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While genome sequencing has expanded our knowledge of symbiosis, role assignment within multi-species microbiomes remains
challenging due to genomic redundancy and the uncertainties of in vivo impacts. We address such questions, here, for a specialized
nitrogen (N) recycling microbiome of turtle ants, describing a new genus and species of gut symbiont—Ischyrobacter davidsoniae
(Betaproteobacteria: Burkholderiales: Alcaligenaceae)—and its in vivo physiological context. A re-analysis of amplicon sequencing
data, with precisely assigned Ischyrobacter reads, revealed a seemingly ubiquitous distribution across the turtle ant genus
Cephalotes, suggesting =50 million years since domestication. Through new genome sequencing, we also show that divergent /.
davidsoniae lineages are conserved in their uricolytic and urea-generating capacities. With phylogenetically refined definitions of
Ischyrobacter and separately domesticated Burkholderiales symbionts, our FISH microscopy revealed a distinct niche for /.
davidsoniae, with dense populations at the anterior ileum. Being positioned at the site of host N-waste delivery, in vivo
metatranscriptomics and metabolomics further implicate /. davidsoniae within a symbiont-autonomous N-recycling pathway. While
encoding much of this pathway, . davidsoniae expressed only a subset of the requisite steps in mature adult workers, including the
penultimate step deriving urea from allantoate. The remaining steps were expressed by other specialized gut symbionts.
Collectively, this assemblage converts inosine, made from midgut symbionts, into urea and ammonia in the hindgut. With urea
supporting host amino acid budgets and cuticle synthesis, and with the ancient nature of other active N-recyclers discovered here,
I. davidsoniae emerges as a central player in a conserved and impactful, multipartite symbiosis.
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INTRODUCTION

Symbiotic bacteria have played integral roles in the evolution of
insects, shaping critical physiological processes while impacting
host nutrition [1]. The nature of symbiotic associations varies
across and within insect families, showing substantial taxonomic
diversity [2-4]. Variation at the intra-family level is notable
among the ants (Hymenoptera: Formicidae), where bacteriocyte-
symbioses and high biomass symbiotic gut communities appear
rare [5-7]. When present, however, they are impactful, with
several such symbionts upgrading ant nutrition in the face of
herbivorous diets. Key to these symbioses are nitrogen (N)
recycling metabolisms, which fuel the synthesis of amino acids
(AAs) ([8, 9], see also [10-14]). Such symbiont-mediated N-
recycling appears common among termites and cockroaches,
and more variable among hemipterans, true fruit flies, and

beetles [15]. Uncertainties remain in each group, with a lack of
detailed insight into the identities and origins of N-waste
molecules, and the metabolic coordination required among
N-recycling community members [16].

An ideal system for investigating N-recycling symbioses is
comprised by the turtle ants from the sister genera Cephalotes and
Procryptocerus, and their high biomass gut microbiomes [7, 17].
Localizing to the midgut, ileum, and rectum [18], extracellular
bacterial symbionts of turtle ants are accommodated within
enlarged, sometimes invaginated, gut compartments presumably
modified to house a high biomass community [19-21]. Trophal-
lactic symbiont transfer among adult nestmates [22, 23], and
vertical transfer through queens, have perpetuated these sym-
bioses, enforcing partner fidelity across a =50 million year
timespan [24, 25].
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The contemporary impacts of this symbiosis include: (1)
recycling of N [9], thought to be relatively low in turtle ant diets
[26], (2) essential AA acquisition [9, 27], and (3) construction of the
ant cuticle [27]. Demonstrated through a combination of
genomics, in vitro assays, antibiotic treatments, and isotope
labeling experiments, urea is a crucial ingredient for each of the
above three functions [9, 27, 28]. Since insects cannot catabolize
this compound, the use of urea-derived N must be facilitated by
bacterial metabolism [15]. Urease function is encoded by two
or more symbionts in most turtle ant hosts. Included
among these are the ubiquitous, cospeciating Cephaloticoccus
symbionts [9, 24].

Genomic analyses suggest other symbionts are N-recyclers as
well, deriving urea through the upstream metabolism of purines,
including urate (i.e., uric acid) [9, 28]. However, conservation of
such roles remains uncertain outside of Cephaloticoccus, stemming
in part from current challenges with symbiont phylogenetics. In
addition, despite extensive (meta)genomic investigation and the
suggested trend of divided N-recycling labor, realized gene
expression and the in vivo contexts of N-recycling genes remain
unclear. The mystery deepens, further, amidst the complexities of
a multi-generational, multi-caste, social insect society with
trophallaxis-mediated nutrient transfer [29, 30].

Among the eight bacterial orders found commonly in turtle ant
guts [17, 31-33], the Burkholderiales includes symbionts with
N-recycling potential [9, 28]. Representation within this order
appears diverse, with several operational taxonomic units (OTUs)
from the Alcaligenaceae and one from the Comamonadaceae,
being common in turtle ant adults and more sporadic among their
larvae [24]. Past phylogenetics on turtle ant-associated taxa
affiliated with the Burkholderiales suggested several distinct, yet
host-specific lineages. But inferences have relied on sparse
sampling of Sanger-sequenced 16S rRNA genes or on short
amplicon sequence reads, yielding variable results across studies
[31, 32].

Among insects, the Alcaligenaceae family has served as a
common source of symbiosis, with representatives in coleopteran,
hymenopteran, and lepidopteran hosts [34-36]. In turtle ants,
symbionts from the Alcaligenaceae encode conserved abilities to
synthesize B-vitamins, AAs [28], and a diverse array of specialized
metabolites (e.g. terpenes, polyketides type |, siderophores) that
could potentially serve as inter-symbiont signal molecules [37].
These turtle ant-associated symbionts may also be involved in
CoA-related metabolism and the decomposition of phenol or
lignin [28]. Of greatest pertinence here, is their genomic capacity
for N-recycling involving the lysis of urate (i.e, uricolysis),
terminating with the production of urea [9, 28].

Testing the contributions of one such Alcaligenaceae symbiont
toward N-recycling pathways, we combine microscopy, phyloge-
netics, in vitro metabolic assays, and in vivo multi-omic screenings
to describe a new lineage of insect-associated symbionts, with
broad distributions across turtle ants. Members of this new lineage
encode a diverse suite of intriguing biosynthetic and catabolic
metabolisms. Of central relevance are our findings that these
symbionts and other co-resident symbionts express complemen-
tary portions of the purine biosynthesis and uricolytic pathways.
Through its assisted production of urea this new symbiont
emerges as a key, cooperative N-recycler, with long-standing
impacts on the use of relatively poor diets amidst the ancestrally
predaceous and omnivorous ants [38].

METHODS

Detailed protocols for in vitro assays, phylogenetics, transmission electron
microscopy, genomics, analyses of amplicon sequencing data, fluorescent
in situ hybridization (FISH) microscopy, metatranscriptomics, and metabo-
lomics are available as Supplementary Methods. Highlights from each are
presented below.
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Bacterial cultivation and identification

Bacterial symbionts, including strain Cv33a from the newly described
symbiont species, were isolated, cultured, and characterized in vitro [9, 28].
Isolates were routinely cultured in trypticase soy broth or trypticase soy
agar supplemented with 5% newborn calf serum (Sigma-Aldrich, St. Louis,
MO, USA). The Cv33a isolate grew without the addition of calf serum when
the medium was supplemented with 20 mg/| L-asparagine, 1 ml/I vitamin
supplement MD-VS, and trace mineral supplement MD-TMS (ATCC,
Manassas, VA, USA).

All isolates were identified through 16S rRNA gene sequencing with the
universal primers 63F (5-CAGGCCTAACACATGCAAGTC-3') and 1389R (5-
ACGGGCGGTGTGTACAAG-3') [39]. The resulting amplicons were sequenced
at the Michigan State University Genomics Core Facilities using Sanger
sequencing. For isolates assigning to the Burkholderiales, we used BLAST to
identify relatives within NCBI, downloading their 16S rRNA gene sequences
for use in a multiple sequence alignment. This input was used for
phylogenetic inference using RAXML HPC2 [40] on the XSEDE computing
cluster [41].

Genomics

The Cv33a genome was previously sequenced from a cultured isolate from
Cephalotes varians turtle ants [9]. Following prior methods [28], we
screened this genome for genes encoding metabolic pathways with
central relevance in other symbioses—i.e, biosynthesis of AAs and B-
vitamins, N-recycling, sulfur and central carbon metabolism, and catabo-
lism of plant cell wall molecules [42-49]. In brief, we performed function
searches on the IMG/M-ER website [50], searching first with KEGG
Orthology identifiers (KOs) from KEGG metabolic and biosynthetic path-
ways. Enzyme commission numbers (EC), Pfam identifiers, and COG
identifiers were also used in these searches, yielding broad lists of encoded
enzymes impacting the above functions. Expression of the encoded
pathways, and of key metabolite transporters, was subsequently examined
in our transcriptomic analyses, as detailed below.

To complement the Cv33a genome analysis, we sequenced the genome
of a cultured relative from the Alcaligenaceae hosted by Procryptocerus nr.
pictipes (strain CSM3487_49), which is an ant species from the sister genus
to Cephalotes. Although Procryptocerus and Cephalotes diverged over
50 million years ago [51], species from both genera nest similarly in pre-
existing tree cavities and mainly feed on a cryptic, N-limited diet [52]. Ants
from both genera also harbor gut symbionts from the same lineages of
turtle ant specialists [17, 18, 31], sharing these through (proctodeal)
trophallaxis among nestmates [23, 52]. Phylogenetics placed the P. nr.
pictipes CSM3487_49 isolate into a lineage with Cv33a and a bacterium
encoding a “binned” draft genome, identified from the metagenome of C.
grandinosus [9]. These new Cv33a-related genomes were screened for
genes in the aforementioned functional pathways, using the Function
Profile tool in IMG/M-ER [50].

Symbiont localization via amplicon sequencing analyses and
FISH microscopy

Analyses of amplicon sequencing data. With improved phylogenetic
definitions of turtle ant-specialized taxa affiliated with the Burkholderiales,
we used amplicon sequence data from two prior papers to study the
relative abundance, cross-species incidence, and localization of the Cv33a/
CSM3487_49 lineage. To achieve this, we first mapped previously
generated 97%-OTUs from 13 Cephalotes species [24] to the 16S rRNA
gene sequences from the Cv33a and CSM3487_49 genomes, using BLASTn
[53] on the high-performance computer cluster from the University
Research Computing Facility at Drexel University. We then performed
similar BLASTn searches of these Cv33a and CSM3487_49 sequences
against the NCBI nucleotide (nt) database. A single OTU (OTUO11) was the
top hit of both Cv33a or CSM3487_49, and was tentatively assigned to this
newly described lineage. Two additional BLASTs were then performed
using the V4 16S rRNA sequence of OTUO11 as the query. In the first, 16S
rRNA sequences from all turtle ant symbionts with sequenced genomes
were used as subjects. For the second, subject sequences came from the
NCBI nt database.

Having established OTUO11 from Cv33a/CSM3487_49 as reciprocal best
hits, we next studied 16S rRNA gene sequences from the amplicon
sequence variants (ASVs) of Flynn et al. [18], who studied turtle ant
microbiomes across the digestive tract, separating the crop, midgut, ileal,
and rectal compartments. Using a similar BLAST approach to that above,
we first used the ASV sequences from Flynn et al. as queries, BLAST'ing
these against the OTU sequences of Hu et al. [24]. In a separate search, we
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used the representative sequence of OTUO011 in a BLASTn search against all
ASV 16S rRNA sequences from the Flynn et al. study. All ASVs that were
reciprocal best hits to OTUOT1 were assigned to this Cv33a/
CSM3487_49 symbiont lineage. Using the summed abundances of
Cv33a/CSM3487_49-assigning ASVs within each gut compartment, along
with 16S rRNA gPCR data, we gained insight into variable abundance of
this symbiont across the gut and host ant species.

FISH microscopy. To further our localization efforts, we used whole-mount
fluorescence microscopy for more fine-scale Cv33a localization within the
gut of adult C. varians. Whole guts were dissected from workers of two
colonies collected in the Florida Keys in August 2019 and March 2022.
These ants were euthanized in ethanol prior to fixation in PBS-4%
formaldehyde. We used a combination of fluorescent rRNA probes specific
to the Cv33a strain (Table S1) and to the Betaproteobacteria [54]. The
Cv33a-specific probe was designed with the webtool DECIPHER [55] using
full length 16S rRNA genes from the genomes of turtle ant symbionts [9].
The specificity of this probe was tested in a series of hybridization
experiments (Fig. S1).

The whole-mount FISH protocol was carried out as described elsewhere
[56]. To reduce tissue autofluorescence, specimens were bleached in 6%
hydrogen peroxide solution and in 80% ethanol for 7 days. Fresh solution
exchanges and ethanol rinses were performed daily for the first 3 days of
this protocol. Specimens were then rehydrated in PBSTx (PBS with 3 ml of
Triton X-100 added to each liter) three times for 10 min each, followed by a
rinse in hybridization buffer (0.02 M Tris-HCl, 0.9 M NaCl, 0.01% SDS, and 35
or 45% formamide in distilled water), and the final addition of
hybridization buffer with probes and DAPI staining agent (Table S1).
Samples were kept overnight at room temperature then washed in PBSTx
before being suspended in CitiFluor Mountant Solution (Electron Micro-
scopy Sciences, Hatfield, PA, USA) on a microscope slide for imaging on an
Olympus (Tokyo, Japan) FV1000 confocal microscope.

Metatranscriptomics

Dietary experiment and RNA sequencing. To study the in vivo roles of gut
symbionts, we performed RNAseq on gut tissues from field caught C.
varians and those from lab specimens fed diets containing natural foods
(pollen), or constituents thereof (urea from mammalian urine, cellobiose
from pollen) [9, 28, 32]. Through this approach, we hoped to learn whether
symbionts of mature adult workers are responsive to diet and to increase
our chances of detecting gene expression through a range of dietary
contexts.

For this research, C. varians turtle ants were collected in the Florida Keys
in October 2014. One day after arrival in the lab, 15 adult workers from
each of four colonies were dissected, with their guts being subsequently
preserved in RNAlater and stored at —80 °C. The rest were reared in a warm
room and fed with a nutrient-defined holidic diet [57] for 1 week. These
four colonies were then, each, evenly divided into four groups of 16-45
adult workers and fed one of four experimental diets, twice weekly for
3 weeks. All dietary treatments included the aforementioned holidic diet,
administered in liquid form. This was the sole food source for the “control”
diet. For the remaining three treatments, we used this holidic diet to
dissolve the supplementary food sources, creating diets of 6% honeybee
pollen (Y.S. Organic Bee Farms, Sheridan, IL, USA), 4% cellobiose, or 1%
urea (Sigma-Aldrich).

Following the dietary experiment, ants were surface sterilized using 6%
bleach and handled with bleach-sterilized tweezers. The midgut, ileum,
and rectum from each of these ants, and from the field-caught C. varians,
were dissected and ground in 500 ul of TRIzol Reagent (Invitrogen,
Waltham, MA, USA) with sterile plastic pestles. Samples were then
preserved at —80 °C until RNA extraction. A protocol involving TRIzol lysis
coupled with the RNeasy mini kit (Qiagen Ltd., Hilden, Germany) procedure
and DNase | treatment was used for RNA extraction on pools of 15-45 guts
obtained for each colony X treatment. We assessed RNA quality with a
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and depleted rRNA using
Ribo-Zero Magnetic Gold Epidemiology Kits (Epicentre Technologies
Corporation, Madison, WI, USA). RNA quantity from one sample was
insufficient, leading to a design of 19 pooled RNA samples for our
metatranscriptomics: four colonies x four lab treatments; plus three out of
these same four colonies from the field. Each RNA sample was assessed for
contaminating DNA via PCR with universal 16S rRNA primers 9Fa (5'-
GAGTTTGATCITIGCTCAG-3') and 1513R (5'-TACIGITACCTTGTTACGACTT-3)
[58]. The contaminant-free samples were then sent to the UC Berkeley
Genomics Facility for cDNA synthesis, library preparation/multiplexing, and
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sequencing in one flow cell lane on a HiSeq2500 System (lllumina, San
Diego, CA, USA). The sequencing machine was set to rapid run mode, with
paired-end sequencing runs of 250 bp in length.

Assembly and transcript count estimation. Work reported here was run on
hardware supported by Drexel’s University Research Computing Facility.
We first checked the quality of the FASTq raw reads using MultiQC v1.9
[59]. Raw read pre-treatment was performed using software compiled in
the SAMSA2 pipeline v2.2.0 [60]. Sequencing adapters were trimmed using
Trimmomatic v0.36 [61], and paired-end reads were merged using Pear
v0.9.10 [62]. We removed residual rRNAs using SortMeRna v2.1 [63], before
reverifying the quality of pre-processed metatranscriptomics with MultiQC.

The taxonomic representation in each metatranscriptome was estimated
by calculating the metatranscriptomic read coverage on previously
sequenced host and symbiont genomes [9], using Bowtie2 v2.4.1,
SAMtools v1.2, and Qualimap v2.2.1 [64-66]. Metatranscriptomic reads
that mapped to the host C. varians genome [67] were removed from
downstream analyses using Bowtie2 and SAMtools.

Using default settings of Trinity v2.11.0 [68], we performed a de novo
assembly of pre-processed reads from all 19 metatranscriptomes, creating
a single assembled metatranscriptome. The quality of the assembly was
verified using MetaQUAST, from QUAST v5.0.2 [69], with Cephalotes-
derived symbiont sequenced genomes [9] as references to estimate the
proportion of symbiont genomes being expressed. Candidate protein-
coding regions were then detected using TransDecoder v5.5.0 [70] and
clustered into unique genes (“unigenes”) using CD-HIT v4.7 [71], following
default parameters.

For each of the 19 metatranscriptomes, we estimated unigene
representation by first mapping raw reads to assembled unigenes using
Salmon v1.3.0 [72] in an alignment-based mode, with Bowtie2 as the
aligner. Abundance was obtained as counts of mapping reads using the
script align_and_estimate_abundance.pl from Trinity [73]. Recent com-
parative studies suggest that coupling within-species normalization with
adjustments for total RNA estimates in metatranscriptomes can yield
robust quantifications [74]. Therefore, we first normalized unigene counts
within individual symbionts by the counts of symbiont-specific house-
keeping genes using the DESeq2 R package [75]. We then performed a
taxon-specific scaling [76] across metatranscriptomes to adjust for
symbiont-wide differential RNA quantities. Finally, we standardized these
normalized unigene counts by effective unigene length in our transcript
per million (TPM) calculations. Such normalized, relative gene expression
units were referred to as “normalized TPM" hereafter.

Annotation and pathway reconstruction. Using Cephalotes-derived sym-
biont genomes [9], a custom database was compiled by concatenating
encoded AA sequences from (1) Cephalotes-derived symbiont genomes
sequenced from cultured isolates, (2) a C. varians gut metagenome (PLO10-
W), and (3) the C. varians host genome [67].

Metatranscriptome-assembled unigenes were first annotated with three
different databases including our custom database, the NCBI RefSeq
database [77] from July 2020, and the SEED Subsystem database [78] from
September 2017. Toward this end, we used a SAMSA2 script [60] to run
DIAMOND v0.8.38 BLASTx [79] with default settings. The metatranscrip-
tome assembly was also submitted to BlastKOALA in January 2022 to
obtain additional unigene KEGG KO functional annotations. Symbiont
taxonomic assignments from unigene annotation with our custom
database were used to extract all annotated unigenes from single
symbionts separately. Through these combined processes, we compiled
symbiont-specific annotated draft transcriptome files.

To reconstruct symbiont-expressed metabolic pathways, unigene
normalized TPMs, averaged or summed across all 19 metatranscriptome
libraries, were grouped by KEGG KOs. Lists of expressed KEGG KOs were
uploaded to the online KEGG Mapper—Color [80] to infer expressed
pathways. These lists of expressed KEGG KOs were also uploaded to
MicrobiomeAnalyst [81], and a “Shotgun Data Profiling” was generated to
obtain symbiont expression grouped into KEGG KO categories.

Metabolomics

Insect sampling and antibiotic experiment. To understand how gut
symbionts shape the identities and abundances of purine/N-waste
metabolites within adult turtle ants, we performed antibiotic manipula-
tions and metabolomic analyses on tissues from lab-reared workers. Live
ants from six C. varians colonies (Florida Keys, August 2019) were reared in
a Percival environmental chamber, with daily day:dusk:night:dawn lighting
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cycles of full-lights:half-lights:no-lights:half-lights, across 10:2:10:2-h alter-
nations (with 26:25:24:25 °C, temperature cycling). Before the experiment,
the ants were fed three times per week with a customized holidic diet [57],
stained with 0.1% of methylene blue, and diluted in half in 20% sucrose
water. In January 2020, 60 mature adult workers were randomly selected
from each colony to be used in the dietary experiment, when possible. The
lowest number of ants used in the experiment for a colony was 28. Half of
the ants from each colony (i.e., “antibiotic-treated group”) were kept in a
separate box and fed holidic diet enriched with 5% dietary fibers (Fiber
Blend from the Vitamin Shoppe, Secaucus, NJ, USA), and 0.01% antibiotic
cocktail (1:1:1 kanamycin:rifampicin:tetracycline, [9]). The remaining half
was reared separately and fed on the same diet without antibiotics (i.e.,
“control group”). The experiment was conducted for 6-10 weeks.

To verify the efficacy of antibiotics, we performed gPCR on bacterial 165
rRNA genes from three ants per experimental group, per colony
(Dataset S1). The remaining ants were processed with sterilized
instruments (i.e., forceps, capillary tubes) for use in metabolomic assays.
These ants were, first, surface sterilized using 6% bleach. After harvesting
hemolymph, we dissected their infrabuccal pocket, crop, midgut, ileal, and
rectal compartments in cold, sterile PCR water. With intended use of
infrabuccal pocket and hemolymph data in a future publication, we
include data from only the crop, midgut, ileum, and rectum here.

Individual gut compartments from several ants of the same colony and
treatment were pooled in a single pre-chilled low-protein binding 1.5 ml
tube. In total, six groups of ants (three colony replicates x two conditions)
were dissected. Each group had their own dissection blank sample,
consisting of an adult leg left in a droplet of sterile water near the zone
where the ants were dissected, to pick up contaminants that might
infiltrate the dissected tissues. Following dissection, all tissue samples were
homogenized by grinding them in 15 pl cold sterile water using sterile
plastic pestles. They were then stored at —80 °C until further processing.

Metabolite extraction, identification, and quantification. Following anti-
biotic treatment, tissues from the three colonies that had the highest
bacterial load reduction (Dataset S1) were used in metabolite extraction. Of
the 15l of homogenized ant tissues, 10 ul were used in metabolite
extraction while 5 ul were used in protein quantification (see below). In
addition to ant tissues, an extraction blank sample was included, consisting
of sterile water instead of ant tissue. Aliquots of the synthetic diets that
were fed to antibiotic-treated and experimental control ants were also
included in metabolite extraction and analysis.

Solvents were kept cold on ice or dry ice over the extraction process,
and tubes and glassware were pre-chilled in a freezer before extraction.
Metabolites from the diluted samples were extracted in a 1ml
methanol:acetonitrile:water (40:40:20) extraction solvent through a series
of centrifugations. The tubes containing metabolite extracts were then
sealed with paraffin and shipped in dry ice to the Aristilde lab at
Northwestern University. Upon reception, the samples were dried using a
nitrogen blowdown evaporator. Metabolites were analyzed using ultra-
high-performance liquid chromatography (LC) (Thermo Scientific Dionex
UltiMate 3000) coupled to high-resolution/accurate mass spectrometry
(MS) (Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap) controlled
with XCalibur software (Thermo Scientific, Waltham, MA, USA), as described
previously [82, 83].

Blank correction and normalization. To correct for potential contamination
that may have occurred during metabolite extraction, the concentration of
each metabolite in each sample was subtracted by its concentration from
the extraction blank sample. We then corrected for potential contaminants
stemming from dissection using dissection blank samples (Dataset S2).
To avoid biases in metabolite quantities being disproportionally higher
in heavier tissues and in colonies with larger ant individuals, we
standardized blank-corrected metabolite concentrations by protein con-
centration from the same samples, using this protein measure as a proxy
for insect tissue biomass [83]. To quantify proteins, we used a DC Protein
Assay Kit (Bio-Rad Laboratories, Hercules, CA, US) with standard dilutions of
known concentrations of bovine serum albumin protein, following the
manufacturer’s standard procedure for 96-well plates. Absorbance was
read at 750 nm using a plate reader. Blank-corrected absolute metabolite
concentrations were then divided by sample-specific protein quantities,
which had also been blank-corrected (protein concentration from an ant
group minus protein concentration in dissection blank sample from the
same ant group). Metabolite concentrations were then quantified as
micromole per gram of protein (“umol/g of protein”). We acknowledge
that, with this normalization method, we possibly underestimated
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metabolite concentrations from midguts, since protein concentrations in
these tissues were remarkably high (midguts: 4.19 mg/ml+1.10,
Dataset S2).

Data analysis. To fit concentrations across metabolites to a normal
distribution, we performed generalized logarithmic base 10 (glog)
transformation, a method that stabilizes the variance [84], implementing
these calculations in MetaboAnalyst [85]. The glog-transformed data were
then loaded on R v3.6.3 [86] for statistical analyses. Due to our small
sample size and the zero-inflation (i.e, high number of zero values)
inherent to metabolomic studies, glog-transformed data did not always
approximate normal distributions. Nevertheless, in metabolomic studies
that use few replicates, it has been recommended to apply parametric
tests [87]. We therefore tested whether the metabolite concentrations
were significantly different between antibiotic-treated and control ants
using linear mixed models implemented in the Ime4 R package [88]. The
models were as follows: “Metabolite concentration ~ Condition * Tissue +
(1|Colony of origin)”. The last term of the model, included as a random
effect, allowed us to control for ants originating from the same colony.
We next performed pairwise post hoc tests to identify tissues where
antibiotic treatment significantly altered metabolite concentrations. We
used the emmeans R package [89] to compute the estimated margin
means [90] on the interaction Condition:Tissue terms of our linear mixed
models. In doing so we applied an asymptotic degrees-of-freedom
method. All p values from these tests were adjusted using the false
discovery rate method [91] with the “p.adjust” function from the R stats

package, focusing only on purine metabolites (n=9 purine
concentrations).
RESULTS/DISCUSSION

Ischyrobacter davidsoniae—a newly described symbiont
genus and species from turtle ants

Through a multi-year effort at cultivation and molecular barcoding
aimed at symbionts from 11 turtle ant species, we identified
hundreds of bacterial isolates assigning to the order Burkholder-
iales (Fig. 1A). Phylogenetics of 16S rRNA genes revealed that
nearly all of 317 isolates from the Burkholderiales fell into one of
five turtle ant-specific clades. A protein phylogeny, focused on
members of the Alcaligenaceae and built with three genes
conserved among bacteria (SmpB, RpoB, and UvrB), further
supports the existence of separately domesticated clades affiliated
with the Burkholderiales exclusive to turtle ants (Fig. S2). One of
these clades found on both trees included the Cv33a isolate from
C. varians, which clustered with other C. varians-derived isolates
(Figs. 1A and S2). Bootstrap values for this clade reached 97%, and
100% for the three-protein phylogenetic tree. Clustering of
cultured isolates into this same clade on the 16S rRNA tree
suggested that the Cv33a lineage had representation in seven of
the 11 turtle ant species targeted with culturing. Absence was
found in only those species with lower sampling effort (Fig. 1B).
This cohesive group thus appears widespread across turtle ants.
We return to this possibility, in our analysis of amplicon sequence
data, below.

Providing insight into divergence from non-symbiotic relatives,
we found that the Cv33a 16S rRNA gene shared ~93% nucleotide
identity with homologs from Bordetella hinzi, B. holmesii, and
Pusillimonas noertemannii. Under a range of molecular clock
speeds [92, 93], this suggests that their last common ancestor was
relatively ancient. Percent identity to the closest relatives in our
16S rRNA phylogeny (NCBI accession numbers HQ184355 and
ABO21352, Fig. 1A) ranged from 92.7-94.4%, falling below the
95% genus-level threshold adopted in prior studies (e.g. [94]).
While these unstudied, bacteria may prove the closest relatives of
the Cv33a lineage, a sister-taxon status to Pusillimonas was
supported in our three-protein phylogenetic tree (Fig. S2).
Genome-wide pairwise average nucleotide identity (ANI) between
Cv33a and this Pusillimonas genus fell at 72% (Table S2). These
ANIs, in turn, fell just below the mean (74.0%) and median (73.1%)
demarcation values among genera [95].
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We cultivated and characterized strain Cv33a, isolated from the
gut of a C. varians ant worker. This strain was vibrioid in shape, in
culture, and ranged from 1.4-1.8 um in length and 0.4-0.6 um in
width (Fig. 1C, D). Its morphology was in line with a morphotype
observed and described by Roche and Wheeler (1997) [21] from
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Bordetella bronchialis AUT089 EU082149
,_‘_E Candidimonas sp. UCM-F49 KU052685

Bordetella bronchiseptica P2210 LT223643

Saccharedens-

C. rohweri hindguts: a short rod “with wavy outer membranes”. Strain
Cv33a had a Gram-negative type outer membrane and thin cell wall,
as confirmed with light microscopy and Gram staining. We further
characterized the biochemical and metabolic traits of this bacterium
through additional in vitro assays (see Fig. S3 and Table S3).
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Fig. 1 Genetic relationships and morphology of the newly described Ischyrobacter clade. A 16S rRNA maximum likelihood phylogeny
illustrating the diversity of cultured isolates affiliated with the Burkholderiales from turtle ants. Symbiont phylogeny includes 317 cultured isolates
with partially sequenced 16S rRNA assigning to the Burkholderiales order. These isolates came from 20 colonies spanning 10 species of Cephalotes
and one species of Procryptocerus. Host species of the isolates present at the tips are identified by the strip colors, with correspondence shown in
(B). Turtle ant-specific clades are highlighted with light blue shaded squares. Most clades that included three or more members of one strain from
one host ant species were collapsed to economize space. The identifiers of the strains in collapsed clades can be found in our data repository.
These collapsed clades were numbered to ease referencing. The Ischyrobacter clade is highlighted with a black border. It includes genome-
sequenced isolates Cv33a in clade 14 and CSM3487_49 in clade 13 (see Fig. S2). In addition to cultured isolates, this analysis included closely
related sequences from previous culture-independent studies using cloning (after universal primer amplification) or direct sequencing (after
amplification with diagnostic PCR)—each of these is associated with an NCBI accession number. Included further were sequences from cultured
isolates with sequenced genomes (e.g. “Cv33} “Cag32”), and a subset of the relevant reference sequences affiliated with the Burkholderiales from a
prior 16S rRNA amplicon sequencing study ([32]; names starting with “OTU"). Sequences that were not derived from turtle ants were identified
through BLASTN searches. The tree was rooted using two members of the Gammaproteobacteria. Names for turtle ant-derived cultured isolates
were after their colony collection codes, and began with “Cs; “CSM7 “JDR;] “JR” or “SP" B Phylogeny of host turtle ants, based off of Price et al. [126].
Color shading given to turtle ant taxa is used for the color strips and circles in (A) to identify the host species, when possible (see gray box below
phylogeny for exception). Indicated above phylogeny are the numbers of cultured isolates from each species of interest included in the
phylogenetic analysis of the Burkholderiales (R), and, in parentheses, the numbers falling within the Ischyrobacter clade. C, D Transmission electron

microscopy images of the Cv33a isolate strain revealing size and shape of I. davidsoniae bacterial cells.

Combined genetic and phenotypic divergence from neighbor-
ing taxa warrant the classification of strain Cv33a as a new species
and genus within the Burkholderiales family Alcaligenaceae,
proposed here as Ischyrobacter gen. nov., davidsoniae sp. nov.
Ischyrobacter gen. nov. (Is.chy.ro.bac’ter. Gr. masc. adj. ischyros,
strong; N.L. masc. n. bacter, rod or bacterium; N.L. masc.
n. Ischyrobacter, a strong bacterium). Ischyrobacter davidsoniae sp.
nov. (da.vid.so'ni.ae. N.L. gen. n. davidsoniae, named in honor of
Dr. Diane Davidson). These terms, together, represent the strong
contributions made by this bacterium to key aspects of
herbivorous ant ecology, and Davidson’s innovative research
within the fields of ant ecology and symbiosis [22, 26].

Prior sequencing of the I. davidsoniae Cv33a isolate genome
had revealed its capacity to participate in N-recycling by
converting purine metabolites (guanine, hypoxanthine, xanthine,
and urate) into urea [9]. Our additional genomic annotations, here,
uncovered further metabolic features (Dataset S3), while assess-
ment of two additional genomes from strains in the Ischyrobacter
clade (grandinosus-Bin-5 from C. grandinosus and CSM3487_49
from P. nr pictipes, Fig. S2) revealed that several of these properties
are conserved (Dataset S4). We note, further, that the 82.8% ANI
between CSM3487_49 and Cv33a (Table S2) is comparable to 83%
ANI among divergent Buchnera strains, the primary endosym-
bionts of most aphids, with 50-70 million years of separation
[96, 97]. N-recycling conservation in Ischyrobacter genomes
(Dataset S5) has thus clearly spanned a substantial period of
evolutionary history, which is discussed below.

Broad distributions and gut localization among Ischyrobacter
symbionts

Using prior 16S rRNA amplicon data, we assessed the prevalence of
the monophyletic I davidsoniae lineage across turtle ant species.
Toward this end, we first mapped 16S rRNA V4 region reads from a
previous study [24] onto our genome-derived 16S rRNA sequences
for I davidsoniae. In doing so we identified one OTU (OTUO11)
showing higher relatedness to our Ischyrobacter clade than to any
other turtle ant symbiont or any bacterium from NCBI (Dataset S6).
While not dominant, this Ischyrobacter-matching OTUO11 ranked
among the top 10 most abundant symbionts in whole worker
microbiomes across 13 Cephalotes species surveyed in a prior study
[24]. This OTU was also recorded in immature (pre-mated) queens
and in some middle-to-late stage larvae [24]. Through additional
mappings, this Ischyrobacter OTU011 was found to be highly similar
to 16 amplicon sequence variants (ASVs), sampled from gut tissues
of 11 Cephalotes species, including six unique to this second
amplicon sequence study [18]. Through similar means, Ischyrobacter
was found in one studied species of Procryptocerus [18]. Across the
two assessed amplicon sequencing studies, Ischyrobacter was, thus,
present in all 20 surveyed turtle ant species.
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Roughly matching prior patterns at the Burkholderiales order
level [18], we found the 16 Ischyrobacter-mapping ASVs from Flynn
et al. [18] to be at low abundance in the crop and midgut, but at
high relative abundance in the ileum and rectum (Fig. 2A).
Accounts of total symbiont titer across each gut compartment,
ascertained through analysis of amplicon sequencing and qPCR,
suggested the ileum was the primary site of Ischyrobacter
colonization (Dataset S7).

FISH microscopy added new precision to these results across
gut compartments. Most intriguing was the high concentration of
I. davidsoniae at the anterior ileum of C. varians workers, with close
proximity to the pyloric valve (Figs. 2B-D and S4). High abundance
at the site of Malpighian tubule-mediated, insect N-waste delivery
fit some expectations for this presumed N-recycler [98]. Fluor-
escent signal for I davidsoniae remained high in the enlarged
portion of this ileal gut compartment, found immediately down-
stream of the pyloric valve, before diminishing toward the medial
and posterior segments and then, reappearing in the rectum
(Figs. 2B-D and S4). Signal with our generic betaproteobacterial
probe revealed some partially distinct localizations, with non-
Ischyrobacter members of this group being uniquely abundant
within the medial ileum (Fig. 2B). Through our efforts here,
Ischyrobacter becomes the second turtle ant-associated symbiont
genus with a well-defined spatial ecology, joining Cephaloticoccus
(Verrucomicrobia: Opitutales) [18, 33, 99]. Localization inferences
had been more straightforward for this latter urea-recycling
symbiont, due to lower diversity, with just a single domestication
within the Opitutales lineage [24].

In vivo I. davidsoniae metabolism inferred from
transcriptomics—amino acids and precursors
To provide insight into the realized function of I. davidsoniae, we
mapped RNAseq reads from 19 C. varians gut metatranscriptome
libraries against reference genomes of turtle ant gut symbionts. As
described earlier, RNAseq libraries came from adult workers
preserved directly from the field or after dietary experiments in
the lab. Through these combined efforts, we gained insights into
separate symbiont contributions under a range of dietary
conditions. A total of 4500 assembled contigs mapped back to
the I. davidsoniae isolate genome. These contained 1530 unique
genes (“unigenes”, Dataset S8), suggesting expression of 45.3% of
the genome, with an average of 8.76x coverage per gene. Change
in diet had minimal detectable impact on I davidsoniae gene
expression, since only one unigene was significantly differentially
expressed, i.e., between ants on urea-rich versus control diets
(Fig. S5).

While we return later for discussion of symbiont-mediated N-
recycling gene expression, we first focus on gene expression in
amino acid (AA) metabolism, a critical function of the turtle ant
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different turtle ant species across two recent studies [18, 24]. Results combine amplicon sequencing data with qPCR for abundance
comparisons, weighting the gut section Ischyrobacter relative abundance (amplicon sequencing) by total bacterial absolute abundance
recorded in turtle ant species (QPCR). Gray crossed out squares correspond to gut sections with no gPCR data from studies used. For the color-
coded squares, “C" is for crop, “M" is for midgut, “I” is for ileum, and “R" is for rectum. B FISH microscopy image showing colonization of /.
davidsoniae in hindgut sections of a C. varians worker. Note that the posterior portion of the ileum is hidden by rectal glands. Blue color
depicts DNA, green is for Betaproteobacteria (including Ischyrobacter sp.), and red shows I. davidsoniae cells. Uppercase labels correspond to
anatomical regions as in Bution and Caetano [19]. C, D Single color images representing gut colonization by /. davidsoniae in another C. varians

worker. Both panels are the same picture but colorized via distinct fluorescent signal: green for DNA and pink for I. davidsoniae cells.

gut microbe symbiosis [27]. Our transcriptomic analyses revealed
“Amino Acid Metabolism” to be the second most highly expressed
KEGG functional category by [ davidsoniae in vivo (9.8% of
normalized TPMs on average, Fig. S6). While past genomic studies
have emphasized the importance of symbiont-encoded AA
biosynthesis [9, 28], we found that /. davidsoniae expressed genes
not only to synthesize these compounds, but to also catabolize
them. In vitro metabolic assays showed that four polar AAs,
including one essential AA (L-histidine) and three non-essential
AAs (L-aspartate, L-glutamate, and L-serine), supported Cv33a
strain growth, among the twelve AAs examined (Table S3). In vivo
gene expression, accordingly, suggested use of these four polar
AAs to synthesize several other proteinogenic AAs, including two
essential AAs (L-methionine and L-threonine) and six non-essential
AAs (glycine, L-alanine, L-arginine, L-cysteine, L-glutamine, L-
methionine, and L-threonine) (Figs. 3 and S7). I. davidsoniae also
expressed genes to export branched-chain AAs or their precursors
(Fig. S8). Despite encoding a shikimate pathway (Figs. 3 and S7),
this symbiont did not express this pathway in full under the
studied conditions, raising questions on its importance at earlier
life stages [100], such as the callow worker stage, when cuticle
formation is an active, intensive process [23].

In vivo I. davidsoniae metabolism inferred from
transcriptomics—cofactor, vitamin, and energy metabolism
Rivaling the expression of AA metabolism genes was the expression
of genes shaping energy, cofactor, and B-vitamin metabolism.
Indeed, 42.1% of total normalized TPM |I. davidsoniae expression, on
average, was assigned to the KEGG category “Metabolism of
Cofactors and Vitamins”, and 74% was assigned to “Energy
Metabolism” (Fig. S6). Genes for eight subunits of the large NADH-
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quinone oxidoreductase complex were expressed by I. davidsoniae in
vivo (Figs. 3 and S9), indicating a likely functional complex to oxidize
NADH to NAD" in the generation of ATP. The gene encoding NuoN,
a subunit of this complex, was the third most highly expressed KO
encoded by this symbiont (5039 normalized TPMs total for K00343,
Dataset S8), and the only one to be significantly differentially
expressed between ants fed control and urea-rich diets (Fig. S5).

Also related to NADH/NAD™ is the enzyme nicotinate phos-
phoribosyltransferase, a function encoded by the pncB gene
(K00763), which aids in converting nicotinate to NAD™. This gene
was the most highly expressed KO function in vivo, for I
davidsoniae (33163 normalized TPMs total for this KO). Another
highly expressed gene, ribF (K11753), is involved in the utilization
of a B-vitamin to produce an enzymatic co-factor. Specifically, this
gene codes for riboflavin kinase/FMN adenylyltransferase, which
transforms riboflavin into FAD. The assigned ribF KO function
ranked fourth among those expressed by I. davidsoniae (4381
normalized TPMs).

Only portions of the TCA cycle were expressed in vivo (Figs. 3
and S9), despite representation of the complete TCA cycle in the 1.
davidsoniae genome. However, expression results suggested that
several key metabolites in the TCA cycle could be produced
through other pathways, including the catabolism of aromatic AAs
(Fig. S7), other aromatic compounds (e.g. benzoate, vanillate
derivatives), or secondary metabolites (e.g. 3-oxopimeloyl-CoA,
salicylate) (Fig. S9). Genes coding for transport of aromatic
compounds may also have been expressed by this symbiont
because some of the liv unigenes (presumably for branched-chain
AA transport) were annotated as benzoate transporter genes by
alternative databases (Fig. S8 and Dataset S8). These combined
patterns imply the use of aromatic compounds as a carbon source,
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L-threonine, “Trp” = L- tryptophan, “Tyr” = L-tyrosine, “Val” = L-valine, “Xanth” = xanthine.

with influx into energy-generating pathways. Such aromatic
molecules may be obtained from plant-derived lignins, flavonoids,
or plant defensive compounds [101, 102]. The abilities of I
davidsoniae to scavenge such aromatics is unique among ant-
associated symbionts, though similar to findings from termite and
desert locust symbioses [103, 104].

Our final focus outside of the N-recycling category includes two
components of sulfur metabolism—an overlooked element of
terrestrial animal symbioses (but see [42, 105])—with joint
implications for AA and energy metabolism. First among these
were assimilatory capacities to import and reduce sulfate to
hydrogen sulfide. Being encoded by the Blochmannia symbionts
of carpenter ants [106], nearly all steps required for such capacities
were expressed by [ davidsoniae (Fig. S9). Beyond this, I
davidsoniae expressed genes involved in hydrogen sulfide
oxidation, producing sulfate in two energy-generating steps.
Biological sulfide oxidation is typically conducted in oxic-anoxic
transition zones (high-to-zero O, concentrations) with high levels
of hydrogen sulfide [107]. While it is not yet known whether
anoxic conditions are common in turtle ant guts, our in vitro
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assays showed that /. davidsoniae Cv33a could only be grown
under oxic to microoxic conditions (Fig. S3), raising questions on
the context for sulfide-oxidizing gene expression.

Ischyrobacter N-recycling inferred from genomics and
transcriptomics

Prior work has demonstrated that the urea-recycling activities of
gut symbionts support free AA pools and cuticle synthesis of adult
Cephalotes ants [27]. These symbionts gain further cuticular and N
economy relevance from their localization at the site of host N
waste delivery (Fig. 2A, B) and their genome-encoded urea-
generating abilities [9]. Our genomic analyses revealed here that
urea-generating metabolisms are encoded in the two Ischyrobac-
ter isolates with sequenced genomes: Cv33a and CSM3487_49
(Fig. 4A and Dataset S5). The partial, binned, Ischyrobacter genome
from C. grandinosus encodes at least a portion of this same
pathway, as well. Thus, while symbiont roles can change after
domestication (e.g. [108-111]), we see little evidence for such
change to longstanding capacities for Ischyrobacter N-recycling.
Future studies on this possibility are of clear interest.
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Vibrioid-shaped bacterial cells correspond to I. davidsoniae and its expression, while the rod is for another turtle ant-associated taxon affiliated
with the Burkholderiales. “AAs” = amino acids, “IMP” = inosine 5-monophosphate, “NHs” = ammonia, “PRA” = 5-phosphoribosylamine.

To test whether the urea-generating, purine-catabolizing genes
of Ischyrobacter are expressed in mature adult workers, we
examined transcripts from this 7-step pathway across our 19
RNAseq libraries. We first note that /. davidsoniae was one of four
or more symbiont lineages expressing transporters for hypox-
anthine or guanine (K06901/ygfQ, Fig. S10)—purine precursors
within the urea-generating pathway. This symbiont was unique in
its expression of the guaD gene converting guanine to xanthine,
and of the xdh genes encoding the multi-subunit xanthine
dehydrogenase known to yield urate from hypoxanthine or
xanthine (step 3, Fig. S10). The xdh genes encoding these three
subunits were among the most highly expressed I. davidsoniae
unigenes (Fig. 4B), with a sum of normalized TPMs >45 for each
(Dataset S8). At the top of this list was a single unigene encoding
the XdhB subunit, which was the sixth most abundant in the /.
davidsoniae Cv33a draft transcriptome (sum of normalized
TPM = 3160).

Despite the above evidence that I. davidsoniae produces urate
(i.e., uric acid) in vivo, we found no evidence for expression of this
symbiont’s puuD uricase (Fig. 4B). Assays performed on gut-
isolated /. davidsoniae Cv33a further suggested that urate was not
used under the studied in vitro conditions. Not only was uricase
activity negligible in these cultures, but urate did not increase /.
davidsoniae growth when added to growth media (Fig. S11).
Expression of other N-recycling genes, but not puuD uricase, is
consistent with the N-recycling gene architecture within the
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Cv33a genome. Specifically, while this symbiont possesses most
such genes in proximity on a single gene cluster, puuD was found
on the antisense DNA strand [9], suggesting separate gene
regulation and distinct contexts for expression. It is thus plausible
that this puuD uricase gene is transcribed by I. davidsoniae when
ants consume foods with high levels of urate or similar molecules
(e.g. reptile urine [112]). It is also possible that expression occurs
when I. davidsoniae colonizes larvae, in young queens or soldiers,
or during early stages of colony lifespan.

Fitting with its lack of in vivo uricase-encoding gene expression,
I. davidsoniae expresses genes coding for a transporter enabling
cross-membrane passage of urate or xanthine (UacT/YgfU, Fig. 4B).
Here we propose that it exports the former molecule into the gut
lumen, where it is acquired by other symbionts for further
metabolism. Supporting this latter supposition was our finding
that three or more non-Ischyrobacter symbionts from the
Burkholderiales expressed puuD uricase (step 4, Fig. S10) and
PRHOXNB OHCU decarboxylase genes, filling this “gap” within the
urea-generating pathway to make allantoin from urate. Then, /.
davidsoniae appears likely to import allantoin, given its expression
of the pfam02133/K03457 transporter across the studied adult
workers (Fig. 4B). This symbiont further transcribed the genes to
produce urea (Figs. 4B and S10), matching in vitro observations of
allantoin-based urea production ([9], Fig. S12).

With evidence that I davidsoniae and other symbionts
collectively express all necessary steps for the uricolytic, urea-
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generating pathway, our data suggest N-recycling to be a multi-
symbiont, collaborative activity. Given the further expression of
urea transporter genes (urtA and urtC transcripts) by I. davidsoniae,
and of urease genes by Cephaloticoccus and symbionts from the
Rhizobiales order (Fig. S10), we see a fulfilled potential for
collaborative symbiont derivation of NHs. I. davidsoniae expressed
genes for NH3 assimilation into AAs via glutamine synthetase
("GS”; glnA, Fig. S6), while other symbionts encode GS/GOGAT
genes as well [9], hinting at combined N-assimilation efforts with
further impact on ant AA budgets.

Multi-omic insights into the N-recycling collaboration—
symbiont origins of I. davidsoniae-utilized hypoxanthine
With transcriptional evidence elucidating symbiont roles in turtle
ant N-recycling, our data provide further support for Davidson’s
hypothesis on the enrichment of N-provisioning symbioses
among herbivorous ants [26]. We next turned to an in vivo
metabolomic analysis to further study host- and symbiont-
impacted N-recycling, assessing whether antibiotic treatment,
that induced drops in symbiont titers (Dataset S1), impacts the
concentration of several purines in different turtle ant gut
compartments. We note first that absolute measures of urate,
allantoin, and allantoate, which constitute common insect
N-wastes [113], were not possible due to the absence of standards
for these three compounds in our LC-MS runs. Relative measures
obtained here (Fig. S14), instead provide an interesting start for
future study. However, absolute measures were obtained for
several purine precursors of urate and its derivatives. Among these
were guanine and xanthosine, found sporadically, at low
concentrations, across the crop, midgut, ileum, and rectum of C.
varians workers (Fig. S13). More abundant, with intriguing
differences across gut compartments and under antibiotic
treatment, were adenine, adenosine monophosphate (AMP),
guanosine, hypoxanthine, inosine, inosine monophosphate (IMP),
and xanthine (Figs. 4C, 5A and S13). Across the detected
molecules, only adenine and guanosine were found in the
provided ant diet, although, at very low concentrations
(<0.2 uM), suggesting purines in C. varians guts came from ant
or bacterial metabolism.

Of central importance to Ischyrobacter metabolism (Fig. 4A, B)
were findings that xanthine and hypoxanthine were the most
abundant purines across the ileal and rectal gut compartments of
symbiont-housing, control ants (Figs. 4C and S13). But in
symbiont-suppressed, antibiotic-treated-individuals, hypoxanthine
was virtually absent (antibiotic versus control in ileum: emmeans,
estimate = —1.41, zratio=—3.19, p adjusted <0.05; antibiotic
versus control in rectum: emmeans, estimate = —1.17, z-ratio =
—2.66, p adjusted <0.05, Fig. 4C). Xanthine levels were also
strongly reduced under antibiotic treatment (Fig. S13 and
Dataset S9). These data suggest that symbiotic gut bacteria are
a major source of both metabolites.

Given the high abundance of I. davidsoniae in both the ileum
and rectum (Fig. 2A, B), and its expression of genes to import and
convert hypoxanthine into urate (Fig. 4B), symbiont-produced
hypoxanthine may be a major fuel for this part of I. davidsoniae
metabolism. To identify hypoxanthine producers, we broadened
our study of the purine metabolic pathway, noting first that
hypoxanthine can be directly produced from inosine in one
enzymatic step. Our metabolomic data showed inosine to be the
most abundant midgut purine within symbiont-housing ants, after
AMP and IMP (Figs. 5A and S13). But antibiotic treatment
eliminated nearly all midgut inosine (emmeans, estimate = —1.54,
z-ratio= —6.71, p adjusted <0.001, Fig. 5A and Dataset S9). In
contrast to these results were findings from the ileum where
inosine levels were elevated by antibiotic treatment (emmeans,
estimate = 0.66, z-ratio=2.87, p adjusted <0.05, Fig. 5A and
Dataset S9). Symbionts would thus appear to enact net inosine
production within the midgut, and net inosine consumption
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Fig. 5 Inosine production by Cephaloticoccus capnophilus in the
midgut. A Concentration of inosine, as measured through in vivo
metabolomics across gut sections in antibiotic-treated (red) and
control (blue) ants. Gut sections are as follows: “CR"=crop,
“MG” = midgut, “IL" =ileum, and “RE” =rectum. Asterisks indicate
significant differences between the two conditions for metabolite
concentrations in given gut sections, at FDR-adjusted p < 0.1, tested
via emmeans of the interaction Conditions:Tissue based on a linear
mixed model. B Purine biosynthesis pathway and associated
transporters encoded and expressed by the midgut dominant
Cephaloticoccus capnophilus in vivo. Arrow color shows, for the
highest Cephaloticoccus expressed genes, their transcript per million
(TPM), averaged across the 19 metatranscriptome libraries. “P” is the
abbreviation for phosphate, “6PG” = 6-phospho-D-gluconate,
“6PGDL" = 6-phospho-D-glucono-1,5-lactone,  “Al-2E” = Autoindu-
cer-2 exporter, “AICAR” = 5-aminoimidazole-4-carboxamide ribotide,
“AIR” = aminoimidazole ribotide, “Asp” = L-aspartate, “CAIR" = 1-(5-
phospho-D-ribosyl)-5-amino-4-imidazolecarboxylate, “CAPRIDAZ" =
5-carboxyamino-1-(5-phospho-D-ribosyl)imidazole, “Cys" = L-
cysteine, “F1,6BP” = p-D-fructose 1,6-bisphosphate, “FAICAR” =5'-
phosphoribosyl-5-formamido-4-imidazolecarboxamide, “FGAM" =
5'-phosphoribosyl-N-formylglycinamidine, “FGAR” = N-formylglyci-
namide ribonucleotide, “G3P” =glyceraldehyde 3-phosphate,
“GAR” = glycinamide ribonucleotide, “Glc6P” = 3-D-glucose 6-phos-
phate, “GIn” = L-glutamine, “Glu” = L-glutamate, “IMP” = inosine 5'-
monophosphate,  “NH3”" =ammonia,  “Phe” = L-phenylalanine,
“PRA” = 5-phosphoribosylamine, “PRPP” = 5-phosphoribosyl dipho-
sphate, “R5P” =ribulose 5-phosphate, “SAICAR" = 1-(5"-phosphori-
bosyl)-5-amino-4-(N-succinocarboxamide)-imidazole, “Tyr" = L-
tyrosine, “Xylu.” = xylulose.

downstream within the ileum, where Ischyrobacter would utilize
the derived hypoxanthine (Fig. 6).

Metatranscriptomics allowed an independent test of these
metabolome-inferred hypotheses, helping to identify inosine
producers and the inosine consumers presumably using this
molecule to make hypoxanthine. We first note that several
symbionts with known abundance in the ileum expressed the 5'-
nucleotidase surE gene to convert IMP into inosine (Fig. S10). This
contingent includes Cephaloticoccus, cospeciating symbionts
living within both the midgut and ileum [18, 33, 99]. Transcripts
mapping to the Cephaloticoccus capnophilus reference genome
(strain Cv41) revealed full pathway expression for de novo inosine
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pathway, see [28]). “AAs” = amino acids, “ALL" = allantoin, “Gly” = glycine, “NHs"” = ammonia, “UreGly” = ureidoglycine.

synthesis from sugars and AAs (Fig. 5B). A role for this symbiont in
inosine provisioning was further supported by its expression of
genes encoding an autoinducer-2 exporter family protein with
known roles in purine biosynthesis [114, 115], and therefore, a
potential role in inosine export. With this symbiont being, by far,
the most abundant microbe within the midgut [18], we argue that
it is likely the primary source of midgut inosine (Figs. 5B and 6).

Following inosine synthesis and release into the midgut, this
purine might then transit to the ileum where it could further be
processed into hypoxanthine, through the single, aforementioned
step encoded by the punA purine phosphorylase gene. Our
metatranscriptomic analyses support this possibility, with punA
expression by symbionts known from the ileum, assigning to the
orders Burkholderiales (strain Cv52), Campylobacterales, Flavobac-
teriales, Pseudomonadales (Ventosimonas gracilis), and Xanthomo-
nadales (Fig. S10) [18]. Hence, with hypoxanthine being a plausible
major input for Ischyrobacter-assisted urea-generation (Fig. 4D),
these collective results suggest a multipartite, symbiont-
autonomous means for turtle ant N-recycling (Fig. 6). The
influence of these activities on hosts, and the relative importance
of symbiont- versus host- or diet- derived purine wastes in the
turtle ant N-economies remain to be studied.
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CONCLUSION

Through microscopy, in vitro assays, phylogenetics, and multi-
omics we characterize an N-recycling symbiont lineage from the
newly described genus Ischyrobacter and describe its functional
integration within a diverse gut symbiont community. While less
abundant than some members of the turtle ant gut community
[32], Ischyrobacter symbionts appear ubiquitous within the ileum
of adult workers from these neotropical ants. Such high
prevalence is likely supported by vertical transfer through colony
founding queens, based on recent findings from pre-mated queen
microbiomes [24]. While we cannot rule out some horizontal
transfer, sequence divergence among the Cv33a and CSM3487_49
Ischyrobacter strains suggests fairly ancient common ancestry. This
raises the possibility that fidelity-enforcing mechanisms, like
queen-based vertical transmission, have assisted the long-term
maintenance of this symbiont, resembling findings from other
socially transmitted symbioses, like those in termites and
honeybees [29, 116].

N-recycling is a key component of several symbioses within
detritus- and plant-feeding insects, including coleopterans,
dipterans, hemipterans, hymenopterans, and isopterans. Achieved
through single-species mechanisms in some of these insects,
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Ischyrobacter's contributions to N-recycling appear partitioned,
adding to growing evidence for multi-species N-recycling systems
[15]. Specifically: (1) the positioning of . davidsoniae at a site of
host-waste N delivery, and (2) the findings that bacteria in the C.
varians ileum synthesize the hypoxanthine and allantoin used for
Ischyrobacter-based urea generation, place this symbiont as a
central team player in a collaborative N-recycling symbiosis
(Fig. 6). Adding to this is the apparent midgut, Cephaloticoccus-
derived origin of the inosine precursor for hypoxanthine. While
some N-recycling functions of Ischyrobacter (and Cephaloticoccus)
appear conserved, such conservation, and the broader impacts of
Ischyrobacter on colony-wide N-economies require further study.

Altogether, our results reveal that urea production by ileum- or
rectum-dwelling /. davidsoniae need not fully rely on diet or host
N-waste delivery [113], but can instead (or additionally) extend
from the complementary purine metabolism by other gut
symbionts. Microbes often evolve in a community context.
Selection to alleviate metabolic burden [117, 118] may combine
with deletional mutation biases [119] to yield metabolic comple-
mentarity among recurring community members [120], or among
such members and their hosts. Such patterns and processes would
conform the Black Queen Hypothesis [121], and our expression
data have bearing on the fit of this hypothesis for the turtle ant
system. Specifically, while prior metagenome data suggested some
metabolic complementarity within the turtle ant gut microbiome,
partial N-recycling redundancies [9] failed to fully support the Black
Queen Hypothesis, raising questions on confounding factors of
spatial symbiont ecology or unforeseen tendencies toward
competition [122, 123]. The reasons for redundancy and non-
redundancy in this system remain unclear [124], and it will be
crucial to understand the evolution of gene loss and differential
gene expression across the history of this symbiosis.

Retention of genes going unexpressed in our studied context
raises further questions of particular intrigue. In social insect
colonies, symbiont function may be partitioned across caste,
development, and colony life cycle [24]. It is still unknown whether
Ischyrobacter functions found silent in mature adult workers play
some role in callow workers or larvae, and whether they matter in
soldiers, queens, or other stages of colony development.
Recognizing these other contexts, we might further ask how
symbiont activities in mature adult workers shape colony-level
fitness, and how this extends from recycling-mediated impacts on
such ants’ AA budgets. Adding to the complexity of multipartite
symbioses existing already in non-social insects [125], these
questions suggest important targets for future study across the
N-recycling pathway and beyond.

DATA AVAILABILITY

The Ischyrobacter davidsoniae Cv33a genome (Project ID: Gp0110144) and the
Ischyrobacter sp. CSM3487_49 genome (Project ID: Gp0624441) are available from the
IMG/M-ER website (https://imgjgi.doe.gov/) by searching the project IDs. The
Ischyrobacter sp. bin5 draft genome from C. grandinosus is accessible on the IMG/
M-ER C. grandinosus metagenome page (Project ID: Gp0125967), by selecting
“Metagenome Bins” in the “Statistics” tab. The Cephaloticoccus capnophilus genome
(Project ID: Gp0110136) was downloaded from the IMG/M-ER website by searching
the project ID. All 16S amplicon sequencing data are from Flynn et al. [18], https://
github.com/peterjflynn/cephalotes_gut_localization and Hu et al. [24], https:/
doi.org/10.5061/dryad.kwh70rz5d, and have been deposited in the GenBank Short
Read Archive under BioProject PRINA668764 at https://www.ncbi.nlm.nih.gov/
bioproject/668764 and BioProject PRINA767930 at https://www.ncbi.nlm.nih.gov/
bioproject/767930, respectively. Supplementary data can be found in our data
repository at: https://doi.org/10.6084/m9.figshare.21989537.
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