicative of mixed-mode transmission. Here, we
document that vertical transmission of gut bacterial strains is congruent
Subject Category: across parent to offspring colonies in four pedigrees of the fungus-farming
Evolution termite Macrotermes natalensis. We show that 44% of the offspring colony
microbiome, including more than 80 bacterial genera and pedigree-specific
strains, are consistently inherited. We go on to demonstrate that this is achieved
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non-random, environmentally sensitive and termite-specific gut microbes
from their colonies of origin. These symbionts transfer to offspring colony
workers with high fidelity, after which priority effects appear to influence
the composition of the establishing microbiome. Termite reproductives thus
secure transmission of complex communities of specific, co-evolved microbes
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that are critical to their offspring colonies. Extensive yet imperfect inheritance
implies that the maturing colony benefits from acquiring environmental
microbes to complement combinations of termite, fungus and vertically
transmitted microbes; a mode of transmission that is emerging as a prevailing
strategy for hosts to assemble complex adaptive microbiomes.
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1. Introduction

Associations with microbiomes unequivocally impact the ecology and evol-

Michael Poulsen
e-mail: mpoulsen@bio.ku.dk

ution of animal hosts. From humans to insects, animals consistently engage

with microbial partners to reap synergistic metabolic, immune and defensive

benefits [1-3]. Vertical transmission, the process by which microbes are

passed from parents to offspring, ensures inheritance of beneficial microbes

[4] and provides an initial inoculum that directs microbiome assembly [5].
"These authors contributed equally. Qver evolutionary time,' consistent v.ertical 'transmission aligns the? reproductive
interests of hosts and microbes and is predicted to favour mutualism and host-
symbiont co-adaptations [6,7]. In the most intimate of mutualisms, hosts inte-
Electronic supplementary material is available grate bacteria within cells and transmit them via their gametes (eggs) [8].
online at https://doi.org/10.6084/m9.figshare.

.6845629.
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More commonly, animals transmit complex microbiomes
externally at birth or early in development, securing
microbial inheritance while allowing for the acquisition of
environmental microbes via horizontal transmission [9,10].

Evolutionary histories between social insects and bacterial
symbionts [11-13] imply vertical transmission and host
adaptations that secure some extent of inheritance. In super-
organismal social insects, such as ants, corbiculate bees
and Termitidae termites, these adaptations are predicted to
occur at the colony level, which natural selection acts on
as an individual [14]. Superorganismal colony life begins
with winged (alate) reproductives that leave their parental
colony to found offspring colonies. Vertical transmission
via founding reproductives should thus allow inheritance of
symbiotic microbes between generations. Offspring colony
workers then sustain a stable symbiotic community through
trophallaxis [15-17], and microbes can be passed to new
reproductives before the colony life cycle begins again.
Indeed, founding reproductives carry microbiota from their
parental colonies in ants [18,19], bees [20] and termites
[21,22]. However, the complete process of vertical transmis-
sion of gut microbes from parent colonies via reproductives
to offspring colonies has not been documented for any
superorganism. A holistic assessment should elucidate
transmission on proximate timescales and traits that optimize
microbial inheritance.

Termites are valuable models to examine the specificity
and mechanisms of vertical transmission because of their
150 Myr long association with beneficial and complex gut
microbiomes [23] that have co-adapted to serve digestive
roles [24,25]. Co-cladogenesis of termite hosts with bacterial
and protist symbionts indicates predominant vertical trans-
mission punctuated by horizontal transmission from other
hosts or the environment [11,26-28]. Yet, the transmission
between colony generations, which in part drives these
evolutionary patterns, is not well understood. Founding
reproductives flying from their parental colonies have many
of the core microbial genera found in workers [21,22,29].
Separate works have found that male and female founding
reproductives (king and queen) transfer a large portion of
their microbiome to workers [30,31]. Assessing the complete
process of transmission is necessary to clarify (i) the extent of
vertical transmission, (ii) what microbial taxa persist across
generations and (iii) how founding reproductives or workers
impact the transmitted microbial lineages.

Here, we assess vertical transmission from parent to
offspring colonies for the first time by tracking bacterial strains
across pedigrees of the fungus-farming termite Macrotermes
natalensis. As in other termites, fungus-farming termites
(Termitidae: Macrotermitinae) host a specific [32], consistent
[33,34], and co-evolved gut microbiome [35,36]. Given the con-
sistent complexity of the microbiome and evolutionary patterns
of mixed-mode transmission [11,27], we first hypothesized
that a subset of the colony microbiome would be vertically
transmitted and contain a conserved diverse set of microbes.
Secondarily, we hypothesized that transmission to founding
reproductives would have a greater impact on the inherited
microbiome than subsequent transmission to offspring
workers. As reproductives represent the sole opportunity to
transmit the microbiome that then persists in millions of
workers and soldiers, they should be under strong selection
to optimize transmission. To test these hypotheses, we quanti-
fied vertical transmission first from parental colonies to

reproductives and then from reproductives to offspring [ 2 |

colonies. We subsequently predicted host factors and microbial
interactions that facilitate vertical transmission and confirmed
their impacts with a random forest (RF) model.

To first assess the extent of vertical transmission, we tracked
bacterial strains across colony generations. We used amplicon
sequencing of the V3-V4 region of the 165 rRNA bacterial gene
to track individual amplicon sequence variants (ASVs) from
parental colonies through founding reproductives to offspring
colonies in four independent pedigrees (figure 1a). To establish
pedigrees, founding queens from four independent maternal
colonies were crossed with founding kings from a paternal
colony to establish offspring colonies [37]. This allowed us to
identify microbes transmitted within pedigrees, indicative of
vertical transmission [38,39], and biparental contributions to
inheritance. Offspring colonies were sampled when three
months old, prior to acquisition of the fungal cultivar.

We invoked a strict definition of inheritance to assess the
consistency of vertical transmission. ASVs were defined with
stringent parameters (see Materials and methods), and verti-
cal transmission required an ASV to be present in one of the
two parental colonies, in all founding reproductive samples
from that parental colony, and in resulting offspring colonies.
Although inherited microbes may be hosted by any termite in
the colony, we focused our analyses on workers and founding
reproductives that, respectively, house and transmit most
of the colony microbiome [31,40] (electronic supplementary
material, figure S1). Five to 10 guts were pooled in each
sample, which may reduce the variation present between
individual termites yet be more representative of the colony
microbiome. Regardless of microbial load and composition,
the sequencing effort sufficiently captured ASV diversity
across castes (electronic supplementary material, figure S2).

The microbiome transmitted from parent to offspring colo-
nies was, as predicted, extensive and congruent across
pedigrees (figure 1b). The termites key to microbial inheri-
tance—parental colony workers, founding reproductives,
and offspring colony workers—maintained high relative
abundances of vertically transmitted ASVs (figure 1b). Par-
ental colony workers transmitted 21.2% relative abundance
and 24.1% of ASVs in their microbiome to the founding
reproductives and ultimately offspring colonies. Founding
reproductives hosted the greatest abundance and per cent
of vertically transmitted microbes, averaging 57.6% of the
relative abundance and 38.6% ASVs. Offspring colony
workers hosted vertically transmitted ASVs that made up
43.9% of microbial abundance and 18.7% of all ASVs. The
specific number of vertically transmitted ASVs may have
been impacted by the stringent definition of ASVs and the
pooling of guts (electronic supplementary material, tables
S1 and S2). Our findings extend recent insights from another
fungus-farming termite, Macrotermes subhyalinus, where
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Figure 1. Biparental inheritance of bacteria across independent termite pedigrees. (a) We used a pedigree design crossing four maternal colonies with a paternal
colony to assess vertical transmission of ASVs from parental colonies, through founding reproductives, to offspring colonies. (b) A substantial portion of the vertically
transmitted microbiome was detected in parental colonies (top), founding reproductives (centre) and offspring colonies (bottom) (electronic supplementary material,
table S1). Inheritance was biparental, resulting in ASVs that were uniquely maternal, paternal or shared by parental lineages. The extent of paternal inheritance
(grey) is likely an underestimate because of our sampling (see Materials and methods). Bars represent community analyses from five to 10 pooled quts (electronic
supplementary material, table S2). Only workers in parental and offspring colonies are plotted as they play the primary role in maintaining bacterial diversity and

loads (electronic supplementary material, figure S1).

vertical transmission from founding reproductives to off-
spring colonies was documented [31]. Our inclusion of
parental colonies, more stringent taxonomic classification,
and genetic replicates through the pedigree design potentially
led us to quantify less vertical transmission, previously found
to be 73% of the relative abundance and 60% OTU diversity
[31]. Biparental contributions to vertical transmission were
evident from offspring colony microbiomes containing ASVs
that were uniquely maternal, uniquely paternal or shared by
both parental colonies (figure 1), consistent with findings on
protist inheritance in non-Termitidae termites [22,41]. Paternal
contributions were likely to be greater than those detected
because delayed sampling of paternal colony workers could
have shifted microbiome composition (see Materials and
methods). We thus focused subsequent analyses on maternal
vertical transmission. Termite outbreeding may thus promote
complementarity between maternal and paternal micro-
biomes, resulting in both redundancy and variation in the
offspring microbiome.

We then assessed the specificity of the microbiome inher-
ited by quantifying the number of ASVs that were uniquely
inherited or shared by individual maternal pedigrees. Each
maternal pedigree on average transmitted almost 1000
unique ASVs to founding reproductives, of which 84% were
maintained in offspring colonies (figure 24). By contrast, only
364 ASVs were ubiquitous to all pedigrees (figure 2a), while
others were shared by two or three pedigrees (electronic sup-
plementary material, figure S3A and B). Ultimately, the
observed pedigree specificity is an estimate because ASVs
themselves do not reflect true bacterial strain diversity [42].

However, this is unproblematic for comparisons of the extent
and consistency of transmission [9,39], and is a robust
indicator of extensive vertical transmission [38,39].
Evaluating the taxonomic consistency across pedigrees
revealed that colonies inherit a diverse and predictable set of
microbes. Genus-level compositions of the inherited micro-
biomes were nearly identical across the independent pedigrees
(figure 2b). Consequently, 85 genera were inherited by all
pedigrees, with any two pedigrees sharing on average 95.2%
inherited bacterial genera (electronic supplementary material,
figure S3). Pedigree-specific ASVs accounted for many of these
genera (electronic supplementary material, table S3), and ASV
diversity within genera was also comparable (figure 2b). Thus,
pedigrees inherit a diverse and congruent set of microbes,
including multiple taxa that are consistently associated with
fungus-farming termites [31,34], implying that offspring
colonies have predictable access to co-adapted symbionts.

(c) Selective enrichment of founding reproductive
microbiomes secures transmission

Founding reproductives are the only avenue for offspring
colonies to obtain gut microbes that are absent from the
environment during early life. The richness, abundance and
consistency of vertically transmitted gut microbes imply
that reproductives transmit a specific and optimal set of bac-
teria (figures 1b and 2a). In other termites, the relative
abundance of protist OTUs in parental workers increases
the chance of transmission to founding reproductives [22].
Therefore, the bacteria endowed in founding reproductives
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Figure 2. Consistent vertical transmission of bacterial diversity across pedigrees. (a) Many ASVs were exclusively inherited in one of the four maternal pedigrees
(coloured), indicative of vertical transmission. ASVs transmitted from maternal colonies to founding reproductives (i) were largely retained in subsequent transmission
to offspring colony workers (ii). Pedigree-specific inheritance exceeded the number of ASVs that were ubiquitous (black) or shared among pedigrees (electronic
supplementary material, figure S3). (b) Similarity in the taxonomic signal across pedigrees implies consistency in inheritance at the population level, with on average
95.2% of genera shared by any two pedigrees (electronic supplementary material, figure S3). Pedigree-specific ASVs are indicated in light-coloured bars and
generally inherited ASVs in dark bars (electronic supplementary material, table S3).

may be based on abundance in workers, or reproductives
may be adapted to selectively transmit a set of key microbial

symbionts.

By comparing a null model to observed inheritance, we
elucidated that founding reproductives selectively transmit
non-random microbial assemblies. The null model considers
an ASV’s probability of vertical transmission based on its
abundance within maternal colony workers. Thus, it selects
the same number of ASVs that were observed to be trans-
mitted from the maternal colony to founding reproductives
or founding reproductives to the offspring colony weighted
by their abundance in the maternal colony (see Materials
and methods). Comparison of the null model to observed
transmission revealed that significantly fewer genera were
inherited by founding reproductives than predicted by the
model (figure 3a; permutation tests: p < 0.0001, for each pedi-
gree). Most genera in reproductives were inherited by
offspring colonies, such that offspring worker communities
also contained fewer genera than predicted by the null

model (permutation tests: p<0.0001, for each pedigree).
Inheritance is thus a product of selection of a non-random
subset of microbial genera, implying adaptations that
ensure inheritance of specific microbes.

We went on to test whether transmission to founding
reproductives impacts the relative abundance of inherited
bacterial genera. Differential abundance analysis between
maternal colony workers and founding reproductives
revealed four genera that were always less abundant in repro-
ductives, which were either never inherited or only inherited
in one pedigree (figure 3b). By contrast, 13 genera that
increased in abundance in founding reproductives completed
vertical transmission across all pedigrees (figure 3b; electronic
supplementary material, table S4). These genera thus appear
critical for hosts, consistent with findings that several have
diversified with termite hosts [11,27] and are members of
the core microbiome [34]. The subsequent transfer to off-
spring colonies did not drastically alter the inherited
microbiome, but some inherited genera either significantly
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Figure 3. Founding reproductives are endowed with a specific inherited gut microbiome. (a) Maternal founding reproductives and offspring colony workers inherited
a specific set of bacterial genera that was lower than predicted by the null model (permutation tests: p < 0.0001, for each pedigree). (b) Vertical transmission
endows founding reproductives with an increased abundance of inherited microbial genera. Genera that significantly decreased in abundance were infrequently
transmitted, while genera that increased in abundance were always inherited (electronic supplementary material, table S3 and table S4). (c) The abundance of
ASVs within genera in maternal colonies had a slight negative impact on the chance of vertical transmission (top; general linear mixed model (LMM):
F148018 = 1026, t=—3.20, p=0.0014). By contrast, ASV abundance in founding reproductives significantly improved transmission to offspring colonies
(bottom; LMM: F; 4939 = 2665, t=51.62, p < 0.0001). ASV abundances are normalized by the mean abundance within genera (0 on the x-axis), and densities
are log-transformed for visualization (see Materials and methods). Vertical bars indicate means for transmitted (coloured) and non-transmitted (black) ASVs

(electronic supplementary material, table S5).

increased or decreased in relative abundance (electronic
supplementary material, figure S4 and table 54).

Founding reproductives also shape the ASV-level compo-
sition of the inherited microbiome. If vertical transmission
was random and abundance driven, ASVs with higher
abundance within genera should have a greater chance of trans-
mission. This is not the case for transmission from maternal
colony workers to founding reproductives, as increased ASV
abundance in maternal colonies significantly reduced the prob-
ability of transmission to reproductives (figure 3c). Thus,
reproductives appear to secure a diverse inoculum of ASVs
from key genera rather than allowing competitive exclusion

to drive transmission. However, ASV abundance in founding
reproductives positively impacted whether ASVs would estab-
lish within offspring colony workers (figure 3c; electronic
supplementary material, table S5). Vertically transmitted
microbes that become abundant in founding reproductives
thus successfully establish in offspring colonies.

(d) Vertical transmission grants inherited microbes
priority

Founding reproductives vector inherited microbiomes to
secure emerging functions of the workers, who perform
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S5). In these workers, ASV abundance significantly relates to whether a strain was inherited or not (F; 50550 = 116.8, t=10.81, p < 0.0001). (b) The offspring
worker microbiome network revealed that inherited ASVs frequently co-occurred, as did non-inherited ASVs, while co-occurrences of inherited and non-inherited
ASVs were less frequent. This assortative clustering likely reflects priority effects because co-occurring inherited ASVs may direct the establishment of non-inherited

ASVs. To clarify assortative patterns, the visualized network includes ASVs with

positive interactions with at least six others. (c) Assortativity of the positive network,

based on inheritance, was significantly greater than predicted by our abundance-driven null model ( permutation test: p < 0.0001; assortativity coefficients: observed

network = 0.2714, null model = 0.2150 + 0.0153). The network of ASVs with

negative interactions, where the presence of an ASV was associated with the absence

of another, was marginally disassortative but not significantly different from the random null model (permutation test: p = 0.6300; assortativity coefficients:

observed network = — 0.0467, null model = — 0.0477 + 0.0165).

digestion and provide defence for the colony. Priority effects,
in which early-arriving microbes dictate community assembly
[43], could both enhance establishment of inherited microbes
and later shape the uptake of beneficial non-inherited
microbes in the colony microbiome.

Abundance patterns in our data suggest priority effects.
Vertically inherited ASVs gain higher abundance than those
that are not inherited in both founding reproductives and
offspring colony microbiomes (figure 4a; electronic sup-
plementary material, figure S5). This implies that initial
inoculation and microbial interactions may determine the
propensity for ASVs to establish and proliferate. To shed
light on community dynamics, we performed network analy-
sis of the positive (co-occurrence of two ASVs) and negative
(the presence of an ASV associated with the absence of
another ASV) interactions [44]. Inheritance itself did not sig-
nificantly affect microbial interactions (positive interactions
linear model (LM): Fy g29=0.9817, p =0.3221; negative inter-
actions LM: F;go=1.468, p=0.2260), implying that we
cannot detect cooperation or competition between microbes.
However, analysis of the network assortativity revealed that
co-occurring ASVs tended to share the same mode of trans-
mission (figure 4b). Assortativity was significantly higher
than expected from the null model for ASVs with positive

interactions (figure 4c), but not for disassortative negative
interactions. Positive assortativity is often found among
related microbes [44,45] and contributes to network structure.
However, it may also reflect priority effects where co-occur-
ring vertically transmitted ASVs direct the establishment of
horizontally transmitted ASVs.

(e) Microbial taxonomy and acquisition by founding
reproductives drive inheritance

We confirmed that vertical transmission by founding
reproductives and ASV taxonomy strongly impact the prob-
ability of inheritance with an RF model. The predictive
power of the RF model using the observed data was two-
to 2.5-fold higher than the abundance-driven null model,
highlighting the impact of variables aside from abundance;
which was the only factor informing the null model
(figure 5a). As expected, transmission to founding reproduc-
tives was more predictable than complete transmission to
offspring colonies (figure 5a), where ASV abundance had
little effect on transmission to founding reproductives but a
strong effect on transmission to offspring colonies, aligning
with (figure 3c) and indicating that vertically transmitted
strains gain abundance in offspring colonies. Network
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Figure 5. Random forest model predictions of bacterial inheritance. (a) The receiver operating characteristic plot indicated that variables related to observed inheri-
tance (dark blue) hold greater predictive power than the null model (light blue). Transmission to founding reproductives (solid line) has greater predictive power for
inheritance than transmission to offspring colonies (dotted line). (b—e) The predictive power (SHAP; Materials and methods) of variables related to inheritance was
determined for observed inheritance and the null model, and grey bars indicate the difference between the two. Positive and negative values predict inheritance and
non-inheritance, respectively. (b) ASV abundance in maternal colonies was a poor predictor of inheritance by founding reproductives compared to our null model,
aligning with the results of figure 3. Conversely, ASV abundance in maternal colonies strongly predicted inheritance by workers in offspring colonies, signifying that
ASVs re-establish in offspring colonies. Network degree did not affect inheritance. (c—e) Microbial taxonomy influenced the likelihood of inheritance, with phylum
and genus being the best predictors, suggesting that both basal and recently evolved microbial traits play a role. (e) The 22 bacterial genera with the greatest
difference in predictive power, including six genera that increased in abundance in founding reproductive guts (black squares; figure 3b); R, Ruminococcaceae; P,
Porphyromonadaceae; TC 1, Termite_cluster_1 (electronic supplementary material, table S6).

degree, relating to the number of positive or negative
interactions, did not have strong predictive power.

Phylum and genus were the most powerful taxonomic
predictors of inheritance (figure 5c). Thus, an interplay
between basal and more recently evolved traits affects inheri-
tance. The largely anaerobic non-spore forming phyla
Synergistetes [46], Bacteroidetes [47] and Proteobacteria [48]
are strongly predicted to be represented in the inherited
microbiome. Conversely, spore-formers like Actinobacteria
and Firmicutes with more flexible respiration [49,50] are pre-
dicted to not be inherited. However, Candidate Phylum TG3
does not follow this pattern because although it is predicted
to not be transmitted, it includes obligate anaerobes [47]
(figure 5d), suggesting potential limitations to the model.
Differential inheritance of bacterial phyla may be a conse-
quence of their respective environmental resistance. These
also reflect the relative importance of phyla, where Bacteroi-
detes encodes more carbohydrate-active enzymes than
Firmicutes or Spirochaetes in fungus-farming termites [25].
Alternatively, they may reflect broader patterns of vertical
transmission in animals. For example, we observed that

Bacteroidetes has a higher propensity for vertical trans-
mission, which has also been found in humans [38] and
in mice [39]. Similarly, Firmicutes and spore formers are
less-frequently transmitted and later colonizers of human
microbiomes [37,51]. The genera with the strongest predictive
power included six that were previously identified as differ-
entially enriched in founding reproductives (figure 3b) and
that are core gut microbiome members in fungus-farming
termites [34].

3. Discussion

Extensive yet imperfect inheritance of the gut microbiome
occurs in the termite superorganism. We assessed complete
vertical transmission for the first time, by tracking individual
bacterial taxa from parental colonies via founding reproduc-
tives to offspring colony workers. Aligned with our first
hypothesis, we find that a consistent portion of the micro-
biome is inherited, in support of mixed-mode transmission.
Our classification of bacteria to the ASV level at the strictest
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cut-off (a single SNP) allowed more detailed tracking and
diversity assessments than OTU level assignments previously
used [31,52]. Thus, by comparing ASV transmission across
four distinct pedigrees, we uncovered transmission at the
genus and ASV level that involves extensive pedigree speci-
ficity and biparental contributions. This builds on recent
work [11,27,31], but demonstrates inheritance of a core com-
munity with unprecedented resolution, consistency across
genetic pedigrees and biparental contributions of bacteria
that persist in offspring colonies. In accordance with our
second hypothesis, we found that founding reproductives
have the greatest impact on shaping the inherited microbiome
and secure transmission of a non-random set of bacteria. This
results in pedigree-specific inheritance accomplished via selec-
tive enrichment of termite-specific and environmentally
sensitive gut bacteria in founding reproductives.

The consistently inherited microbiota includes many bac-
teria that are co-adapted to fungus-farming termites [35,36]
and present in developing and mature colonies [31,34]. The
extent and patterns of inheritance were comparable across
pedigrees, despite contributions from both founding repro-
ductives. The large number of pedigree-specific ASVs
supports that patterns arise as a consequence of vertical trans-
mission [38,39]. Despite the relatively small subset of samples
per pedigree, we documented congruent patterns in the num-
bers and genus origins of ASVs across pedigrees. While this
indicates sufficient taxonomic resolution to detect inheri-
tance, amplicon reads of such length only serve as an
estimate of strain diversity [42]. Broad taxonomic patterns
of vertical transmission align with key functions in the
fungus-farming termite microbiome. For example, the
phylum Bacteroidetes (Bacteroidota) and the family Campy-
lobacteraceae are predicted to be inherited, and they
maintain genes for carbohydrate-active enzymes or nitrogen
recycling, respectively, in fungus-farming termites [25].
These functions may be particularly important during early
stages of colony life, when nutrients are limited before the
fungus comb is established. Strain-level metagenomics will
be needed to clarify association specificity and to allow
insights into the metabolic capacities of inherited symbionts.

The transfer of environmentally sensitive microbes is
likely adaptive and critical to ensure that symbionts absent
from the environment are reliably passed on from generation
to generation. Founding reproductives serve as the only
opportunity to do this, implying strong selection for reliable
transmission, and mechanisms underlying these patterns
should be explored further. Both founding reproductives
and workers obtain their gut microbiome through oral and
faecal trophallaxis [16]. However, the distinct phenotype
and diet of reproductives, both of which are known to gener-
ally influence termite microbiomes [24], may contribute to
selective enrichment of specific microbes. Reproductives are
phenotypically distinct and highly plastic, as both their mor-
phology [53,54] and gene expression [37] drastically change
to meet shifting colony needs from founding to maturity.
This extends to gut symbioses, as founding reproductives
host over 80 bacterial genera at the time of colony founding,
yet at maturity host only a few [40]. Founding reproductives
are also presumed to have a different diet from workers to
secure the energy stores needed for colony founding [55],
then receive a unique diet as they mature [53]. Much like dif-
ferently aged workers who consume distinct parts of the
fungus comb that vary in nutritional composition [56,57]

and reflect microbiome distinctions [58], any diet specific to
founding reproductives should influence the establishing
microbiota. Last, it remains to be established if mechanisms
exist that allow reproductives to increase gut microbial
loads before passing microbial inocula to workers, as was
recently documented in non-Termitidae termites [59,60].

Despite enrichment, an individual founding reproductive
only carries a portion of the parental colony microbiome;
thus, biparental transmission should increase the probability
of inheritance of key microbes. When leaving the parental
colony, both male and female reproductives carry a subset of
the parental microbiome [22,31]. Our findings indicate that
biparental contributions result in an assembly of redundant
and non-redundant strains. This is consistent with recent find-
ing in Coptotermes, where each founding individual rarely
transmitted the full set of protist species, but where their col-
lective assemblies ensure high probability transmission of a
critical set of protists [41]. Such bet hedging may suffice to
ensure that bacterial symbionts absent from the environment
are transmitted in fungus-farming and other termites.

Inheritance is completed when the first workers of the off-
spring colony obtain the diverse gut inoculum, yet the
superorganismal microbiome will continue to develop as the
colony matures. Inherited taxa appear to direct this develop-
ment, potentially though priority effects. We only assessed
the earliest stages in colony life before acquisition of the Termi-
tomyces fungal cultivar [61] that complements the gut
microbiome in symbiotic digestion of plant substrates [36].
Once the fungus garden establishes, acquisition of gut sym-
bionts should ensue in ways that optimizes bacterial, termite
and Termitomyces roles. The colony microbiome then continues
to differentiate based on termite division of labour to support
distinct roles and diets [40,62]. Once symbiotic homeostasis is
accomplished for the termite superorganism, the bacterial
community is in place to be passed onto future founding
reproductives.

Consistent patterns in imperfect vertical transmission
across colonies suggest that our results represent inheritance
at the population level. These proximate patterns and associ-
ation specificity may thus inform symbiotic evolution [6,7].
Indeed, our results align with termite-bacteria cladogenesis
at evolutionary timescales, where lineages of bacterial sym-
bionts exhibit distinct transmission modes, ranging from
exclusive vertical transmission (strong co-cladogenesis) to
predominant or exclusive horizontal transmission (lacking
co-cladogenesis) [11,27]. Maturing colonies thus benefit
from mixed-mode transmission that optimize tripartite
associations between termite, fungus and bacterial microbiota
at ecological timescales (microbial assembly) and over
evolutionary time (extent of coevolution). Mixed-mode trans-
mission evinced by the termite-bacterial symbiosis is
emerging as the prevailing strategy to assemble adaptive
microbiomes [10,63] when hosts remain in control over
symbiont transmission between generations [64].

In a previous study, four maternal colonies and one paternal
colony of Macrotermes natalensis were sampled in Pretoria,
South Africa in 2016 to establish four pedigrees (red, yellow,
blue and green) [37]. Founding reproductives (alates) were



Downloaded from https://royal societypublishing.org/ on 10 November 2023

crossed to establish offspring colonies. The parental colonies
and founding reproductives were collected in the field, while
the offspring colonies were established in the laboratory. Thus,
there are three developmental time points—parental colonies,
founding reproductives and offspring colonies [37]. These
offspring colonies were sampled at three months old before
they would naturally acquire their fungal cultivars [61]. From
the offspring crosses, 6-10 colonies were used (yellow n=9,
red =7, blue = 10 and green = 6). Termites from maternal colonies
and female founding reproductives were collected when
the crosses were established, while workers from the parental
colony and male founding reproductives were sampled in
2018. This time lapse may in part explain the reduced observed
paternal inheritance.

(b) Gut dissections, DNA extraction and quantification
of microbial load

Guts of reproductives were dissected aseptically and stored in
RNAlater (Sigma-Aldrich, Germany), and workers and larvae
were frozen. All samples were stored at —80°C. The termites
from sterile castes were briefly rinsed in 70% EtOH and sterile
dH,O (1 min each) to reduce surface contaminants and dissected
aseptically. Worker, founding reproductive, and larvae samples
represent pools of 5-10 guts, offspring queens 1-2 guts, parental
kings single guts and parental queens were divided into three
extractions due to tissue size and later pooled in silico. Offspring
colony workers were pooled from two to three colonies within
pedigrees due to small colony sizes. Termite gut samples, cellular
mock community DNA standards (Zymobiomics, Nordic BioSite
ApS, Denmark) and two negative controls were included for
extraction and sequencing (electronic supplementary material,
table S2). DNA was extracted using a modified DNeasy Blood
and Tissue kit protocol (Qiagen, Germany) [35]. Relative microbial
loads per termite gut were determined by quantifying copies of the
V2 region of the 16S rRNA marker gene using droplet digital PCR
(Bio-Rad, Denmark) [65].

(c) Amplicon sequencing, quality control, taxonomic

assignment and vertical transmission
DNA was sent to BGI-Hong Kong for paired-end HiSeq2500
amplicon sequencing with 341F/806R primers targeting the
16S rRNA gene V3-V4 region. Analyses were performed in R
(v.3.6.1) [66]. We used the dada2 pipeline (v.1.12.1) [67] with
default parameters and the following adjustments to increase
the stringency of the analysis: truncLen in filterAndTrim set to
¢(270, 260), maxEE to c(1,1) and truncQ to 1, and minOverlap in
mergePairs to 20. We obtained a total of 50016 ASVs in 4403
068 non-chimeric paired-end sequences, of which 19909 ASVs
in 4262 444 reads remained after removal of taxa with less than
25 reads across the full dataset.

We assigned ASVs with taxonomic ranks using default
parameters of assignTaxonomy in dada2. Taxa were classified
with the Dict_db v.3.0 database [68], after which ASVs without
genus-level taxonomic assignments were reclassified with
SILVA v.132 [69]. The cellular mock community validated the
detection of all eight expected taxa.

Negative control samples lacked DNA and failed library
preparation according to BGI-Hong Kong’s sequencing service,
suggesting very low levels of contaminants. The package Decon-
tam was run to identify potential contaminant taxa (v.1.10.0) [70]
despite the lack of negative controls, given that mature queens
from parental colonies contained exceptionally low numbers of
165 rRNA copies (electronic supplementary material, table 52).
We did not remove them from the dataset as: (i) we removed
taxa with less than 25 reads, (i) the majority of analyses were

on workers and founding reproductives that carry high microbial
loads minimizing any effect of contaminants, and (iii) the ASVs
identified by Decontam represented only 1.3% total reads, yet
some were taxa that are common in fungus-farming termites [34].

To be considered vertically transmitted, an ASV had to be
found in the parental colony and all founding reproductives of
that pedigree, and present in at least one offspring colony sample
in the same pedigree. The number of ASVs, ASV abundance and
the percentage of ASVs that were inherited were determined for
each sample (electronic supplementary material, table S1).

(d) Abundance-driven null model

To assess if the propensity for inheritance could be explained by
ASV abundance, we simulated an abundance-driven null model.
This model selected the same number of ASVs inherited by
founding reproductives or offspring colonies within a termite
pedigree from those in the respective maternal colony workers,
weighed by their average relative abundance in these workers.
We ran 100 iterations of the null model for each stage of
inheritance and pedigree.

(e) Network construction

We calculated ASV association networks for the offspring colony
worker samples using the SpiecEasi package v.1.1.0 [44], the ‘mb’
algorithm, lambda.min.ratio = 1x10™° and nlambda = 300. Prior
to network calculation, we removed ASVs with less than 200
reads across all samples. To improve visualizations, we only
included nodes with six or more connections. We handled
graphs using igraph v.1.2.5, network v.1.16.0 and plotted them
using ggnet v.0.1.0 and ggnetwork v.0.5.8. To understand ecologi-
cal interactions related to inheritance, we calculated the
assortativity coefficient for the variable ‘inheritance’ in igraph.
This metric ranges from —1 indicating disassortativity (inter-
actions between an inherited and a non-inherited ASVs), to 1
indicating assorativity (interactions between inherited ASVs or
between non-inherited ASVs). We did this for the full networks
and for subsets of networks with only positive or negative associ-
ations. For the null model, we calculated assortativity using the
same network and assigned nodes to be inherited or non-inher-
ited according to the results of the abundance-driven null model.

(f) Statistical analyses

To assess increases and decreases in relative abundance of
genera, we used ALDEx2 (v. 1.24.0) [71], with the generalized
LM function and pedigree as a fixed effect. We performed ana-
lyses that identified genus-level enrichment or depletions from
maternal colony workers to founding reproductives, and from
founding reproductives to offspring colony workers.

We then tested whether the relative abundance of an ASV
within a genus predicts inheritance. ASVs were normalized by
subtracting the mean relative abundance of the given genus
from the relative abundance of the given ASV. First, we deter-
mined if abundance in maternal colony workers or founding
reproductives impacted inheritance (figure 3a). We fitted a
linear mixed model to predict whether ASVs were vertically
transmitted or not with the transformed ASV abundances,
while controlling for pedigree and genus as random effects.
Second, we repeated this analysis with ASVs inherited by found-
ing reproductives and offspring colony workers to determine if
inheritance was related to vertical or non-vertical transmission
(figure 4a). The models were run using the Ime function in
nlme. We created density plots to visualize the distribution of
inherited versus environmentally acquired ASVs. The normal-
ized abundance values were log-transformed as follows, y(x) =
sign(x)*log(1 +abs(x)/107), to clarify contrasting distributions
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while the x-axis is labelled in accordance with the non-trans-
formed values.

For our network, we tested if interactions could be explained
by whether taxa were inherited or non-inherited, where positive
and negative interactions indicate potential cooperation and
competition. To do this, we created an LM where all interactions
were the response variables and the fixed effects of ASV inheri-
tance/non-inheritance, the log of ASV abundance and their
interaction. The latter was not significant and was consequently
removed from the final model.

We used permutation tests to measure any statistical differ-
ence between patterns of observed inheritance and the null
model. First, we performed this for the number of genera verti-
cally transmitted to founding reproductives and offspring
colonies within each pedigree. Second, we did this for the assor-
tativity coefficient of inheritance for positive and negative
network interactions. The permutation was manually calculated
by determining the proportion of simulations above or below the
observed value. For example, if 96 of the 100 iterations of the
simulation were above the observed value, p was 0.04.

(g) Random forest models to identify major features
predicting inheritance

We fitted RF classifiers implemented in Python’s scikit-learn to
uncover which experimental characteristics predict inheritance
of an ASV, focusing on the impact of bacterial taxonomy, abun-
dance in maternal colonies, and network features. This was
done in six different models based on dependent variables:
observed and null model inheritance to founding reproductives,
offspring colonies, and overall. Each ASV was classified eight
times (once per stage of inheritance and per pedigree) with
each taxonomical level recorded (the null model was assigned
a dummy binary variable), which, along with stage of inheri-
tance, network features and abundance (normalized as above),
were the independent variables. ASVs containing missing data
in any features were removed.

The contribution of each predictor to inheritance was
estimated with Gini importance and Shapley Additive exPla-
nations (SHAP) [72] values. We randomly split each dataset
into a training set of 80% and a test set of 20% of the ASVs.
We then used the training set to form a 10-fold cross-validated
grid search for the best number of features used in each split,
while fixing the number of trees to 500. Using the best model,
we predicted the test’'s ASV inheritance status. We used a
game theory approach to unlock the predictive potential of prop-
erties the experimental features for each ASV via SHAP values.

To compare feature importance between the null models and
the observed inheritance models, we normalized SHAP values
from each model by retrieving the difference between the
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