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Abstract

Some animal groups associate with the same vertically-transmitted microbial symbionts over
extended periods of evolutionary time, punctuated by occasional symbiont switches to different
microbial taxa. Here we test the oft-repeated suggestion that symbiont switches are linked with
host diet changes, focusing on hemipteran insects of the suborder Auchenorrhyncha. These insects
include the only animals that feed on plant xylem sap through the life cycle, as well as taxa that
feed on phloem sap and plant parenchyma cells. Ancestral state reconstruction provides strong
statistical support for a xylem-feeding auchenorrhynchan ancestor bearing the dual symbiosis with
the primary symbiont Sulcia (Bacteroidetes) and companion symbiont “B-Sym” (fB-
proteobacteria). We identified 7 dietary transitions from xylem-feeding (six to phloem-feeding,
one to parenchyma-feeding), but no reversions to xylem-feeding; five evolutionary losses of
Sulcia, including replacements by yeast symbionts, exclusively in phloem/parenchyma-feeding
lineages; and 14-15 losses of B-Sym, including 9 transitions to a different bacterial companion
symbiont. Our analysis indicates that, although companion symbiont switching is not associated
with shifts in host diet, Sulcia is likely required for xylem-feeding. Furthermore, the ancestral
auchenorrhynchan bearing Sulcia and B-Sym likely represents the sole evolutionary origin of

xylem feeding in the animal kingdom.
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1. Introduction

Various ecologically important traits of many animals are mediated by symbiotic
microorganisms [1,2]. For example, microbial symbionts may produce toxins that protect their
animal host from specific pathogens, or synthesize nutrients that enable their host to utilize
otherwise inadequate diets [3,4]. Many of these symbioses display high partner fidelity over long
periods of evolutionary time, often with strict co-diversification of host and symbiont lineages
[5,6]. However, both symbiont loss and symbiont switching, often to a phylogenetically-distant
microbial taxon, has been identified in many host lineages, especially among insects [7-10], as
well as in other invertebrate taxa [11]. It has been suggested that symbiont switching may be linked
to changes in host traits, e.g. shifts in habitat or diet [12,13], potentially with major ecological and
evolutionary consequences for the host [14]. For instance, symbiont switching has been suggested
to have been an important driver of host diversification [15,16]. Yet despite their potential
importance, hypotheses of links between diet and symbiont switching have rarely been tested
formally, limiting our insight into their general applicability across taxa. In recent years, however,
our capacity to evaluate such hypotheses has greatly increased by advances in phylogenetic
comparative methods, such as ancestral state reconstructions [17].

The purpose of this study was to investigate the patterns of symbiont switches by analysis
of the temporal relationship between evolutionary shifts in host diet and symbiotic partners.
Insects of the order Hemiptera are well suited to this problem for two linked reasons. First,
uniquely among animals, some hemipterans can utilize different types of plant sap (i.e. phloem or
xylem) through the life cycle; and, second, this trait is correlated with possession of vertically-
transmitted microbial symbionts that overproduce essential amino acids, nutrients in short supply

in plant sap [1,18]. Our specific focus is the suborder Auchenorrhyncha, which includes the only
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insects that feed on xylem sap through the life cycle, as well as representatives that feed on phloem
sap and the more nutritious diet of whole plant cell contents [19]. The Auchenorrhyncha comprises
two infra-orders, the Fulgoromorpha (the planthoppers) and Cicadamorpha (including the
leafhoppers, cicadas and froghoppers) [20,21]. Many taxa of both infra-orders bear a dual
symbiosis with a bacterium Candidatus Sulcia muelleri (Bacteroidetes), also referred to as ‘the
primary symbiont’ [1,22], and a B-proteobacterium, which is variously known as: -Sym, Ca.
Nasuia deltocephalinicola in leafhoppers, Ca. Vindania fulgoroideae in planthoppers and Ca.
Zinderia insecticola in spittlebugs, or more generally as a ‘companion symbiont’ to Sulcia [23—
27]. Some auchenorrhynchans, however, bear Sulcia as the sole symbiont, associate with a
companion symbiont other than 3-Sym [28—-31], or have ascomycete fungal symbionts, generically
known as yeast-like symbionts [32—35]. This rich diversity of symbionts with functions closely
tied to host diet provides a superb basis to test the relationship between switches in diet and
symbiont identity.

In this study, we generated a detailed phylogeny of the Auchenorrhyncha. We then mapped
key symbiont associations (primary and companion symbiont status) and host diet onto this
phylogeny, and used a comparative approach to study the association between symbiont and diet.
This allowed us to investigate the patterns of association between transitions in symbiont identity

- including symbiont losses - and diet across large numbers of clades over long periods of time.

2. Materials and Methods
(a) Phylogeny
We generated a phylogeny at the genus-level for the Auchenorrhyncha using a supermatrix

approach [36], utilising five marker genes that had previously been used to study hemipteran
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phylogeny (18S, 28S, COI, Wingless and Histone 3) [20,37,38]. We used phyloGenerator (version
2) [39] to obtain sequences for all auchenorrhynchan genera with any of these markers available
in NCBI GenBank. We employed the referenceDownload method to select high quality
representative sequences for each genus, based on reference sequences from [20]. A genus can
thus be represented by sequences from different species within the genus. For each marker gene,
the selected sequences were aligned using MAFFT (version 7.310) [40]. We then concatenated the
five alignments, and visually verified the quality of the resulting supermatrix of 824 genera and
7243 bp using Aliview (version 1.20) [41]. We created a maximum-likelihood (ML) phylogeny in
RAXML (version 8.2.8) using a GTRCAT substitution model and rapid bootstrapping (100
replicates) followed by a thorough ML search [42]. The branch lengths of the bootstrap replicates
were optimised using GTRGAMMA. Based on [20,21], the genera Ceratocombus (Heteroptera)
and Xenophyes (Coleorrhyncha) were used as outgroup to root the tree, and we used the NCBI
taxonomy at the subfamily level to constrain our tree search. We used r8s (version 1.8), employing
the Langley-Fitch method and a truncated newton (TN) algorithm to convert our ML phylogeny
to a timetree [43]. To date the phylogeny, we fixed the root to 299 MY A and constrained a further

seventeen nodes based on previous estimates of divergence times (table S1).

(b) Trait data set

We conducted a systematic search of the primary literature to compile information on three
auchenorrhynchan traits of interest: (1) diet, (2) primary symbiont association status and (3)
companion symbiont association status. We obtained data from 34 different studies, covering a
total of 162 unique genera (full references table S3). We recorded data and performed all our

analyses at the genus level because variation in the traits of interest was not evident at the subgenus
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level. Primary symbiosis was treated as a binary variable: presence of primary endosymbiont
Candidatus Sulcia muelleri vs. absence [22]. For the companion symbiosis we recorded the
taxonomic identity of the endosymbiont. We then clustered this into a categorical variable with
five levels: (i) o-proteobacteria (Candidatus Hodgkinia cicadicola), (ii) PB-proteobacteria
(Candidatus  Vidania fulgoroideae; Candidatus Zinderia insecticola; Candidatus Nasuia
deltocephalinicola), (iii) y-proteobacteria (Candidatus Purcelliella pentastirinorum; a Sodalis-like
bacterial symbiont; Candidatus Baumannia cicadellinicola), (iv) yeast-like symbionts (YLS)
(Ophiocordyceps, Entomomyces delphacidicola) and (v) companion symbionts absent. For the
diet variable, each genus was assigned as: phloem-feeder, xylem-feeder, or parenchyma cell-
feeder. Insects within the Fulgoromorpha, Membracidae, and Deltocephalinae were inferred as
phloem-feeders, and within the Cicadoidea, Cercopoidea, Cicadellinae as xylem-feeders [44-48].
One study reported an absence of both primary and companion symbionts in sap-feeding
Auchenorrhyncha [35]. Given the nutritionally highly unbalanced composition of plant sap [1],

these cases likely represent false negatives and were therefore not included in our dataset.

(c) Comparative analyses

All our comparative analyses were performed in R (version 3.4.4.). The overlap of our full
phylogeny containing 824 tips (genera), and our full trait database (162 genera) was equal to 145
genera. Of these, we had data on primary symbiont status for 142 genera: this is the dataset we
included in our analyses (full analysed genus list available in table S4). The full phylogeny was
pruned to comprise the 142 tip genera. We first performed ancestral state reconstructions (ASRS)

to elucidate the evolutionary history of our three traits of interest. We then compared correlated
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and uncorrelated models of evolution to study the potential for evolutionary correlations between

traits [49].

For our ASRs of both diet (three levels) and companion symbiont association status (five levels),
we fitted a model of evolution for categorical traits, using the R-package corHMM (version 1.22)
[50]. We generated ER (equal rates), SYM (symmetrical) and ARD (All-Rates-Different) models
of evolution and used AlCc-weights to guide our model selection. In our diet ASR, we treated diet
state as missing for our outgroup. For our ASR of the primary symbiosis, we analysed hidden rates
models, which allow for potential variation in the rate of evolution of a binary trait [50]. We used
marginal likelihoods to estimate ancestral states and employed Yang’s method to determine the
ancestral root state for diet and companion symbiosis [51], while constraining the root to primary
symbiont presence. As before, we calculated the number of transitions between evolutionary states

assuming parsimony [13,52].

We used Pagel’s method to study potential correlated evolution among binary traits of interest,
specifically host diet and symbiotic association status [49]. Given that xylem is under negative
pressure and is particularly nutrient poor, using it as a food sources requires a highly specialised
set of adaptations including an enlarged muscle-filled head to facilitate active pumping of the
xylem sap [53]. We therefore analysed diet as a binary variable of xylem-feeding vs other food
sources (i.e. phloem or parenchyma-feeding). For the companion symbiosis, we generated three
binary variables, representing the presence or absence of the main types of companion symbionts

(i.e. B-proteobacteria, y-proteobacteria and YLS; we did not analyse a-proteobacteria this way
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because they are found in only two genera). In all cases, we used R-package phytools (version 0.6-

44) [54] to compare correlated and uncorrelated models of evolution using likelihood ratio tests.

(d) Sensitivity

All results from phylogenetic comparative analyses are subject to uncertainty in the underlying
data [55]. We therefore characterised the sensitivity of our key result of correlated evolution among
primary endosymbiosis and diet status to (i) phylogenetic, (ii) trait and (iii) taxon sampling
uncertainty. To quantify sensitivity to phylogenetic uncertainty, we regenerated our model across
the hundred bootstrap replica that were used to obtain support for our ML phylogeny, and
characterised the p-value and A-AICc for each rerun (figure S6). To study the effects of trait
uncertainty, we simulated trait dataset based on our original assignments, assuming separate false
positive and false negative rates for our data of primary symbiont (Sulcia) presence (figure S7).
This allows us to simulate an unbiased but inaccurate dataset (both high false positive and false
negative), as well as biases in the field towards detection of symbionts (high false positive, low
false negative) or towards not finding symbionts which are actually there (high false negative rate,
low false positive). Third, we tested if our key conclusions are robust to the specific genus set
sampled (figure S8). This helps address the potential for influential (groups of) genera driving the
results. We used a jack-knifing approach, randomly removing up to 30% of the genera from the

analyses [55].

3. Results

(a) Ancestral state reconstructions
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In our first analysis of 142 genera of auchenorrhynchan insects that have both phylogenetic
information and trait data, we investigated the evolutionary transitions in diet. The evolutionary
model with the best statistical support (electronic supplementary material table S2) estimates
xylem as the most likely ancestral state of the Auchenorrhyncha (likelihood of xylem-feeder:
90.1%; parenchyma-feeder 9.9%). In this model, xylem feeding is subsequently lost at the origin
of the Fulgoromorpha (planthoppers), and five times within the the Cicadomorpha (comprising
leafhoppers, treehoppers, cicadas and spittlebugs) (figure 1; figures S1 and S2). All diet switches
are from xylem to phloem sap, apart from a single switch from xylem feeding to parenchyma
feeding near the base of the Typhlocybinae (Cicadomorpha: Cicadellidae). All instances of phloem
feeding in the Auchenorrhyncha appear to be an evolutionary end-state, but the model predicts one
further transition, from parenchyma feeding to phloem feeding in the Ledrinae (Cicadomorpha:

Cicadellidae).

In the best-supported model for the primary symbiont Sulcia, the association is initially in a
relatively unstable evolutionary state (figures S3 and S4). Specifically, the symbiosis is lost five
times (calculated 4.90 losses) across the Auchenorrhyncha (figure 2) but never regained
(calculated 0.19 gains). Four of these losses occur predominantly within the Fulgoromorpha, with
a single instance in the Cicadomorpha, in the Ledrinae. In the other lineages of the Cicadomorpha,
Sulcia presence is retained, and transitions towards a stable evolutionary state (figure S4). All

losses occur in lineages that have switched from xylem to phloem or parenchyma-feeding.

For the companion symbionts, the best-supported model is symmetrical, i.e. with equal

transition rates between two states in both directions (table S2). The model predicts that the
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Auchenorrhyncha was ancestrally associated with the B-Sym symbiont (likelihood B-Sym 97.1%;
companion absence 2.9%; figure 1 and figure S5), which has been retained in most
Fulgoromorpha, as well as many Cercopoidea and Cicadellidae within the Cicadomorpha. In other
lineages, however, B-Sym was not stable, with at least nine switches to alternative companion
symbionts and a further five or six losses without replacement by a taxonomically-different
companion symbiont (figure 1). In contrast to the losses of the primary Sulcia-symbiosis, these

losses take place across all three diets observed in the Auchenorrhyncha.

(b) Correlated evolution

To evaluate the hypothesis that diet changes co-occur with changes in symbiont composition,
we compared correlated and uncorrelated models of evolution. This analysis yielded strong
evidence of correlated evolution of primary endosymbiont (Sulcia) status and diet (Likelihood
Ratio Test: p<<0.01), but no evidence of correlated evolution of diet with any group of companion
symbionts (B-Sym, p=0.49), y-proteobacteria, p=0.06, yeast-like symbionts p=0.70). Specifically,
the primary symbiont Sulcia is lost exclusively in insects that have switched from feeding on xylem
to consuming phloem or parenchyma (figure 1). The associated ancestral state reconstruction
confirms that the loss of Sulcia is invariably preceded by loss of xylem-feeding, generally by
dozens of millions of years (and in one case by up to 185 million years). Thus, loss of xylem-
feeding appears to be a required, but probably not sufficient, condition for Sulcia loss. In summary,
these results indicate an indirect evolutionary link between diet with loss of the Sulcia primary

symbiont but not with changes of the companion symbiont.

(c) Sensitivity analyses

10
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We evaluated the sensitivity of our correlated evolution results to phylogenetic, data and sampling
uncertainty using a simulation approach [55]. We found that our key conclusions are robust to
phylogenetic uncertainty (figure S6). We also simulated errors in our underlying trait data and
found that correlated evolution conclusions were robust even to 25% of our underlying trait data
being mistaken, including to biased over- or under- detection of symbioses (figure S7). Lastly, we

found that our key results are robust to variation in genus sampling (figure S8).

3. Discussion

It has been argued in much of the symbiosis literature that evolutionary acquisition, loss or
switching of microbial symbionts have been drivers of major evolutionary changes in host traits,
especially diets of animals [1,2,14,56-58]. Despite the seemingly close link between host diet and
symbiont function in the Auchenorrhyncha, the correlations identified in this study provide limited
support for this proposition. Although our finding of a perfect association between xylem-feeding
and retention of the primary symbiont Sulcia is consistent with the proposed relationship between
symbiont and diet, two other findings of this study are inconsistent. First, we obtain no association
between change or loss of companion symbionts and diet switching; both occur across all
auchenorrhynchan diets. Second, the loss of Sulcia in some phloem-feeding lineages occurs tens
of millions of years after the dietary switch from xylem feeding (figure 1), suggesting that the
change in diet is permissive for — and not a consequence of - symbiosis change.

We have also obtained strong statistical support for a xylem-feeding auchenorrhynchan
ancestor. This conclusion contrasts with the hypothesis that xylem-feeding evolved in the ancestor
of the Cicadomorpha, proposed in a recent study [59] that was not based on a formal ancestral

trait reconstruction of insect diet and contained only few Auchenorrhyncha species. Our analyses
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indicate multiple switches from xylem-feeding to phloem- and parenchyma-feeding, but no
reversions back to a diet of xylem sap. Given that no other animal group is known to feed through
the life cycle on xylem [60], we conclude that the ancestral auchenorrhynchan represents the sole
evolutionary origin of the xylem-feeding habit in the animal kingdom.

This study has provided a quantitative phylogenetic framework for the many instances of
symbiont gain, loss and switching reported for the Auchenorrhyncha in the literature [10,27]. In
particular, our quantitative data validate the long-held belief that the xylem-feeding habit in the
Auchenorrhyncha is perfectly correlated with the possession of bacterial symbionts [1] and
confirm the inference from previous studies that the ancestral symbiosis comprised the primary
symbiont Sulcia and companion symbiont -Sym [22,27,28]. The retention of Sulcia in all xylem-
feeding lineages, despite multiple switches of the companion symbiont, suggests that Sulcia has
unique traits that permit xylem-feeding. A possible explanation comes from recent metabolic
modeling, which has revealed that Sulcia converts host-derived nitrogen sources into essential
amino acids with very high efficiency [61]. This quantitative metabolic trait may be especially
valuable for host utilization of xylem sap, which has a markedly lower total nitrogen content than
phloem sap [60]. In other words, the fitness consequences of a symbiont switch from Sulcia to a
less efficient symbiont may be less severe for a phloem-feeding insect, thereby explaining how
Sulcia has been replaced by other taxa in some phloem-feeding auchenorrhynchan lineages, but in
no xylem-feeding lineages. Intriguingly, most replacements of Sulcia are evolutionarily rather
ancient, yielding a pattern of increased stability of the Sulcia symbiosis over time (figure S4).
Further research is required to investigate whether other ancient symbionts display a similar pattern
of increasing stabilization over time, and to identify the contribution of metabolic and other co-

evolved host-symbiont interactions to this trait.
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What are the factors driving the many instances of symbiont loss and replacement that are
not correlated with dietary switches in the Auchenorrhyncha? These losses may be mediated by
ecological factors other than diet. For example, many insect symbionts are relatively intolerant of
thermal stress [62], and the replacement of thermally-intolerant symbionts by tolerant strains has
been demonstrated in insects exposed to elevated temperatures in the laboratory [63].
Evolutionary or co-evolutionary processes internal to the symbiosis may also be involved. In
particular, these symbionts are subject to genomic decay because obligate vertical transmission of
small numbers of symbiont cells results in inefficient selection against deleterious mutations and
reduced symbiont functionality [64-66], favoring replacement of a deteriorating symbiont by an
alternative taxon [10,14,28]. The incidence of symbiont replacements may, however, be
constrained by the high metabolic cost of maintaining a symbiont of large genome size [61] or by
traits of the incoming symbiont that may be deleterious to the host [33].

Is the poor correspondence between evolutionary transitions in symbiont identity and host
diet in the Auchenorrhyncha generalizable to other symbioses? A key feature of this system is that
the symbiont services to the host relate to insect nutrition, involving the provisioning of essential
amino acids and vitamins, and are broadly equivalent for insects feeding on xylem and phloem sap
[67]. We predict that, as for the Auchenorrhyncha, the many instances of symbiont switches in
other hemipteran groups with nutritional symbioses [10,14] are largely uncoupled to diet-related
factors. Symbiont switches in aphids of the subfamily Lachninae (Hemiptera: suborder
Sternorrhyncha) are fully consistent with this prediction [68]. Future studies on the patterns of
symbiosis switches across larger phylogenetic scales in hemipterans other than the
Auchenorrhyncha, as well as in other animal groups with nutritional symbioses, would provide

valuable insights into this topic. We hypothesize that the evolutionary co-incidence of symbiont
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switches and shifts in ecologically-important traits of the host may be more evident for protective
functions, e.g. symbionts that either produce toxins which confer resistance to natural enemies or
detoxify dietary allelochemicals [3,69]. Here, acquisition of a symbiont capable of synthesizing or
degrading novel toxins could facilitate the exploitation of novel habitats or diets, potentially with
consequences for evolutionary patterns of speciation and adaptive diversification in the host
lineage. Other future research could check for symbiont switching between closely-related taxa
using phylogenomic analysis to test for incongruencies between phylogenies of hosts and both
primary and companion endosymbionts [22]. These hypotheses are increasingly becoming testable
due to (i) the routine availability of molecular tools for phylogenetics and symbiont identification,
and (ii) development of sophisticated comparative methods to test for large scale patterns in the

relationships between symbiont switches and host divergence and trait evolution.
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Figure Legend

Figure 1: Analysed phylogeny, trait data and key ancestral state reconstructions of the Auchenorrhyncha. Vertical bands at
the tips of the 142-genus phylogeny indicate — from left to right — primary endosymbiosis status, host diet and companion symbiosis
status. In all bands, missing data (i.e. traits could not be estimated reliably) are represented in white. Branch colours indicate inferred
companion symbiont status (full model shown in figure S5). Stars indicate the branch along which transitions from the ancestral
xylem-feeding state towards either phloem feeding (filled stars), or parenchyma feeding (open star) are inferred to have occurred
(full model in figures S1 and S2). The inset figure shows the model of correlated evolution among host diet (xylem vs non-xylem
feeding) and primary endosymbiosis status (presence and absence), indicating transition rates between the four potential
combinations of these two binary traits. Transitions rates are multiplied by hundred, and can thus be interpreted as number of
transitions per lineage per 100 million years. Transitions that are possible under the model, but were inferred to be non-existent,
are indicated with dashed arrows. The corresponding ancestral state reconstruction is represented on the phylogeny by pie charts.
From the ancestral state of feeding on xylem and associating with Sulcia (orange), primary symbiosis loss (transition towards
brown) occurred five times and was always preceded by a diet shift away from xylem feeing (purple), sometimes tens of millions

of years earlier.
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