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Abstract

Insects feeding on the nutrient-poor diet of xylem plant sap generally bear two microbial symbionts that are localized to
different organs (bacteriomes) and provide complementary sets of essential amino acids (EAAs). Here, we investigate the
metabolic basis for the apparent paradox that xylem-feeding insects are under intense selection for metabolic efficiency but
incur the cost of maintaining two symbionts for functions mediated by one symbiont in other associations. Using stable
isotope analysis of central carbon metabolism and metabolic modeling, we provide evidence that the bacteriomes of the
spittlebug Clastoptera proteus display high rates of aerobic glycolysis, with syntrophic splitting of glucose oxidation.
Specifically, our data suggest that one bacteriome (containing the bacterium Sulcia, which synthesizes seven EAAs)
predominantly processes glucose glycolytically, producing pyruvate and lactate, and the exported pyruvate and lactate is
assimilated by the second bacteriome (containing the bacterium Zinderia, which synthesizes three energetically costly
EAAs) and channeled through the TCA cycle for energy generation by oxidative phosphorylation. We, furthermore,
calculate that this metabolic arrangement supports the high ATP demand in Zinderia bacteriomes for Zinderia-mediated
synthesis of energy-intensive EAAs. We predict that metabolite cross-feeding among host cells may be widespread in
animal-microbe symbioses utilizing low-nutrient diets.

Introduction value to the host [3], while the metabolic traits of the host

cell that sustain the microbial functions has been relatively

Many symbiotic associations between animals and microbes
are nutrition based, enabling the animal host to survive on
nutrient-poor diets [1, 2]. The dominant focus of research
on these beneficial systems is the genetic and metabolic
capacity of the microbial partner to produce nutrients of
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neglected.

In various animals with intracellular bacteria, the bacterial
symbionts are housed in host cells that are morphologically
and functionally distinctive, and often aggregated as an
organ. For example, various insects possess bacteriome(s)
containing beneficial bacteria which, generally, have very
small genomes and are transmitted vertically from mother
insect to offspring [1, 4]. Bacteriomes have evolved in
insects feeding through the life cycle on nutritionally
inadequate diets, including vertebrate blood (e.g., cimicid
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bedbugs, Glossina tsetse flies), plant phloem and xylem sap
(e.g., aphids, whiteflies, cicadas, spittlebugs), and sound
wood (e.g., anobiid and bostrychid beetles). Where inves-
tigated, the bacterial partners overproduce and release either
or both essential amino acids (EAAs) and B vitamins, sup-
plementing the inadequate dietary supply of these nutrients
for the host [3].

The purpose of this study was to investigate how the
bacteriomes of an insect support the metabolic functions of
the bacterial symbionts. The symbiosis in xylem-feeding
insects is particularly suitable for this topic for two reasons.
First, xylem sap is exceptionally nutrient-poor and insects
that utilize this diet as sole food source display remarkable
metabolic efficiency [5-7]. Evidence from ancestral state
reconstruction studies shows that xylem feeding has
apparently evolved once among animals, in the ancestor of
hemipteran insects of the suborder Auchenorrhyncha, which
likely bore bacterial symbionts [8]. This suggests that the
nutritional role of the symbionts is crucial for xylem-
feeding insects and, presumably, supported by metabolic
adaptations of the bacteriomes. Second, in many xylem-
feeding insects, EAA biosynthesis is partitioned between a
primary symbiont Candidatus Sulcia muelleri (Bacter-
oidetes, henceforth Sulcia) which produces seven or eight
EAAs, and different co-primary symbionts that produce the
complementary and energetically costly set of three or eight
EAAs (methionine, histidine, and tryptophan) [9—-13]. This
dual symbiosis is likely the ancestral condition [8], and both
this and the multiple replacements of the co-primary sym-
biont have been attributed to genomic deterioration and loss
of function [4, 10, 14]. Metabolic modeling indicates that
this arrangement is metabolically inefficient because it is
more costly for a host to maintain populations of two
symbionts, each of which provides a subset of EAAs [15],
compared with supporting a single symbiont that provides
the full complement of EAAs (as occurs in many other
insects). Research on other systems, however, suggests that
partitioning of function can promote metabolic efficiency in
an energy-limiting environment [16—18] raising the possi-
bility that the division of EAA production between two
bacterial symbionts in xylem-feeding insects may confer
metabolic advantages. However, this alternative scenario
has not been investigated.

We used the spittlebug Clastoptera proteus because large
numbers of insects of uniform developmental age can be
collected from natural populations and dissected in a realistic
timeframe to isolate metabolically active bacteriomes for
study. In addition, Clastoptera symbionts Sulcia and Candi-
datus Zinderia insecticola (p-proteobacteria, henceforth Zin-
deria) are localized to different, closely associated
bacteriomes that can be distinguished by pigmentation and
can be readily separated with minimal cross contamination of
the partners (Fig. 1). These qualities make the spittlebug
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Fig. 1 Images of insect used in this study and their dissected
bacteriomes. a Adult spittlebug Clastoptera proteus. b Clastoptera
bacteriomes showing Sulcia (red) and Zinderia (orange) specific
bacteriomes. Each paired bacteriome is readily isolated, and the Sulcia
bacteriome and Zinderia bacteriome can then be separated.

Clastoptera proteus an experimentally tractable system to
compare metabolic function between bacteriomes. Genome
analysis of the bacterial symbionts in the congeneric insect C.
arizonana has revealed the capacity for complementary
nutritional functions: Zinderia can synthesize three EAAs
(methionine, histidine, and tryptophan) and riboflavin
(vitamin B2), while Sulcia can synthesize the remaining seven
EAAs [12, 19]. The symbionts of C. proteus are predicted to
have the same metabolic traits, in the light of very limited
variation in gene content and especially metabolism-related
genes, among vertically transmitted symbionts in conspecific
and congeneric insect hosts [20-22].

We tested two hypotheses: first, that the metabolism of
the C. proteus bacteriomes is programed to produce sub-
strates utilized by the bacterial symbionts; and, second, that
bacteriomes bearing Zinderia display additional metabolic
traits that facilitate the production of energetically expen-
sive EAAs. To test these hypotheses, we applied a stable
isotope-assisted metabolomics approach using '*C-glucose
and high-resolution liquid chromatography—mass spectro-
metry. Previous metabolic models of the bacterial sym-
bioses in xylem-feeding insects have presented glucose as
the major carbon source for the bacteriome [15] because
the glucose disaccharide trehalose is the dominant blood
sugar in the insect hemolymph (blood), the location of the
bacteriomes [23]. Spittlebug bacteriomes are enriched in
transcripts coding the enzyme trehalase, which mediates
trehalose hydrolysis to glucose [15]. Furthermore, our
experiments were conducted under aerobic conditions,
following the observation that spittlebug bacteriomes are
supplied with tracheae (the oxygen-delivery system of
insects) in vivo.

We extend our analysis of the empirical results using flux
balance analysis (FBA) [24] to generate predictions about
the mechanisms underlying the differences in metabolic
phenotypes observed in the Clastoptera bacteriomes. Where
reactions for processing central carbon metabolites are
duplicated between the host and symbionts, metabolic
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modeling predicts the quantitative contributions of host and
symbiont reactions to observed bacteriome metabolite pro-
files. Constraint-based metabolic modeling approaches such
as FBA are now widely used in silico tools for investigating
species interactions in complex biological systems from
humans to soils, and are particularly valuable for systems
where traditional empirical approaches are infeasible or
have a limited scope [25-29].

Our data support the presence of aerobic glycolysis in the
bacteriomes, and further reveal that metabolic routing
through the pentose-phosphate, glycolytic, and oxidative
phosphorylation pathways differ between the Sulcia-
containing and Zinderia-containing bacteriomes. These
metabolic traits serve to facilitate the production of EAAs
by the bacterial symbionts and promote the overall meta-
bolic efficiency of the insect bacteriome.

Methods
Insect collection

Nymphs of Clastoptera proteus informally known as the
dogwood spittlebug were collected from dogwood tree
branches in Ithaca, NY in June 2017 and June 2018. Insects
were collected from plants ~2 h before dissection. Insects
for each biological replicate were collected from different
dogwood plants. Species identification was carried out
at Cornell University Insect Collection (voucher specimen
CU1268).

Metabolite pool sample collection

Spittlebug nymphs were dissected with fine pins and for-
ceps in sterile phosphate-buffered saline on agar plates.
Bacteriomes containing both Sulcia and Zinderia (paired
bacteriome samples) were isolated from the insect abdomen.
For some experiments, the Sulcia-containing (red pigmen-
tation) and Zinderia-containing (yellow pigmentation)
bacteriomes (separated bacteriome samples) were separated
with fine pins. The identity of symbionts in each bacteriome
type was confirmed by 16S rRNA gene amplification and
subsequent sequencing of the amplified product. Thirty
spittlebugs were dissected to generate bacteriomes for
each of three biological replicates, immediately flash-frozen
in liquid nitrogen and stored at —80°C until further
processing.

Bacteriome incubation
Bacteriomes were incubated aerobically in filter-sterilized

base medium: (8.6 mM NaCl, 1 mM MgSO,, 0.1 mM CaCl,,
50 mM NaH,PO,, 13mM K,HPO, (trihydrate)) [pH 7.5]
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supplemented with 2 mM NH,Cl and 20 mM [U-"*C]-glucose
(3Cg 99%, Sigma-Aldrich, St. Louis, MO, USA) at the room
temperature with 10rpm agitation. The base medium is
modified from a medium developed for metabolic analysis of
the bacteriomes and symbionts of aphids [30]. This medium
supports in vitro culture of bacteriomes for extended periods
with minimal cell lysis or culture medium induced cell stress.
Bacteriomes were sacrificed for every replicate and timepoint
and no non-">C bacteriome incubations were set up for
this study.

13C isotopic profiling experiments

Dissected bacteriomes were incubated for up to 3h in
20mM 3C-glucose. At each timepoint (5, 30, 60, 120,
and 180 min), samples from three replicate sets of pooled
bacteriomes from 30 insects were either sacrificed (paired
bacteriomes) or 100 uL incubation medium (separated
bacteriomes) was collected. All samples were centrifuged at
2348 x g for 2min. Each of the bacteriome pellet and
supernatant fraction per sample was flash-frozen and stored
at —80 °C until further processing.

Metabolite extractions from bacteriomes and
extracellular medium

Flash-frozen insect bacteriomes were hand homogenized
(~10s) on ice and 100puL ice-cold filter-sterilized
base medium added to each homogenate and briefly vor-
texed. Metabolite extractions were conducted on 70 uL
homogenate and the remainder was used for protein
quantification.

Each 70 uL sample for metabolite analysis was extracted
with 1 mL extraction solvent (40:40:20 methanol:acetoni-
trile:water) at —20 °C, and incubated on ice for 2 min, fol-
lowed by three cycles of centrifugation at 19,090 x g for
2min at 4 °C, homogenization and vortexing. The super-
natant (first extract) was transferred to a new 1.5 mL
Eppendorf tube and the remaining pellet resuspended in
100 pL. fresh extraction solvent followed by an additional
round of vortexing and centrifugation at 19,090 x g for
2 min at 4 °C. The supernatant (second extract) was com-
bined with the first extract and dried under N, gas. The
dried samples were then resuspended in 100 uL HPLC
grade water for mass spectrometry analysis. For extra-
cellular metabolite quantification, 100 L flash-frozen bac-
teriome incubation medium was thawed on ice and used for
metabolite analysis.

Metabolite analysis

Cellular metabolites were identified by reversed-phase ion-
pairing liquid chromatography coupled with high-resolution
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mass spectrometry as detailed previously [31]. Briefly,
samples were run through an Acquity UPLC C18 column
(Waters, Milford, MA) at a flow rate of 0.180 mL min~! and
an injection volume of 10puL. Column temperature was
maintained at 25 °C. The MS was operated in full scan
negative mode. Metabolite identification was based on
accurate mass and matches with standard retention time.
Metabolites from the isotopic labeling experiments were
analyzed on the Metabolomic Analysis and Visualization
Engine software [32, 33]. Peak area top counts from
extracted ion chromatograms of each metabolite were used
as a surrogate for metabolite abundance and were normal-
ized to the protein content of the bacteriome samples
(Datasets S1, S2). For each sample of homogenized bac-
teriomes, protein was quantified by a colorimetric assay
using the DC Protein Assay Kit (Bio-Rad Laboratories)
according to the manufacturer’s instructions. Absorbance
was measured at 750 nm on a Bio-Rad xMark™ Microplate
reader with a standard curve of BSA (0.05-2 mg mL™).

Data analysis and visualization

Statistical differences were investigated using two-tailed
t-tests with FDR correction or one-way ANOVA followed
by Tukey’s HSD post hoc test and FDR correction for two-
treatment and more than two-treatment analyses, respec-
tively, using MATLAB (The MathWorks, Inc., Natick,
MA) and MetaboAnalyst [34]. Boxplots of metabolite
abundances, fold changes, and percent label were generated
using MATLAB.

Metabolic model reconstruction

Genome-scale metabolic models were generated for the
symbiotic bacteria of Clastoptera proteus, using the anno-
tated gene content of publicly available genomes for the
bacteria in the related species C. arizonana [S. muelleri
(CP002163.1) and Zinderia insecticola (CP002161.1)].
To obtain the bacteriome metabolic model, we collated
published metabolic models of three xylem-feeding insects
(spittlebugs, cicadas, and sharpshooters) [15] and identified
a core set of reactions (~99% of the reactions in each bac-
teriome model) present in all xylem-feeding insect bacter-
iomes regardless of insect identity or phylogeny. The genes
encoding the core reactions are highly conserved and to our
knowledge general among annotated insect genomes. This
core set of reactions was used to create the bacteriome
metabolic model with default reaction bounds (upper bound
of 1000, lower bound of —1000), as is commonly done
for genome-scale metabolic models [35]. Individual bac-
terial and insect metabolic models were integrated into a
three-compartment model using previously described
methods [15]. Model testing was conducted in COBRA

Toolbox version 3.0 [35] run in Matlab 2015b (The
MathWorks Inc., Natick, MA), using the Gurobi solver
(Gurobi Optimization 2016).

Model constraints and analysis

All model simulations applied aerobic conditions (max-
imum oxygen uptake flux of 20 mmol gDW~'h~!), and a
minimal external medium comprising glucose, ammonia,
cystathionine, and sulfate as sole carbon, nitrogen, and
sulfur sources. The constituents of the external medium
were selected to match the growth medium used for our
in vitro incubations and the nutrient auxotrophies of each
symbiont-host model. The maximum uptake fluxes for
ammonia and cystathionine were capped at 5 and 0.5 mmol
gDW 'h™!, respectively. Additional metabolites such as B
vitamins required in small quantities were added to the
external medium, the uptake fluxes of these metabolites
were left unbounded (Table S1), and the lower bound of
the biomass reaction for each bacterium was fixed at
0.01 mmol gDW’1 h™'. For all model simulations, we used
a single objective function derived from published xylem-
feeding insect metabolic models [15].

Pyruvate and lactate export simulations

Pyruvate and lactate export simulations were performed
using a three-compartment model comprising Sulcia,
Zinderia, and the spittlebug host. To simulate changing
extracellular nutrient availability, extracellular glucose
concentrations between 0.1 and 50 mM were assumed to
allow uptake fluxes between 0.1 and 50 mmol gDW ' h~L.
These constraints were applied to glucose exchange reac-
tions. Amino acids were excluded as nutrient sources in all
model simulations. Quantitative predictions for the onset of
pyruvate and lactate release from spittlebug bacteriomes
and ATP synthase flux were investigated by obtaining
unique optimal flux vectors by FBA [24, 35]. The propor-
tion of carbon released was calculated by dividing total
carbon efflux fluxes by total carbon influx fluxes and
multiplying by 100. Total carbon efflux and influx were
calculated by multiplying glucose, pyruvate, and lactate
transport reaction fluxes by the number of carbon molecules
in each transported compound.

Glucose and lactate preference assay simulations

Glucose and lactate preference simulations were performed
using two-compartment models comprising Sulcia and
the spittlebug host or Zinderia and the spittlebug host. The
two-compartment models were generated from the three-
compartment models by removing all reactions associated
with Sulcia or Zinderia and providing any essential
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nutrients provided by the removed bacterium in the extra-
cellular medium. Sulcia-spittlebug models were provided
with histidine, methionine, tryptophan, and riboflavin.
Zinderia-spittlebug models were provided with arginine,
isoleucine, leucine, lysine, phenylalanine, threonine, valine,
2-oxobutanoate, homoserine, shikimate, and pantoate. To
simulate changing extracellular nutrient availability, extra-
cellular glucose and lactate concentrations between 1 and
50 mM were assumed to allow uptake fluxes between 1 and
50 mmol gDW'h~!. Glucose and lactate transport fluxes
were allowed to be reversible for all glucose and lactate
preference assay simulations. Quantitative predictions of
glucose and lactate uptake from the extracellular medium
and ATP synthase flux were investigated by FBA [24].

Results

To investigate the metabolic traits of spittlebug bacter-
iomes that support symbiont EAA production on the
extremely nutrient limited diet of xylem sap, we first
monitored kinetic '*C profiling of central carbon metabo-
lites in spittlebug bacteriomes incubated in a base medium
supplemented with 13C-glucose (Fig. 2a). This substrate is
predicted to be metabolized by the insect cells of the
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bacteriome but not by the symbiotic bacteria, which lack
the capacity to utilize glucose as a carbon source (Fig. S1).
The first experiments were conducted on bacteriome pre-
parations containing both symbionts, which we term
“paired bacteriomes”, and subsequent experiments used
symbiont-specific bacteriome preparations, which we refer
to as “separated bacteriomes”.

Spittlebug bacteriomes are metabolically active

Monitoring of kinetic isotopic enrichment of intracellular
metabolites demonstrated that the isolated paired bacteriomes
were metabolically active (Fig. 2). We observed a steady
increase in '*C incorporation into the monitored glycolytic
metabolites [i.e., glucose 6-phosphate, fructose 6-phosphate,
dihydroxyacetone phosphate, 3-phosphoglycerate, phosphoe-
nolpyruvate (PEP)], and the pentose-phosphate pathway (i.e.,
ribose 5-phosphate (R5P)), reaching 30-80% in '*C-labeled
fractions (Fig. 2b—g). The metabolites PEP and RSP are
precursors to EAAs (Fig. 2a). Metabolite labeling in the TCA
cycle was variable, alpha-ketoglutarate did not display an
increasing trend in *C-labeling (Fig. 2h), but both citrate and
malate displayed a steady increase in *C incorporation,
reaching 11-14% in '*C-labeled fractions (Fig. 2i, j). We
also observed up to 30% '*C enrichment in two TCA
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cycle-derived amino acids, glutamate and aspartate, which are
precursors to EAAs (Fig. 2k-1).

Pyruvate and lactate exported from paired
spittlebug bacteriomes

The "*C enrichment of pyruvate was only 10% (Fig. 3a),
despite 60% '*C-labeling of its metabolic precursor PEP after
3 h (Fig. 2a). Interestingly, the '*C fraction in lactate, which is
derived from pyruvate, was 20% after 3 h (Fig. 3a) suggesting
a rapid conversion of pyruvate to lactate by the bacteriomes.
The "*C-labeled fraction in lactate (~20%), however, was
substantially lower than PEP’s (~60%), implying that rapid
conversion of pyruvate to lactate could not fully account for
the minimal label incorporated into pyruvate.

We measured the metabolites in the extracellular medium
in which the paired bacteriomes were incubated (Fig. 3b).
Compared with the 5-min incubation, the extracellular
abundance of pyruvate and lactate were both increased by
up to approximately threefold by the end of the 3-h incu-
bation, indicating that the bacteriomes exported a fraction of
the assimilated glucose as pyruvate and lactate (Fig. 3b).
The '*C fraction of the extracellular pyruvate steadily
decreased from 80% after 5-min incubation, to 50% at 3-h
incubation, but the '*C-labeled fraction of lactate, a pyr-
uvate derivative, started at ~40% and increased to ~65%
(Fig. 3c). The latter trend was consistent with the activity of
lactate dehydrogenase to produce lactate from pyruvate
(Fig. 3a). However, the trend in the labeling of the

extracellular pyruvate implied contribution of a non-labeled
precursor metabolite to pyruvate (Fig. 3c). Compared with
the extracellular labeling scheme of pyruvate and lactate,
the intracellular labeling '*C fractions were relatively lower
(Fig. 3a). This large discrepancy between the extracellular
and intracellular '*C fractions of pyruvate and lactate can be
attributed to the high extracellular levels of these metabo-
lites, which can interfere with the accurate determination of
intracellular >C enrichment (Fig. 3a—c). Nevertheless, the
relative abundance and labeling schemes of the extracellular
metabolites highlighted both rapid generation of lactate
from pyruvate and export of both pyruvate and lactate into
the extracellular environment (Fig. 3a—c).

High glucose uptake flux triggers overflow pyruvate
and lactate export

We employed metabolic modeling of the spittlebug and its
symbiotic partners Sulcia and Zinderia to investigate how
the export of pyruvate and lactate by the spittlebug bac-
teriomes varies with extracellular glucose concentrations.
Specifically, we used FBA in a three-compartment genome-
scale metabolic model, with the extracellular glucose
concentration varied between 0.1 and 50mM and the
extracellular ammonia concentration maintained at 5 mM.
Our flux simulations identified an abrupt change in the
metabolism of spittlebug bacteriomes in response to glucose
availability (Fig. S2). At relatively low glucose uptake flux
(<9 mmol g dry weight 'h™"), the bacteriomes exhibited
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Fig. 3 Comparison of intracellular and extracellular pyruvate and
lactate '3C-label incorporation during 3-h incubation. a Intracel-
lular pyruvate and lactate '*C-label incorporation. b Peak area count of
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13C-label incorporation. Monocarboxylate transporter (MCT) mediates
bi-directional transport of pyruvate and lactate. Box-plots show the
percentage of the intracellular metabolite pool that has accumulated
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glycolytic flux with minimal export of pyruvate or lactate
(<10mmolg dry weight”'h™') but, at higher glucose
uptake flux (29 mmol g dry weight™'h™'), the bacteriomes
switched to aerobic glycolysis, in which export flux of
lactate or pyruvate was substantial, ranging from 11 to
70mmol g dry weight 'h~! (Fig. S2a). Using our flux
simulations, we predicted that spittlebug bacteriomes
exported up to 90% of their total glucose-derived carbon
influx as pyruvate and lactate at the highest uptake of glu-
cose (Fig. S2b). Increasing glucose uptake flux also com-
promised oxidative phosphorylation activity in spittlebug
bacteriomes, ATP synthase flux steadily decreased with
increased glucose uptake (Fig. S2c).

Separated Sulcia and Zinderia bacteriomes exhibit
different cellular metabolomes

We tested whether separated bacteriomes displayed pyr-
uvate and lactate export when incubated with exogenous
BC-labeled glucose (Fig. 3). As observed with the paired
bacteriomes after 3-h incubations, we also obtained appre-
ciable '*C incorporation into pyruvate (50-80%) and lactate
(30-70%) in the extracellular medium of the separated
Sulcia and Zinderia bacteriomes (Fig. 4a). Relative to the
5-min incubation, extracellular abundance of pyruvate and

lactate significantly (P <0.1) increased by approximately
twofold and fourfold, respectively, in the Sulcia-bacteriome
medium by the end of the 3-h incubation (Fig. 4b, c). In the
Zinderia-bacteriome medium, the extracellular abundances
of pyruvate and lactate increased by ~1.4-fold and 3-fold,
respectively, by the end of the 3-h incubation (Fig. 4d, e)
but these increases were not statistically significant. In
addition, the median of the extracellular abundance of both
pyruvate and lactate was higher for Sulcia bacteriomes
compared with Zinderia bacteriomes for three of the five
timepoints sampled (Fig. S3). These data highlight a pos-
sible metabolic programming that may facilitate greater
export of pyruvate and lactate in Sulcia bacteriomes relative
to Zinderia bacteriome in response to exogenous glucose.
To further investigate possible differences in metabolism
between bacteriomes containing Sulcia and Zinderia, we
obtained the relative intracellular abundances of 75 meta-
bolites associated with central carbon metabolism, amino
acid biosynthesis, and nucleotide biosynthesis (Fig. S4,
Dataset S2). The Sulcia bacteriome had elevated levels of
metabolites involved in the pentose-phosphate pathway,
glycolysis, and the reduced equivalent NADH, which is
generated in surplus in glycolysis (Fig. S5a). In contrast,
metabolites involved in the TCA cycle were elevated in the
Zinderia bacteriome (Fig. S5b). Due to high-sample
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Fig. 4 Comparison of pyruvate and lactate release from Sulcia and
Zinderia-spittlebug bacteriomes. Extracellular pyruvate and lactate,
expressed as percentage of '*C-label in Sulcia and Zinderia (a)
and expressed as area count, for pyruvate and lactate in Sulcia (b, c¢)
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time post incubation [min] time post incubation [min]

and Zinderia (d, e). Asterisks indicate significant differences between
specific timepoints compared with the 5min timepoint. *p <0.1;
**p <0.05.
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variability, not all metabolites accumulated in specific
bacteriomes were statistically significant (Fig. S5).
Approximately 20% (15 out of 75) of the measured meta-
bolites differed significantly (P <0.1 and >2-fold change)
between the Sulcia and Zinderia bacteriomes after false
discovery rate (FDR) correction (Fig. S6).

The significantly different metabolites included products
from pathways in amino acid biosynthesis (Fig. S6a—c),
central carbon metabolism (Fig. S6d, e), B vitamin bio-
synthesis (Fig. S6f—g), nucleotide metabolism (Fig. S6h—m),
and glutathione metabolism (Fig. S6n-0). The EAAs
methionine and tryptophan, which are produced by Zinderia,
were significantly enriched in the Zinderia bacteriome and
aspartate, a precursor for three Sulcia-produced EAAs
(threonine, lysine, and isoleucine), was enriched in the Sulcia
bacteriome (Fig. S6a—c). Riboflavin, the sole B vitamin pro-
duced by Zinderia, and GTP the precursor for riboflavin
biosynthesis were depleted in Zinderia bacteriomes compared
with Sulcia bacteriomes (Fig. S6g, h). In contrast, the ribo-
flavin derivative FAD (an important cofactor of the TCA
cycle) was enriched in Zinderia bacteriomes compared with
Sulcia bacteriomes (Fig. S6f), suggesting differences in FAD
utilization and the availability of FAD precursors between the
Sulcia and Zinderia bacteriomes.

A

Sulcia bacteriome Zinderia bacteriome
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pyruvate  mm pyruvate MCT pyruvate
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Fig. 5 Metabolic specialization in spittlebug bacteriomes. a Model
for metabolite transfer in bacteriomes. Lactate released as an end
product of aerobic glycolysis from Sulcia bacteriomes is imported by
Zinderia bacteriomes and oxidized to produce energy. Essential amino
acids produced in each bacteriome are listed in gray boxes and energy
costs (umol ATP per umol amino acid synthesized) for the synthesis of
each amino acid are provided in parentheses. Energy costs data
obtained from ref. [9]. Reaction fluxes (solid arrows) and transport
fluxes (dashed arrows) are shown. Arrow thickness illustrate the

A final and striking difference in the datasets was the
enrichment in intracellular lactate abundance in Zinderia
bacteriomes, compared with Sulcia bacteriomes (Fig. S5a).
The enrichment of lactate in Zinderia bacteriomes
could be attributed to three mechanisms (1) increased
lactate dehydrogenase activity in Zinderia bacteriomes, (2)
decreased utilization of lactate pools in Zinderia bacter-
iomes, or (3) increased assimilation of exogenous lactate
by Zinderia bacteriomes. We decided to prioritize testing
of the last mechanism because this mechanism would
increase the metabolic efficiency of energy production, a
trait of selective advantage to insects feeding on the
extremely nutrient-poor diet of xylem sap. Specifically,
lactate requires fewer enzymatic steps than glucose to
enter the TCA cycle for energy generation, thereby mini-
mizing the protein costs associated with glycolytic enzyme
synthesis and maintenance [36] for the Zinderia bacter-
iomes. These considerations led to the specific prediction
that the Sulcia and Zinderia bacteriomes are metabolically
linked, such that host-derived glucose is metabolized by
the Sulcia bacteriome, via aerobic glycolysis, to lactate;
and this lactate is imported into Zinderia bacteriomes to
enhance energy production by oxidative phosphorylation
(Fig. 5a).
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teriomes. d In silico predictions of ATP synthase flux in Zinderia
bacteriomes when provided with glucose, a mixture of glucose and
lactate or lactate as carbon sources.
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Cross-feeding of Sulcia-bacteriome derived lactate
enhances Zinderia-bacteriome energy production

A key element to the rationale for our hypothesis that the
assimilation by Zinderia bacteriomes of lactate derived
from Sulcia bacteriomes (Fig. 5a) is that this metabolic link
enhances the oxidative phosphorylation capacity of Zin-
deria bacteriomes. To test this prediction, we applied FBA
to two-compartment metabolic models of the bacteriomes.

Our first analysis concerned the uptake fluxes of glucose
and lactate provided in silico to isolated Sulcia bacteriomes.
Our simulations reveal that Sulcia bacteriomes utilize both
carbon sources, but they utilize glucose preferentially as a
bioenergetic substrate with increasing availability of glu-
cose and lactate (Fig. 5b). Our simulations also showed that
ATP synthase flux steadily decreased in Sulcia bacteriomes
with increased glucose uptake (Fig. S7a). We then investi-
gated the uptake fluxes of glucose and lactate provided in
silico to isolated Zinderia bacteriomes. These simulations
reveal that Zinderia bacteriomes also utilize both carbon
sources. However, in contrast to Sulcia bacteriomes, Zin-
deria bacteriomes utilize lactate preferentially as a bioe-
nergetic substrate with increasing availability of glucose
and lactate (Fig. 5c). ATP synthase flux also steadily
increased in Zinderia bacteriomes with increased lactate
uptake (Fig. S7b).

We then compared the energy-generating potential of
lactate and glucose assimilated by the Zinderia bacteriomes.
These analyses reveal a progressive increase in ATP syn-
thase flux with increasing contribution of lactate (Fig. 5d).
When the Zinderia bacteriome is simulated to receive glu-
cose as a sole carbon source, ATP synthase flux was 47
mmol g dry weight ' h™! (Fig. 5d), increasing to 99 mmol g
dry weight ' h~! when lactate was provided and assimilated
by Zinderia bacteriomes in addition to glucose (Fig. 5d),
and increasing even further to 129 mmol g dry weight ' h™!
when lactate was provided as a sole source of carbon
(Fig. 5d).

In summary, our simulations show that lactate released
from Sulcia bacteriomes diverts pyruvate away from the
TCA cycle and compromises oxidative phosphorylation
activity in Sulcia bacteriomes. At the same time, lactate
released from Sulcia bacteriomes when assimilated by
Zinderia bacteriomes into the TCA cycle enhances energy
production by increased oxidative phosphorylation activity.

Discussion

This study of the spittlebug Clastoptera proteus symbiosis
with the bacteria Sulcia and Zinderia demonstrates the
metabolic feasibility and energetic advantage of the syn-
trophic splitting of the central carbon metabolism between
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the symbiosis organs (bacteriomes): glycolysis in the Sulcia
bacteriomes and the TCA cycle in Zinderia bacteriomes,
linked by lactate transfer. These metabolic traits are pre-
dicted to facilitate the metabolic function of the bacterial
symbionts. In particular, the capacity for aerobic glycolysis,
where cells preferentially use glycolysis for energy gen-
eration when oxygen is not limiting [37, 38] is adopted by
many rapidly proliferating cells, e.g., some cancer cells and
rapidly growing insect larvae [39, 40], as well as metabo-
lically active nonproliferating cells, e.g., activated cells in
the innate immune system [41, 42]. Aerobic glycolysis of
the cells of the spittlebug bacteriomes may provide pre-
cursors for both EAA synthesis by the bacterial symbionts
and, more generally, precursors for biomass increase of the
bacteriomes. Indeed, our data suggest that aerobic glyco-
lysis in spittlebug bacteriomes supports the production of
biosynthetic intermediates upstream of pyruvate. Never-
theless, our observation that most assimilated carbon is
eventually exported from spittlebug bacteriomes as pyr-
uvate and lactate raises the possibility that a subpopulation
of cells in some bacteriomes utilize the exported pyruvate
and lactate as bioenergetic substrates thereby increasing the
overall metabolic efficiency of spittlebug bacteriomes.
How might pyruvate and lactate export from spittlebug
bacteriomes impact EAA production and overall bacteriome
metabolic efficiency? Two complementary processes may
be involved. First, exporting pyruvate and lactate may
eliminate bottlenecks in maintaining high glycolytic flux
caused by accumulation of glycolytic intermediates, thereby
maintaining rapid EAA precursor production in Sulcia.
Additionally or alternatively, the exported pyruvate and
lactate may be re-assimilated for use as bioenergetic sub-
strates by a subset of the bacteriome cells. Of note, our in
silico simulations indicate that Zinderia-containing bacter-
iomes utilize lactate preferentially as a carbon source and
generate more energy from lactate compared with glucose.
These results also raise the possibility that, as in other
systems [43, 44], lactate secreted from spittlebug bacter-
iomes may function as a signal or mediate acidification of
the bacteriome extracellular microenvironment, with con-
sequences for bacteriome metabolism and the regulation of
symbiont function. While Zinderia bacteriomes can in
principle produce, export and re-assimilate exported lactate
for use as a carbon source, a few conditions make the
simultaneous production and uptake of lactate by the same
bacteriome type unlikely. First, high rates of glycolysis
deplete cellular NAD+ availability and thereby reduce
glycolytic flux [38]. To maintain high glycolytic activity,
cells alter their metabolism to regenerate NAD+ through
lactate dehydrogenase activity which converts pyruvate to
lactate and regenerates NAD+ from NADH. Second,
measurements of the direction of lactate transport between
metabolically heterogeneous eukaryotic cell populations
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suggest lactate is transported from glycolytic cells to oxi-
dative cells [45, 46].

Our demonstration that Sulcia- and Zinderia-containing
bacteriomes exhibit distinct glycolytic and oxidative meta-
bolic profiles further supports our prediction that pyruvate
and lactate produced by the Sulcia bacteriome are shuttled
to the Zinderia bacteriomes, where they can be assimilated
into the TCA cycle for biosynthetic intermediate production
and energy generation through oxidative phosphorylation.
One potential caveat to this interpretation is that contribu-
tion of different partners to metabolic reactions mediated by
both the host and symbionts could not be quantified
experimentally. Nevertheless, two lines of evidence indicate
that the host is the primary driver of bacteriome central
carbon metabolism. First, neither Sulcia nor Zinderia has
the genetic capacity to assimilate and process glucose as a
carbon source or produce and export lactate, indicating that
the host mediates glucose consumption and the production
of released lactate. Second, our model simulations predict
that symbiont contributions to metabolic reactions also
present in the host are up to 200-fold lower than in the host.

This use of multistep glucose oxidation is best docu-
mented in cells of tumors [47]. However, it is also known in
nonmalignant cells, including glycolytic astrocytes which
shuttle lactate to oxidative neurons in the brain [48, 49] and
fast ‘white’ glycolytic fibers and slow ‘red’ oxidative fibers
which exchange lactate in skeletal muscle [50, 51]. These
findings along with those observed in our insect bacter-
iomes indicate that the function of multistep glucose oxi-
dation extends beyond cell proliferation and is the hallmark
of healthy metabolism in various tissues.

A key inference from our research is that the metabolism
of bacteriomes containing Zinderia is structured to generate
the required energy needed to synthesize expensive EAAs
using products released from Sulcia-containing bacter-
iomes. This trait may contribute to the prevalence of multi-
partner symbiosis among insects feeding on extremely
nutrient-poor diets [9]. The occurrence of multi-partner
symbioses has largely been attributed to genomic decay of a
symbiont, requiring compensatory responses by either
recruitment of the lost metabolic function by the host or by
the recruitment of additional symbionts [52]. Our metabolic
modeling data demonstrate that partitioning of metabolic
tasks between multiple symbionts and metabolic speciali-
zation by the host cells harboring the symbionts may be of
selective advantage to the host by increasing resource use
proficiency and metabolic efficiency through cooperative
cross-feeding of metabolites between metabolically hetero-
geneous bacteriome populations.

How general is the incidence of metabolic differentiation
and coupling in carbon metabolism between the host cells
bearing nutritional symbionts? In the context of evidence
that a dual symbiosis including Sulcia is both the ancestral

condition and general to xylem-feeding insects [8], we
argue that this metabolic arrangement may be widespread
among insects bearing Sulcia and Zinderia, and possibly
relevant to other xylem-feeding insects that harbor different
co-symbionts with Sulcia. The evolutionary supplementa-
tion of a single symbiont with a second (or more) symbiont
(s) partitioned to different bacteriocytes has also occurred
multiple times in plant phloem sap hemipteran insects [1]
and the metabolic functions outsourced to the additional
symbiont generally comprise synthesis of energetically
expensive EAAs [9]. This raises the possibility that the
integration of the second symbiont into the symbiosis has
been accompanied by the syntrophic splitting of host cell
metabolic function. A further consideration is the potential
for functional heterogeneity among individual host cells of
bacteriomes bearing a single symbiont. As in other systems,
metabolic efficiency may be promoted by the phenotypic
specialization of a subset of host cells and their complement
of bacterial symbionts for the synthesis of costly EAAs,
supported by the products of neighboring cells displaying
aerobic glycolysis. Overall, a greater research focus on the
metabolic function of the host cell will greatly facilitate our
understanding of the evolution and function of intracellular
symbioses.

Data availability

All models have been provided in three formats—SBML
(.xml), MATLAB (.mat), and Excel (.xIs)—and depos-
ited in GitHub (https://github.com/na423/symbiosis_Wa
rburg). SBML files of the models have also been sub-
mitted to the BioModels database [53] with the following
identifiers: MODEL1908040002, MODEL1908040003,
and MODEL1908040004.
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