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Many insects benefit from ancient nutrient-supplementing endosymbionts.
While symbiont losses and replacements occur on evolutionary timescales,
their dynamics remain enigmatic due to the lack of experimentally tractable
systems. Here, we report on the experimental establishment of the culturable
bacterium Sodalis praecaptivus in a grain pest beetle (Oryzaephilus sur-
inamensis) and its effect on the native symbiont Shikimatogenerans silvani-
dophilus, which produces the tyrosine precursor prephenate. Injection of
Sodalis into female beetles led to systemic intracellular infection and efficient
transovarial vertical transmission but reduced host survival and reproduction.
Interestingly, Sodalis also invaded the host’s bacteriomes, causing irregular
morphology and rapid loss of Shikimatogenerans within three beetle genera-
tions. Transcriptomics revealed a strong upregulation of host immune effec-
tors upon Sodalis infection, but little reaction from Shikimatogenerans,
indicating that the ancient symbiont is incapable of responding adaptively to
the introduced competitor. The rapid elimination of the native symbiont in O.

surinamensis showcases the fragility of ancient beneficial symbioses and
experimentally recapitulates a crucial step towards a functional symbiont

replacement.

Insects commonly engage in intracellular symbioses with micro-
organisms spanning the continuum from pathogens to mutualists.
Associations with beneficial symbionts in particular play an important
role in insect adaptation and diversification, because the biosynthetic
capabilities of microbial symbionts can provide vital metabolites to the
host, such as essential nutrients, digestive or detoxifying enzymes, or
protective secondary metabolites, thereby enabling insects to expand
into otherwise inaccessible ecological niches”. Many interactions
between insects and beneficial microorganisms are ancient in origin®®
and have experienced tight coevolution. This process commonly
results in the erosion of the symbiont genome’ and ultimately leads to
mutual metabolic dependence of the symbiotic partners®. Despite the
intimacy and functional importance of many intracellular insect sym-
bioses, phylogenetic analyses reveal that ancient beneficial symbionts
are occasionally lost’'° or replaced by other microorganisms" ™,

Symbiont losses can occur when symbiont-provided benefits no
longer outweigh the costs of maintaining them. In insects depending
on symbiotic microbes to compensate for nutritional deficiencies?, the
loss of a costly symbiont can be advantageous for hosts that acquire
the metabolic capacity to perform symbiont-mediated reactions
themselves, for example via horizontal gene transfer'®. Alternatively,
symbiont losses may be catalyzed by changes in the host’s ecological
niche—e.g., a switch to a more nutritionally balanced diet—that render
symbiont-provided benefits unnecessary®. Finally, a newly acquired
symbiont can lead to the demise of the original one by replacing or
even expanding the repertoire of benefits provided to the host. Such
symbiont replacements are often assumed to be beneficial to the host,
as they allow for escaping the rabbit hole of increasing genome erosion
and accumulation of slightly deleterious mutations in the symbiont’s
genome due to Muller’s ratchet”.
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For a replacement of an intracellular symbiont to be successful,
four criteria have to be fulfilled: The new symbiont must be able to (i)
colonize and persist in the host, and (ii) achieve efficient transmission.
Additionally, (iii) the original symbiont must be eliminated, while (iv)
the newly acquired symbiont evolves a net benefit and takes over (and
potentially extends) the original symbiont’s role. In contrast to uni-
cellular systems, like ciliates, where symbiont replacements have been
well studied™ and can be experimentally recapitulated””®, the sequence
of events leading to a replacement of an intracellular symbiont and the
speed at which they occur remain obscure in animals, where the soma-
germline separation constitutes a considerable barrier for vertical
transmission. In insects, symbiont replacements are widespread but
rare on ecological timescales, and most intracellular symbioses are
intractable, hampering experimental studies that address symbiont
losses and replacements despite their importance in understanding the
evolutionary dynamics of host-microbe interactions'.

Intracellular associations that may enable experimental symbiont
replacements have recently been described in several beetle lineages.
Coleoptera, the most species-rich order of insects®, are characterized
by the rigid elytra that protect the beetle from desiccation and
predation®. To build this protective barrier, however, beetles require
large amounts of tyrosine, because tyrosine derivatives like N-acet-
yldopamine, N-B-alanyldopamine, and melanin are necessary for cuti-
cle sclerotization and melanization®>”. Tyrosine is a semi-essential
amino acid that insects cannot synthesize de novo and therefore need
to acquire from the diet or from symbiotic microorganisms. Con-
cordantly, to meet their high demands for tyrosine, many beetles
associate with intracellular symbionts that supply tyrosine precursors
and thereby support cuticle development under nutrient-limited
conditions®’. These tyrosine-supplementing symbioses are promis-
ing candidates for establishing experimentally tractable symbiotic
systems, since many tyrosine-producing symbionts are not essential
for host survival under laboratory conditions** %, This can allow for the
functional replacement of a beneficial symbiont with a culturable
bacterium, as demonstrated by the experimental replacement of
Sitophilus zeamais’ native symbiont Sodalis pierantonius with the cul-
turable congener Sodalis praecaptivus® that was engineered to over-
produce and secrete tyrosine'.

Here, we explored the potential of S. praecaptivus (from here on
referred to as Sodalis) to establish successful infections in the saw-
toothed grain beetle Oryzaephilus surinamensis harboring the distantly
related Bacteroidota symbiont Shikimatogenerans silvanidophilus
(from here on referred to as Shikimatogenerans). Shikimatogenerans
bacteria are harbored intracellularly in two pairs of bacteriomes and
are transmitted vertically from mother to offspring. The symbiotic
bacteria provision the tyrosine precursor prephenate to their host,
which the beetle converts into tyrosine to support cuticle
biosynthesis®***°, We demonstrate that, upon injection into adult
females, Sodalis establishes systemic intracellular infections in the
novel host. Importantly, the new symbiont spontaneously achieves
highly efficient vertical transmission to the offspring, a feature that is
widely accepted to be crucial for the evolution of beneficial symbioses
by aligning host and symbiont fitness interests’>*. However, in the
initial encounter between Oryzaephilus and Sodalis, the latter nega-
tively impacts host fitness. We further show that the presence of
Sodalis disrupts the native symbiont, affects its morphology, and
ultimately leads to its rapid loss from the host population within three
beetle generations. Triple RNAseq reveals that the host mounts a
strong immune response to Sodalis’ presence in the bacteriome tissue,
but Shikimatogenerans is incapable of adjusting its gene expression in
response to the intruder. Our results show that infection with a novel
facultative symbiont can result in the rapid breakdown of an ancient
beneficial symbiosis and lead to the elimination of the native symbiont,
thus fulfilling three out of the four criteria necessary for a stable
symbiont replacement. Despite the detrimental nature of the novel

symbiont, its maintenance and highly efficient vertical transmission
may pave the way for a symbiont replacement in the future, thus
providing an experimentally tractable system to recapitulate major
events in the evolution of beneficial symbioses in insects.

Results

Sodalis establishes systemic infection in O. surinamensis and is
vertically transmitted

We tested the potential of fluorescently labeled Sodalis to establish a
novel symbiotic interaction with O. surinamensis beetles by micro-
injecting 10nl aliquots of a Sodalis suspension (ODgpo=1, i.e.,
6.01x10%+2.79 x10* CFUs) into the abdomen of reproductively active
female adults. After 7 days, we observed that beetles injected with
Sodalis exhibited strong fluorescence, indicative of mCherry production
by this bacterium (Fig. 1a-d). Uninfected control beetles were devoid of
mCherry fluorescence, verifying that the signal observed was not caused
by cuticular autofluorescence. As determined via quantitative poly-
merase chain reaction (qPCR), the population of Sodalis had grown to
146 x10” +7.28 x10° tam gene copy numbers by day 7 and slightly
increased even further in the following week (2.38 x107+9.12 x10°
tam gene copy numbers on day 14, Supplementary Fig. 1).

When screening larval first generation (F1) offspring, we dis-
covered that offspring from females injected with bacteria also
showed strong mCherry fluorescence, demonstrating that females
harboring Sodalis vertically transmitted the novel symbionts to their
offspring (Fig. 1e-h). With fluorescence-in-situ-hybridization (FISH),
we confirmed that transmission indeed occurred vertically via the
ovaries, since we detected Sodalis cells in young oocytes (Supple-
mentary Fig. 2). Transmission occurred with an efficiency of 93.75%
(Supplementary Fig. 3). We did not observe any paternal transmission
of Sodalis: Larvae produced by mating pairs of Sodalis-infected virgin
males and uninfected virgin females never exhibited mCherry fluor-
escence (Supplementary Fig. 4). Males harboring Sodalis also did not
transmit the bacteria to the female beetles during mating (Supple-
mentary Fig. 4). We were able to maintain Sodalis infected beetles up to
the third offspring generation by mating infected males and females,
before sacrificing all remaining specimens for microscopy.

Sodalis infection negatively affects host fitness

Following the successful establishment of Sodalis in O. surinamensis
beetles, we investigated the impact on host fitness. While 80% of control
beetles survived the observation period of 80 days, Sodalis infection
significantly reduced beetle survival (Cox mixed-effects model, df=1,
X?*=214.31, P<0.001, Fig. 2a). Almost no beetles harboring the novel
symbiont survived the observation period, and over 50% of individuals
had died by day 50. We also found beetles carrying Sodalis to produce
significantly fewer larvae than beetles of the control treatment (zero-
inflated negative binomial model, z=-9.46, P < 0.001, Fig. 2b). For the F1
adults, we investigated cuticle melanization and thickness as indicators
for tyrosine availability and proxies for host fitness with respect to
protection from predation and desiccation. Beetles harboring Sodalis
were significantly lighter than their control counterparts in both abdo-
men (Wilcoxon rank sum test, W=741, P<0.001) and thorax (two
sample t-test, df =57, t=5.76, P<0.001), suggesting a reduced amount
of tyrosine available for melanization (Fig. 2c). In contrast to melaniza-
tion, cuticle thickness was not affected by Sodalis infection, indepen-
dent of whether we measured in individual sections (Wilcoxon rank sum
test, W=90, P=0.13, Fig. 2d) or whole beetles (two-sample t-test, df =
20. t=-0.85, P=0.41, Supplementary Fig. 5).

Sodalis-infected beetles lose their native symbiont within three
generations

We performed FISH to investigate the localization of Sodalis in O.
surinamensis across three different host generations. While Sodalis was
consistently absent from control beetles (Fig. 3a, b, e, f, i, and

Nature Communications | (2026)17:3153


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71143-2

Fig. 1| Sodalis establishes in injected beetles and and is transmitted to their

offspring. Brightfield images of injected control (a) and Sodalis-treated females (c)
and their corresponding fluorescence microscopy images (b, d) taken 7 days after
injection. Note that the distal ends of the elytra were removed for injection, facil-
itating detection of fluorescence at the posterior end of the abdomen. Brightfield
images of first-generation larval offspring of control (e) and Sodalis-injected (g)

females and their corresponding fluorescence microscopy images (f, h). Red signal

ind, his indicative of mCherry protein produced by Sodalis. Fluorescence deriving
from Sodalis infection was detected in all females injected with Sodalis that sur-
vived up to 7 dpi (n=297) while it was absent from all control beetles surviving up
to this timepoint (n =305). No fluorescence was observed in larvae of the control
treatment (n =1555), but could be detected in a majority of larvae produced by
Sodalis-infected females (n=227). Scale bars =1 mm.

Supplementary Figs. 6-8), it occupied various tissues in injected bee-
tles and their offspring. In the parental beetle generation, the novel
symbiont was found in the hemolymph and fatbody across the whole
host body, the ventral nerve cord, and was also highly abundant in the
ovaries. We also found Sodalis in the bacteriomes, even though it was
less abundant than in the other tissues (Fig. 3¢, d). In the first offspring
generation, Sodalis colonized the same tissues, and we additionally
observed the sporadic presence of bacteria in the male testes,
although the bacteria—when present—seemed to be less abundant
compared to female ovaries (Supplementary Fig. 2). In contrast to the
parental generation, Sodalis was more abundant in the bacteriomes,
even though its density varied even within the organs—while some
bacteriocytes harbored high loads of Sodalis, other bacteriocytes of
the same bacteriome were apparently uninfected (Fig. 3g, h, and
Supplementary Fig. 7). We could not detect bacteriomes and the native
symbiont Shikimatogenerans in two of the twelve Sodalis-infected F1
beetles we sampled for microscopy (Supplementary Fig. 7). In the third
offspring generation, all six Sodalis-infected specimens (five adults and
one pupa) were devoid of the native symbiont (Fig. 3j, and Supple-
mentary Fig. 8). The seeming absence of bacteriomes in the respective
F1 and F3 individuals either indicates that the beetles fail to develop
these organs following the loss of Shikimatogenerans or that we failed
to detect empty and thus atrophied bacteriomes. In contrast to
Sodalis-infected F3 individuals, control beetles of the third and sub-
sequent offspring generations retained fully developed bacteriomes
(Fig. 3i, and Supplementary Fig. 8). The observed loss of Shikimato-
generans in Sodalis-treated beetles compared to control beetles could
not be explained by chance (Fisher’s exact test, P<0.001).

Sodalis affects Shikimatogenerans and bacteriome phenotype

Given the loss of Shikimatogenerans and the apparent lack of bacter-
iomes in F3 adults following Sodalis infection, we further investigated
the impact of Sodalis on bacteriome size and Shikimatogenerans
phenotype. Using uCT scans, we examined the influence of Sodalis on
the bacteriomes of F1 beetles. We found that the mean bacteriome
volume did not differ between beetles harboring Sodalis and unin-
fected beetles (Wilcoxon rank sum test, W=355, P=1; Fig. 4a—c). How-
ever, we observed an increase in the variance of bacteriome volumes in
beetles harboring Sodalis, with one bacteriome per pair (dorsal/

ventral) being bigger than the other (two sample ¢-test, df=19,
t=-5.32, P<0.001, Fig. 4d). Despite the increased variance in bacter-
iome volume, the titer of Shikimatogenerans in F1 adults was unaf-
fected by the presence of Sodalis and did not differ from the titer we
observed in control beetles (Wilcoxon rank sum test, W =234, p=0.19;
Fig. 4e). We also did not observe differences in titers in the parental
generation (O dpi: Wilcoxon rank sum test, W=119.5, P=0.79; 7 dpi: -
test, df =27, t=0.57, P=0.57; 14 dpi: Wilcoxon rank sum test, W=142,
P=0.11, Supplementary Fig. 1). However, in bacteriocytes harboring
abundant Sodalis, we observed altered morphologies of the beetles’
native symbiont Shikimatogenerans: Colocalization of the two micro-
bial partners led to enlarged and irregularly shaped Shikimatogenerans
cells as compared to globular or rod-shaped Shikimatogenerans in
bacteriocytes of uninfected control beetles (Fig. 3g, h). Quantifying the
effect of Sodalis on Shikimatogenerans cell length, we detected a sig-
nificant increase in cell length of at least 30% in the presence of Sodalis
(two-sample t-test, df =16, p=-5.71, P< 0.001; Fig. 4f).

The host beetle, but not Shikimatogenerans, transcriptionally
responds to Sodalis infection

To understand how the Sodalis infection affected host and symbiont
transcriptional responses in the bacteriomes of O. surinamensis, we
analyzed gene expression of O. surinamensis and Shikimatogenerans
in the bacteriomes of adult Sodalis-injected versus control beetles,
as well as their offspring 7 days after reaching adulthood. O. sur-
inamensis showed a significant upregulation of many immune sys-
tem genes in the presence of Sodalis (Fig. 5a, b, and Supplementary
Fig. 9a). In both generations, the genes with the highest fold change
difference and significance were immune genes such as anti-
microbial peptides (AMPs), peptidoglycan recognition proteins LB
(PGRP-LB) and S1 (PGRP-S1), serine protease inhibitors (serpins) and
proteases. We also detected differentially expressed genes involved
in amino acid metabolism: Dopamine beta-hydroxylase was upre-
gulated in Sodalis-infected bacteriomes of the parental generation
and followed the same albeit non-significant trend in the first off-
spring generation (Supplementary Fig. 9). Furthermore, a Kynur-
enine/alpha-aminoadipate aminotransferase (AADAT) and a
phenylananine-4-hydroxylase (phhA) were upregulated in the F1
generation of Sodalis-infected beetles. No genes in

Nature Communications | (2026)17:3153


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71143-2

*kk
25
<
]
IS
L o0
he]
— L
2 8
S =
> = 15
1% @
= a
g 8
2
&J *kk E 10
—
o
g
IS 5
=
Control (n=336) z
= +Sodalis (n=336) 0
0.00
0 20 40 60 80 Control +Sodalis
Time [days] n=336 n=336
n
Abdomen ] [ Thorax
*kk *kk n.s.
S 030 16
2
x
)
=
[} —_
> €
- 0.25 E
o » 14 o
o) n o
o g o
) X
= 2 =
£ 020 = ©
c ()
L S 12
© 5
N (@)
C
< 0.15
9]
=
10
Control  +Sodalis Control +Sodalis Control +Sodalis
n=39 n=20 n=39 n=20 n=10 n=13

Fig. 2 | Infection with Sodalis has a negative impact on host fitness. a Survival
probability (mean and 95% confidence interval) of control (light blue) and Sodalis
injected beetles (purple). The presence of Sodalis negatively affected beetle sur-
vival probability over the observation period (Cox mixed-effects model, ANOVA,
P<2.2x107). b The number of larvae produced by each female injected with
Sodalis (purple) was significantly lower than in control females (light blue, zero-
inflated negative binomial model, Wald z-test, P<2.2 x10™). ¢ 7-day old adults of

first-generation offspring had significantly less melanized cuticles of both thorax
and abdomen when they harbored Sodalis (thorax: two-sided two sample t-test,
P=3.49 x107, abdomen: two-sided Wilcoxon rank sum test, P=1.23 x107).

d Cuticle thickness in thorax sections did not differ in 7-day old adults of first-
generation offspring between both treatments (two-sided Wilcoxon rank sum-test,
P=0.13). Statistical differences indicated by asterisks (P < 0.001). n.s.: not sig-
nificant. Source Data are provided as a Source Data file.

Shikimatogenerans demonstrated differential expression in accor-
dance with a definition of statistical significance involving at least a
log2-fold change of normalized transcripts over [1| in Shikimato-
generans and a corrected p-value threshold of 0.05 (Fig. 5c, d). Yet,
we note that the gene showing the highest level of differential
expression encodes a proline dehydrogenase (PRODH), which was
significantly differentially expressed with a log2-fold change of 0.75
(i.e., a 1.68-fold upregulation) in the F1 generation. Besides PRODH,
we observed a total of 13 other genes to be significantly differentially
expressed, albeit below a log2-fold change of 1 in the parental
(upregulated: not annotated; downregulated: groES, MTFMT, rsml)

and the F1 generation (upregulated: mvaK1, rpoB, rpoC, sufB, sufC;
downregulated: romg, prtC, rec/). We also investigated the 100 most
highly expressed protein-coding genes in Sodalis in both genera-
tions. In the parental generation, 20 of the 100 most highly
expressed genes were predicted to be involved in the flagellar
apparatus or its regulation (Supplementary Fig. 10a). By contrast,
the respective motility genes were significantly downregulated in
the first offspring generation (Supplementary Fig. 10b). We also
detected genes of the type three secretion system (T3SS, e.g., sseD,
sseB, yscU and yscF) and genes involved in quorum sensing (e.g.,
expl, expR, hfqg and secG) to be highly expressed in both beetle
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® DAPI

Sodalis @ Shikimatogenerans

Fig. 3 | Sodalis invades the host bacteriomes where it causes aberrant Shiki-
matogenerans morphology, and, ultimately, loss of the native symbiont. FISH
micrographs of control (a, b) and Sodalis injected beetles (c, d) of the parental
generation, b and d are closeups of the areas marked with a frame in a and c. In
7-day old beetles of the first offspring generation, Shikimatogenerans displayed
globular or rod-shaped morphology in Sodalis-free control beetles (e, f), while
symbiont cells were aberrantly shaped upon colocalization with Sodalis (g, h). fand
h are closeups of the areas marked with a frame in e and g. Arrows in g highlight
bacteriocytes that are almost uninfected with Sodalis. Arrows in h highlight parti-
cularly altered Shikimatogenerans morphology, while the dashed area highlights

regularly shaped symbiont cells in a practically uninfected bacteriocyte of the same
bacteriome. In adults of the third offspring generation, Shikimatogenerans was
present in the control treatment (i), while it was lost in adults harboring Sodalis (j).
DNA was stained with DAPI (cyan), while the probes OsurSym16S-Cy5 and Sod-FISH-
Cy3 were used to label Shikimatogenerans (yellow) and Sodalis (magenta),
respectively. Observations were replicated independently with similar results
(Parental generation: n=>5 for either treatment, F1: n=7 for control and n =10 for
Sodalis-infected beetles, F3(+): n=10 for control and n = 6 for Sodalis-infected
beetles). Scale bars represent 50 um, gl= gut lumen.

generations (Supplementary Fig. 10a). Additionally, several genes
encoding metabolism regulators, namely ptsH, rpoH, crp and crr
were identified among the top 100 genes in both generations.

Discussion

Intracellular symbioses with bacteria fundamentally impact insect
ecology and evolution and can remain stable for hundreds of millions
of years. Occasionally, however, even ancient and metabolically tightly
integrated symbionts can be lost when their benefits deteriorate or
become obsolete' or when other microorganisms colonizing the host
outcompete the native symbionts. In the latter case, the acquired
microorganisms can functionally replace the original symbiont and/or
provide additional benefits, occasionally expanding the host’s ecolo-
gical niche space. Based on phylogenetic reconstructions, losses and
replacements of ancient intracellular symbionts have been described
across a variety of insect taxa, including spittlebugs, cicadas, aphids,
and beetles”'>***, The prerequisites for a symbiont replacement
comprise (i) the establishment and persistence in a host, (ii) reliable
vertical transmission, (iii) loss of the original symbiont, and (iv) a net
benefit provided by the new symbiont. Yet the early steps and
dynamics of these replacement events remain poorly understood, due
to the lack of tractable study systems. Here, we describe the estab-
lishment of such a tractable symbiosis and report on the rapid loss of
the host’s ancient beneficial symbiont upon establishment of a novel

vertically transmitted bacterium. Our findings thus recapitulate the
collapse of an ancient beneficial symbiosis and an important step
towards a symbiont replacement, meeting three out of four necessary
prerequisites, namely (i)-(iii), but not (iv).

To replace an ancient symbiont, an invading microbe like Sodalis
must be capable of establishing in its new host by withstanding the
insect’s immune system. Most intracellular beneficial symbionts likely
evolved from pathogenic bacteria’ that employ two general strategies
for coping with host immunity: (i) evasion of host immunity, i.e., pre-
venting the host from mounting an immune response® ™, or (ii)
resistance to host immune effectors®®. Following infection with Sodalis,
AMPs, PGRP-LB and other PGRPs, serpins, as well as other host immune
effectors (e.g., dual oxidases (DUOX) producing reactive oxygen spe-
cies, see Supplementary Fig. 9) were upregulated in the host bacter-
iome. Thus, the novel symbiont elicits an immune response but can
persist despite the upregulation of host effectors, indicating resistance
to host immunity. Indeed, the resistance of S. praecaptivus and its
congener S. glossinidius to different AMPs has been demonstrated
in vitro as well as in vivo and is mediated by the PhoP-PhoQ two-
component system that regulates the expression of genes involved in
modifying bacterial lipopolysaccharide (LPS) and thereby prevents
damage by AMPs in vivo®™*°, Apart from the upregulation of AMPs in
Sodalis-infected bacteriomes, we also detected the upregulation of
PGRP-LB and serpins in both investigated beetle generations. PGRP-LB
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Fig. 4 | The presence of Sodalis affects bacteriome architecture and Shikima- volume within a beetle was higher when beetles harbored Sodalis (two-sample ¢-
togenerans cell size, but not Shikimatogenerans titer. 3D reconstruction of 7-day  test, P=3.95x107). e 16S copy number of Shikimatogenerans did not differ

old adult F1 beetle offspring belonging to the control (a) and Sodalis-infected (b) between F1 beetles of the control and Sodalis infected treatment (two-sided Wil-
treatment. Dorsal and ventral bacteriomes were reconstructed based on uCT scans  coxon rank sum test, P=0.19). f Upon colocalization of bacteriocytes with Sodalis,
and are labelled in blue/green and yellow/orange, respectively. Scale bar represents  the mean length of Shikimatogenerans cells significantly increased (two-sample ¢-
1 mm. ¢ The presence of Sodalis did not lead to a change in mean bacteriome test, P=3.23 x 107). Asterisks indicate statistical significance. ("P < 0.001). Source
volume (two-sided Wilcoxon rank sum test, P=1.0). d Mean variance of bacteriome  Data are provided as a Source Data file.
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Fig. 5 | Sodalis infection significantly affects host but not Shikimatogener-
ans gene expression. Transcriptional responses of O. surinamensis and its ancient
Shikimatogenerans symbiont to infection by Sodalis in the bacteriomes. Volcano
plots of differential gene expression analysis results for O. surinamensis (a, b) and
Shikimatogenerans (c, d) in the bacteriomes of the parental (a, ¢) and the first

offspring generation (b, d), respectively. Lines represent the thresholds for gene
expression regarding log2 fold change and -loglO of false discovery rate (a, b) or
adjusted p-value (c, d, Wald test with Benjamini-Hochberg correction for multiple
testing). Source Data are provided as a Source Data file.

is a negative regulator of the Imd immune pathway and plays a crucial
role in the maintenance of the symbiosis between Sitophilus zeamais
and S. pierantonius***. In the weevil bacteriomes, PGRP-LB is highly
expressed and cleaves the peptidoglycan of S. pierantonius into non-
immunogenic fragments, preventing an immune response that would
lead to the elimination of the symbiont*2 In contrast to S. pierantonius,
Shikimatogenerans lacks a cell wall®—accordingly, PGRP-LB is not
constitutively expressed in control O. surinamensis bacteriomes
(Supplementary Fig. 9b) but might rather regulate host immunity after
pathogen infection. The upregulation of PGRP-LB and serpins in the
presence of Sodalis might modulate the immune response to prevent a
negative impact of immunity on the host or damage to the native
symbiont Shikimatogenerans by the beetle’s immune effectors.
Despite the elevated expression of negative regulators of the host

immune response, we observed a significant upregulation of effectors
involved in the Imd pathway, likely incurring a cost on the insect host
and potentially causing or contributing to the observed detrimental
impacts on the native Shikimatogenerans symbiont.

After successful establishment, newly acquired symbionts need to
secure their continuous association with the host by achieving efficient
transmission*’, Although not native to O. surinamensis, Sodalis readily
invaded the host’s germline and infected the developing eggs, thereby
establishing a highly efficient transovarial vertical transmission route.
Sodalis’ motility genes were among the most highly expressed genes in
bacteriomes of newly infected beetles, but not in the following gen-
eration, suggesting a role of motility in the initial infection, as seen in
other systems**°, Additionally, successful colonization and trans-
mission likely depend on Sodalis’ T3SS that allows for the invasion of
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host cells in bacterial pathogens and some beneficial symbionts*’*’.

Indeed, genes encoding for T3SS components (e.g., sseD, sseB, yscU
and yscF) were among the most highly expressed genes in Sodalis in
both P and F1 beetle generations (Supplementary Fig. 10a). Our study
provides further support for the notion that efficient vertical trans-
mission can occur spontaneously in new host-symbiont combinations.
However, it also demonstrates that there is a strong host component
contributing to transmission, since the same Sodalis strain is trans-
mitted at lower efficiency in another beetle host, S. zeamais, that
natively harbors a Sodalis symbiont", and fails to achieve any vertical
transmission following injection into Drosophila melanogaster™.

In insects that already harbor intracellular symbionts, newly
acquired vertically transmitted microbes can coinhabit their new niche
with the host’s native symbionts, providing opportunities for
symbiont-symbiont interactions that can determine the outcome of
the coinfection. Although symbiont replacements are widespread
across insects, little is known about the initial interactions between
new and native symbiont. Limited host resources could drive microbial
competition for nutrients, which might disrupt the tightly regulated
metabolite exchange between native symbiont and host and could
ultimately lead to the exclusion of one microbial partner, as observed
in this study. Nutritional competition among intracellular bacteria
residing in the same host is an understudied phenomenon, especially
in the context of symbiont replacements. Yet, metabolic models pre-
dict that obligate Portiera aleyrodidarum and facultative Hamiltonella
defensa symbionts compete for nutrients supplied by their whitefly
(Bemisia tabaci) host, thereby limiting Portiera growth and resulting in
a deficit of nutrients supplied to the insect®. Similarly, competition for
nutrients is suggested to explain the negative effect of Spiroplasma or
Serratia symbiotica on the abundance of Wolbachia pipientis in D.
melanogaster® or Buchnera aphidicola in Acyrthosiphon pisum®,
respectively.

Since competition for resources among coinfecting microbes
seems to occur across different insect systems, it may also explain the
rapid loss of Shikimatogenerans upon introduction of Sodalis: The
native symbiont Shikimatogenerans aids its beetle host by supplying it
with prephenate, a precursor of tyrosine needed for robust cuticle
synthesis and melanization’”. Due to a highly eroded genome, the
symbiont is not able to produce any other nutrients, such as vitamins,
amino acids, fatty acids or nucleotides®. Thus, the host needs to
supply these metabolites to the symbiont to enable the biosynthesis of
prephenate. The bacteriomes are therefore expected to contain high
concentrations of host-provided nutrients that could be prone to
exploitation by bacteria like Sodalis that invade the symbiont-bearing
organs. Exemplary for the exploitation of host-supplied nutrients is the
depletion of tyrosine by Sodalis, as evidenced by a decrease in beetle
melanization and the upregulation of host phhA in the bacteriomes,
mediating the conversion of phenylalanine into tyrosine. Similarly,
AADAT expression was upregulated in bacteriomes following Sodalis
infection. Analogous to a glutamate oxaloacetate transaminase in
Rhynchophorus ferrugineus weevils**, promiscuous AADAT* can be
involved in converting prephenate and its derivative
4-hydroxyphenylpyruvate into tyrosine. These findings are indicative
of a tyrosine starvation response in the beetle’® and suggest the dis-
ruption of host-symbiont metabolite exchange via nutritional com-
petition between Sodalis and Shikimatogenerans.

Apart from the host, we also detected signs of nutrient depletion
in the ancient symbiont. Interestingly, in Shikimatogenerans, the most
highly upregulated transcript encodes a PRODH (log2-fold change =
0.75), that is involved in proline catabolism leading to the production
of glutamate which can serve as a donor of amino groups or be used
for protein biosynthesis. Upregulation of PRODH is therefore con-
sistent with amino acid starvation and corroborates the hypothesis
that Sodalis infection disturbs the metabolic exchange between host
and native symbiont. Beyond PRODH, however, our RNAseq data

indicate that Shikimatogenerans appears to be limited in its ability to
modulate its gene expression. Like many other ancient and genome-
eroded insect endosymbionts, the Shikimatogenerans gene inventory
lacks protein-coding genes that are predicted to serve as transcrip-
tional regulators (but see Carvalho et al.”’). Yet, we note that tran-
scription could be modulated through other means such as non-
coding small RNAs and interactions between metabolites and tran-
scription machinery.

Facilitated by the symbiont’s reduced capacity to modulate its
gene expression and respond to stressors, as well as the absence of a
bacterial cell wall to protect cell integrity*®, changes in the nutritional
and/or physiochemical environment in the bacteriome caused by
Sodalis (and potentially exacerbated by the host immune response)
could result in the observed morphological aberrations and the ulti-
mate elimination of the native symbiont. Still, the outcome of
symbiont-symbiont interactions seems highly dependent on the
combination of partners. While in O. surinamensis, Sodalis infection
causes the rapid loss of Shikimatogenerans, the same strain failed to
stably coexist with the more recently acquired congener S. pier-
antonius in S. zeamais due to reduced transmission efficiency in the
presence of the native weevil symbiont'.

While the introduction of Sodalis into Oryzaephilus beetles meets
three out of four necessary prerequisites for a symbiont replacement,
Sodalis did not provide a net benefit to its novel host and, thus,
remained pathogenic in our experimental setup. Generally, it is
assumed that ancient symbionts are replaced because the benefits
they provide deteriorate over time due to genome erosion, resulting in
selective pressures on the host to favor symbionts that provide the
benefits more efficiently”. Thus, when a novel symbiont replaces its
host’s ancient symbiont, it is commonly expected that it will evolve
necessary beneficial properties before the native obligate symbiont is
eliminated. Still, under certain conditions, hosts might be able to tol-
erate the loss of an ancient symbiont before establishing a mutually
beneficial relationship with another microbe. This particularly applies
to cases where the novel microbe is the main driver of the native
symbiont’s elimination and where the ancient symbiont is not essential
for host survival and provides context-dependent benefits to the host.
While novel microbes as drivers of symbiont losses have not previously
been described in the literature, context-dependent symbiont benefits
are common in insect-microbe symbioses®***°-%*, This also applies to
the Oryzaephilus system, where beetle hosts can survive without Shi-
kimatogenerans, at least under conditions of low desiccation stress and
antagonist pressure. We hypothesize that Sodalis could be capable of
evolving a benefit to the host and functionally replacing the native
symbiont, based on several factors: First, Sodalis should experience
high selection pressure to attenuate its virulence and reduce the
negative impact on host fitness due to its strictly vertical transmission
route. The invasion of reproductive tissues and the ability to achieve
vertical transmission are important steps towards evolving a mutua-
listic relationship with a host, since vertical transmission aligns host
and symbiont fitness and thereby selects for symbionts with host-
beneficial phenotypes®®?. As such, vertical transmission is generally
thought to be a key driver in the evolution of beneficial intracellular
symbioses”. Second, given its metabolic potential, it is conceivable that
S. praecaptivus could evolve a beneficial phenotype, e.g., via leakage of
metabolites like essential amino acids or vitamins that can lead to the
establishment of beneficial cross-feeding in bacteria-bacteria™** and
bacteria-eukaryote interactions®. Concordantly, previous studies
revealed that mutualisms can evolve rapidly, as observed in Escherichia
coli where single mutations in either cyaA or crp, two genes involved in
carbon catabolite repression (CRR), were sufficient to render it a
mutualist of stink bugs®. Interestingly, crp as well as crr and ptsH,
which are also involved in CRR, are among the 100 most highly
expressed genes of Sodalis in the beetle host and could be potential
targets for experimentally manipulating Sodalis to become more
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benign. Third, the potential of Sodalis to form lasting beneficial sym-
bioses is supported by the high number of Sodalis-allied symbionts in
various insect taxa®~’". While functionally replacing a highly efficient
and streamlined ancient symbiont is not trivial, many Sodalis sym-
bionts have apparently succeeded in substituting other intracellular
insect symbionts™*. The success of this scenario, however, will highly
depend on the speed at which virulence attenuation can be achieved
and beneficial traits evolve.

In conclusion, the elimination of Shikimatogenerans following
the introduction of Sodalis in O. surinamensis showcases the fragility
of ancient intracellular symbioses and reveals that symbiont losses
can occur rapidly upon acquisition of a novel symbiont. We
experimentally demonstrate that newly acquired microbes can drive
losses of ancient intracellular symbionts, potentially leading to the
replacement of non-obligate or context-dependent host-beneficial
microbes. Given that Sodalis is genetically tractable, the Oryzae-
philus-Sodalis symbiosis allows for the investigation of symbiont
elimination and replacement as well as the transition from patho-
genicity to mutualism on a molecular level. Such experimentally and
genetically tractable systems are urgently needed to deepen our
understanding of the establishment and maintenance of animal-
microbe symbioses and to study the evolution of host-beneficial
interactions in real time.

Methods

Insect cultures and bacterial strains

O. surinamensis beetles, harboring the intracellular symbiont S. silva-
nidophilus, were originally provided by the Julius-Kiihn-Institute/Fed-
eral Research Centre for Cultivated Plants (Berlin, Germany) in 2014.
Since then, these beetles have been reared on organic oat flakes
(Huber Miihle, Germany) under controlled conditions of 27-28 °C and
60% relative humidity (rH) following a day/night cycle of 16/8h,
respectively.

As a culturable symbiont, we used a strain of S. praecaptivus
(strain MCI, identifier: CD2555, Su et al.”’) that expresses fluorescent
mCherry protein, enabling us to observe infection of beetles in vivo,
since infected beetles exhibit strong fluorescence.

Establishing Sodalis in O. surinamensis

Sodalis was introduced into O. surinamensis by microinjecting a bac-
terial suspension into the hemolymph of female adults, following
established protocols*’. Briefly, we grew Sodalis in liquid LB medium
overnight, at 28 °C and 220 rpm. After incubation, we concentrated
bacteria to ODgoo = 1.0 in physiological saline (0.85% NaCl (w/v)) under
sterile conditions. Using a Flaming/Brown micropipette puller (Model
P-1000, Sutter Instruments, USA), we pulled needles from 3.5” glass
capillaries (#3-000-203-G/X, Drummond, USA) according to the fol-
lowing settings: heat=512, pull=45, velocity=75, delay=90, pres-
sure=500. Oil-filled needles were mounted to a Nanoject Il
microinjector (Drummond, USA) and loaded with bacterial suspen-
sion. 10nl of suspension with ODggoo=1 (translating to
6.01x10°+2.79 x10® CFUs) was injected into the abdomen of fully
melanized O. surinamensis females at a speed of 10 nl/s. Beetles of the
control treatment were injected with physiological saline. To facilitate
injections, we cut off the posterior third of the beetles’ elytra the day
before the injections and immobilized the insects on a cold metal plate
during the procedure. Injected females were of undefined age. How-
ever, since they were fully melanized, we considered them to be at least
2 weeks old and therefore at a reproductive age’.

After the injections, we transferred each beetle into a fluon-lined
well of a 48-well plate (Greiner Bio-One, Germany) filled with oat flakes
and incubated the plates at 27-28°C and 60% rH. Injections were
performed in seven batches with 50 beetles per treatment. Two spe-
cimens per batch were immediately stored in ethanol for qPCR (see
“qPCR” section).

To assess the establishment of Sodalis in O. surinamensis, we
inspected live female beetles for mCherry fluorescence using a Leica
M165FC fluorescence stereomicroscope (Wetzlar, Germany) 7 days
after injections were performed.

Monitoring survival and fitness correlates after Sodalis infection
To investigate the influence of Sodalis on host survival, we monitored
the survival of Sodalis-injected and control beetles for a period of
80 days. Beetle survival was monitored every 24 h for the first 3 weeks
and twice a week thereafter. 0, 7, and 14 days post injection (dpi), a
subset of infected females was processed for additional analyses, see
the following sections for more details on the sampling process.

During the observation period, we counted the number of first
offspring generation (F1) larvae produced by each injected female as a
proxy for fitness. We checked for the presence of larvae on a daily basis
for the first 3 weeks, and once a week thereafter. When we found larvae
in a well, each larva was carefully moved to a fluon-lined well of a new
48-well plate using a toothpick. Survival and development of isolated
larvae were monitored every 2 days, and we switched to daily obser-
vations once the larvae neared pupation to be able to assess the exact
date of adult emergence. After 28 days, we stopped moving larvae of
the control treatment to new wells, since we had already collected
enough for the coming sampling. Instead of moving the larvae, we now
transferred the female beetles to new plates, leaving the larvae in the
wells. We counted larvae on the day of transfer and 10 days after, to
account for individuals that might have hatched from eggs after the
transfer of the adult female. For both treatments, we let isolated F1
larvae develop into adults, recording the day adults emerged from the
pupa. Seven days after eclosion, we fixated F1 adults for further ana-
lyses. For more details, see the following sections. For all analyses
concerning the F1 offspring of Sodalis-treated beetles, we only inclu-
ded individuals that were confirmed to harbor Sodalis based on
mCherry fluorescence observed under a Leica M165FC fluorescence
stereomicroscope.

We transferred excess F1 beetles of both treatments that were not
needed for further analyses to small plastic boxes, supplied with oats.
Offspring of these beetles were transferred to a new box, where they
developed into F2 adults and reproduced. F3 offspring larvae were
transferred into a 48-well plate, where they developed into the pupal
stage and subsequently adulthood. The few surviving Sodalis-infected
F3 beetles (five adults and one pupa) were fixated for FISH to investi-
gate the localization of Sodalis and its impact on Shikimatogenerans.
Uninfected controls showed much higher survival, so only a subset of
the beetles was maintained. To confirm the long-term maintenance of
Shikimatogenerans in control beetles, individual beetles from
approximately generations 8-10 were fixated for FISH.

Sodalis transmission efficiency experiments

Late instar larvae and pupae were separated from the main O. sur-
inamensis lab colony and reared individually in fluon-lined wells of a
48-well plate supplied with oat flakes until adults emerged. A subset of
virgin female and male adults was injected with 10 nl of Sodalis sus-
pended in 0.85% NaCl solution (ODgop=1.0) and kept in individual
wells for 1 week to let beetles recover from the injection and wait for
Sodalis to establish. After a week, we checked for the presence of
mCherry fluorescence, indicative of Sodalis infection, in the injected
beetles. Using infected beetles, two mating groups were set up to
assess maternal and paternal Sodalis transmission, respectively. We
placed one male and one female beetle in each well of a 24-well plate
(Greiner Bio-One, Germany)—Sodalis infected females were placed
with uninfected males, and uninfected females were placed in wells
with Sodalis infected males. The mating pairs were kept in the wells for
21 days, after which we checked both adult beetles for Sodalis presence
(i.e., mCherry fluorescence) to see if bacteria were transmitted hor-
izontally between individuals. At the same time, we separated the
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produced larvae from the parents and screened for Sodalis by fluor-
escence stereomicroscopy. Using the number of infected and non-
infected larval offspring, we calculated the mean transmission effi-
ciency of Sodalis for the two groups.

Examining symbiont titers via qPCR

To study the bacterial load and its dynamics in O. surinamensis, we
sampled beetles of the parental generation and F1 adults. Immediately
after injection, 7 and 14 dpi, adults of the parental generation were
fixed in 70% ethanol and stored at —20 °C until DNA extraction. For the
F1 offspring, we sampled adults 7 days after eclosion. Prior to DNA
extraction, samples were placed in individual Eppendorf tubes, and the
remaining ethanol was evaporated in a vacuum concentrator (Con-
centrator 5301, Eppendorf, Germany). We extracted DNA of individual
beetles using the Epicentre MasterPure complete DNA and RNA pur-
ification kit (Lucigen, USA) according to the manufacturer’s instruc-
tions. DNA was eluted in 30 ul of low TE buffer.

For qPCR, we combined 19 ul of mastermix (10 ul Blue S'Green
gPCR mix (Biozym, Germany), 7.4 ul nuclease-free water, 0.8 ul of each
primer) with 1l of template DNA in the wells of a 96-well plate (Bio-
Rad, USA). We amplified all samples on a CFX Connect cycler (Bio-Rad,
USA) according to the following conditions: initial denaturation for
15min at 95°C, 60 cycles 95°Cfor15s, 60 °C for 30 s and 72 °C for 30 s
followed by a final denaturation step at 95°C for 15s. Then a melting
curve was recorded by incrementing the temperature by 0.5 °C every
5s from 55 °C up to 95 °C. To allow for absolute quantification of input
material, we included a set of standards ranging from 1 to 107 ng/ul of
amplicon on each plate. Using the standards, the qPCR program (CFX
Manager v3.1, Bio-Rad, USA) assessed the starting quantities of the
respective fragment in our samples, from which we calculated the
corresponding copy number. To amplify the 16S gene of Shikimato-
generans we used the OsurSym_fwd2 (5-GGCAACTCTGAACTAGC-
TACGC-3') and mod. CFB563 rev (5-GCACCCTTTAAACCCAAT-3)
primers®. For Sodalis, we amplified part of the tam gene using the
primers SP_tam3_fwd (5-CGTCTTAGCGGTACAAATGCC-3’) and
SP_tam3 reverse (5-GCAGATCGTAAT-AGTCGGCG-3’) modified from
Medina Munoz et al.”.

Melanization

For the F1 offspring, we analyzed cuticle coloration as a measurement
of melanization that may reflect tyrosine availability to the host®. We
collected F1 adults 7 days after eclosion and immobilized them on a
cold metal plate. Using a Leica M165 FC stereomicroscope (Leica,
Germany), we obtained pictures of the beetles with standardized set-
tings and illumination conditions (2x magnification, 293,5 ms expo-
sure time, 50 gain, 6.2 MP resolution) that we used to analyze the color
of beetle thoraces and abdomens. Pictures were imported into the
Natsumushi software v1.107*, and average red values were extracted
from circular areas for both thorax (radius =326.7 pixels) and abdo-
men (radius = 388.9 pixels). Average red values were transformed to
inverse red values and compared between treatments. Specimens
photographed for the assessment of melanization were then fixated
for cuticle thickness measurements.

Cuticle thickness

Besides melanization, we also examined the cuticle thickness of F1
adults as a proxy of tyrosine availability. Cuticle thickness was assessed
using micro-computed tomography (uCT) scans of adult F1 beetles. To
this end, we fixated 7 d old adults in 4% paraformaldehyde (PFA) in 80%
ethanol and removed their heads to facilitate entry of the fixative into
the body cavity. Samples were stored in fixative at 4 °C until we pre-
pared them for uCT according to Janke et al.”. Briefly, we transferred
beetles to absolute methanol to wash out the fixative and incubated
the beetles for 24 h. Afterwards, beetles were moved to 1% iodine in
absolute methanol and incubated at room temperature for another

24 h to enhance the contrast of internal tissues. Beetle specimens were
then washed in absolute ethanol (denatured) for 1h on a shaker
(Unimax1010, Heidolph, Germany) to remove excess iodine. The
washing step was repeated twice, followed by 3 washing steps in 100%
absolute ethanol on a shaker for 1 h each. Washed beetles were dried in
a critical point drier (Leica EM CPD300, Leica, Germany) with medium
CO, supply with a delay of 20 min, 20 exchange cycles, heating at
medium speed and slow gas exhaust. Dried specimens were mounted
in translucent 10 pl pipette tips with pipette tip pieces as spacers in
between samples.

Pipette tips with samples were placed on the sample holder and
scanned in an X-ray microtomograph (Skyscan 1272, Bruker, USA). We
created 360° scans with 0.2° rotation steps, the voltage and electric
current were adjusted to 35-40 kV and 135-200 mA, respectively, to
achieve a signal attenuation of 35%. Final pixel size of the scans was
2 um with a resolution of 2452 x 1640.

Based on the scans, we performed 3D reconstruction of the
scanned specimens using the NRecon software (v2.1.0.1, Bruker, USA)
with the following settings: ring artefacts reduction=10 and beam
hardening correction =20%. 3D reconstructions were imported into
Dragonfly’® (v2022.2, Comet Technologies Canada Inc., Montreal,
Canada; software available at https://www.theobjects.com/dragonfly)
where we measured beetle cuticle thickness in two ways: First, we
measured mean cuticle thickness across the whole insect’s body
(excluding the head, which had been removed to facilitate fixation), by
extracting the cuticle from the 3D reconstruction and applying a
thickness mesh. The mesh was then used to extract mean cuticle
thickness. Additionally, we measured the mean cuticle thickness in a
single section of the thorax, between the 3rd and 4th lateral spike.
Thickness was measured in a dorsal, ventral and sagittal position of the
section and the individual measurements were averaged.

Symbiont localization via fluorescence-in-situ-

hybridization (FISH)

To examine localization of Sodalis in the beetles, we fixated adult
beetles of the parental generation 7 dpi and of the F1 generation
7 days after eclosion in 4% PFA in 80% butanol for FISH. Sample
preparation was conducted according to Weiss””: The extremities of
fixated beetles were removed to facilitate fixation of the remaining
tissues, and samples were pre-embedded in 1% agar blocks. Beetle
specimens were then washed in 80% tertiary butanol and subse-
quently dehydrated in a series of butanols with ascending con-
centrations (90%, 96% and 100%). After a final dehydration step in
acetone, samples were infiltrated with, and finally embedded in,
HistoCURE 8100 (Morphisto, Germany) according to the manu-
facturer’s instructions. Embedded beetles were cut into 8 um thin
sagittal sections with a Leica Histocore AUTOCUT microtome
equipped with glass knives. Sections were placed on silanized glass
slides that were covered with 100 pl of hybridization mix consisting
of hybridization buffer (0.9 M NacCl, 0.02M Tris/HCI, pH 8.0, 0.01%
SDS), 0.5uM fluorescently labeled oligonucleotide probes and
0.5 mg/ml 4’,6-diamidino-2-phenylindole (DAPI). As probes, we used
one probe specific for Shikimatogenerans (OsurSym_16S_Cy5, 5-
AGCAGCCCATTGGACTAACC-3'), one specific for Sodalis (Sod_FISH-
Cy3, 5-TCCGCTGACTCTCGCGAGAT-3’; Shalom et al.’®), and a gen-
eral probe targeting eubacteria (EUB338-RhodamineGreen, 5-
GCTGCCTCCCGTAGGAGT-3; Amann et al’’). We applied cover
glasses and incubated the slides in a humid chamber at 50 °C over-
night. The next day, we removed the cover glasses, transferred the
slides to wash buffer (0.1M NaCl, 0.02 Tris/HCI, 5mM EDTA, 0.01%
SDS) and incubated them at 50 °C for 2 h. Afterwards, we washed the
slides in distilled water for 20 min and mounted them with Vecta-
shield (VectorLabs, USA). Sections were imaged with a Leica
THUNDER imager DMi8 equipped with a DFC9000GT camera and
CYR71010 and DFT51010 filter cubes. Pictures were processed with
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small volume computational clearing in the Leica Application Suite X
software (Version 3.8.2.27713, Leica, Germany). Besides beetles of
the parental and F1 generations, we also performed FISH on indivi-
duals of F3 and the following generations.

Measuring the impact of Sodalis on Shikimatogenerans cell
length and bacteriome volume

In each beetle sample used for FISH, we assessed the effect of Sodalis
on the cell size of Shikimatogenerans. To provide a conservative esti-
mate of this effect, we pre-selected Shikimatogenerans cells that
resembled the shape of the symbiont in the control treatment the
most. Among these selected cells, we measured the length of 10 ran-
dom Shikimatogenerans cells in one picture of a random bacteriome.
The size of 10 cells was averaged per sample and then used to compare
cell sizes between the two treatments. Besides Shikimatogenerans cell
length, we also investigated the impact of Sodalis on bacteriome
volume. Using Dragonfly (v2022.2), we marked the bacteriomes in
each section as a region of interest (ROI) and interpolated between the
sections to obtain the entire bacteriome volume. We manually cor-
rected ROIs to only cover the bacteriomes and none of the sur-
rounding tissues. For each of the bacteriomes, we extracted the
number of voxels each ROI covered and calculated the total volume of
each bacteriome accordingly (1 voxel = pixelsize®).

Gene expression in the bacteriome: RNASeq analysis of O. sur-
inamensis, Shikimatogenerans and Sodalis

Sample collection, RNA extracting, and sequencing. To investigate
gene expression of Shikimatogenerans, Sodalis and O. surinamensis, we
dissected bacteriomes of adults of the parental generation 7 days after
injection, and of F1 adults 7 days after eclosion. Both control and
Sodalis infected beetles were dissected in sterile 1.5x phosphate-
buffered saline, and bacteriomes were transferred into a drop of Trizol
in the lid of a reaction tube. Per treatment group, we dissected 7
replicates of pooled bacteriomes, making sure that for each pool, at
least 15 bacteriomes were collected (out of 20 possible for the five
beetles, since there are four bacteriomes in each individual beetle). For
the parental generation, we pooled the bacteriomes of 5 beetles in
100 ul of Trizol and added 150 ul Trizol before RNA extraction, while
for the F1, we collected bacteriomes of individual beetles in 50 ul of
Trizol and pooled them just before extracting RNA. Bacteriomes in
Trizol were manually homogenized using tweezers and collected at the
bottom of the tube by spinning down the Trizol. Bacteriomes were
stored at —80 °C until RNA extractions. Tweezers were cleaned with
70% ethanol in between dissections, and the buffer was changed
between samples. RNA was extracted using the Directzol RNA Micro-
prep kit (Zymo Research, USA) according to the manufacturer’s
instructions. We eluted RNA in 15 ul of nuclease-free water and stored it
at —80 °C until sequencing. Following the extraction, RNA quality and
quantity were assessed by capillary electrophoresis using an Agilent
Bioanalyzer PicoChip (Agilent, USA). A total RNA library was prepared
with a Zymo-Seq RiboFree Total RNA Library kit (Zymo Research, USA)
as outlined in the manufacturer’s instructions. Total RNA inputs ran-
ged from 7 to 15 ng and library preparation was adjusted according to
the protocol recommendations for low input amounts. Library frag-
ments passing the universal depletion step were then amplified by PCR
to convert single-stranded cDNAs into double-stranded cDNAs. We
sequenced 2x150bp paired reads on an Illumina NextSeq
2000 sequencer with a depth of approximately 50,000,000 reads per
library. RNA quality control, rRNA depletion, library preparation and
sequencing were performed at the Max Planck Genome Center in
Cologne.

Read processing and mapping. For the analysis of Sodalis and Shi-
kimatogenerans gene expression, all reads were trimmed using Trim
Galore v0.6.10%° for a Phred quality score threshold of 30 and

minimum read length of 50 bp. Potential remaining rRNA reads were
removed using Sortmerna v4.3.6% against the default database
smr_v4.3_default_db. Of the on average 93.7 million total reads, an
average of 82.8 million reads were retained after trimming and rRNA
removal and used in the subsequent analysis. For the host gene
expression analysis, RNASeq reads were trimmed, mapped and coun-
ted against the O. surinamensis genome using the NF-CORE/RNASeq
pipeline v3.18%* with the trimgalore, remove_ribo_rna and star_salmon
options.

The published genomes of S. silvanidophilus (GCF_018200315.1)
and S. praecaptivus (GCA_000517425.1) were obtained, and genes were
predicted and annotated using Bakta v1.9.3%* with default parameters.
The translated CDSs were then used to obtain KEGG functional
annotations®* using KEGGREST v1.40.1¥ in R v4.3.3%. Reads were
mapped using Bowtie2 v2.4.1¥ from end to end (sensitive mode),
allowing for no discordant or mixed reads. The BAM files were sorted
and indexed using Samtools version 1.13%, On average, 43.9% of reads
mapped to the genome of Shikimatogenerans, and 0.37% of reads
mapped to the genome of Sodalis (averaged across infected samples,
control samples had 0.00% mapping). The aligned reads were counted
with FADU v1.8.3% using the GFF files from the above-mentioned
genomes for gene features.

The O. surinamensis genome was assembled using previously
published single-molecule long reads (SRR12881567-SRR12881568)
obtained by sequencing genomic DNA on an Oxford Nanopore (ONT)
MinlON MK1B sequencer. The ONT raw data were base-called using
GUPPY v4.0.11°° with a high-accuracy option (dna_r9.4.1.450bp-
s_hac.cfg model), generating 11.7 Gb of sequence reads with an N50 of
24.5 kb. Genome assembly was performed using Flye v2.9.2” in meta-
mode, followed by four iterations of polishing using Racon v1.4.13”
and one round of error correction using Medaka v1.0.3 (https://
nanoporetech.github.io/medaka). For final error correction, we used
ntEdit v1.3.2”* with paired-end (2x150bp) Illlumina data generated
from the same DNA used for ONT sequencing. PurgeDups was used to
remove duplications (heterozygous regions) and generate a haploid
genome for downstream analysis. The relative contig coverage, GC
content and contig taxonomic classification were scanned after gen-
ome assembly using BlobTools v1.0 and Taxon Analysis’* to enable the
identification and removal of potential microbial symbionts or con-
taminants. The completeness of the genome was assessed using
BUSCO v5.2.1%, utilizing the insect_odbl0 database. The assembled
haploid genome contained 1770 contigs with a total genome size of
142Mb and an N50 contig size of 1,5Mb. A genome completeness
assessment using BUSCO resulted in 99.3% BUSCO complete and
single-copy orthologs and low duplication levels (0.4% duplicated
BUSCO). Genome annotation of O. surinamensis was performed using
a combination of RNASeq data obtained from beetle bacteriomes (RNA
extraction with Zymo Direct-zol RNA Miniprep kit, rRNA depletion and
poly(A)-enrichment, 2 x 150 bp paired-end sequencing with a depth of
25,000,000 reads on a NextSeq 2000 device) and the reference pro-
tein database Arthropoda ODBI1O0. Briefly, reads were trimmed using
TrimGalore v0.6.10°° and read length and quality thresholds set as
50 bp and 30, respectively. Reads were then mapped against the O.
surinamensis genome using HiSAT2 (v2.2.1) with default parameters
except for the intron length which was set to 10kb and the “dta”
option. Mapped samples were then merged, and the resulting file was
processed with samtools v1.17%® using the subcommands “collate”,
“fixmate”, “sort” and “markdup” with default parameters. The final
BAM file, along with the protein reference database, was then provided
to BRAKER v3.0.7°'%* to perform gene model prediction. BRAKER
predictions were post-processed to fix overlapping genes and retain
only the longest isoform using AGAT v1.5.1'®. Prior to annotation, the
genome of O. surinamensis was softmasked using the RepeatMasker
suite. A first round of masking using RepeatMasker v4.1.5'°° was per-
formed based on the insect lineage and the default database of
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RepeatMasker. In parallel, de novo prediction of repeats was per-
formed using RepeatModeler v2.0.4'7 with default parameters. A
second round of softmasking was then performed using the custom
repeats library produced by RepeatModeler.

Finally, nucleotide coding sequences and proteins were extracted
with GFFREAD v0.12.8'%, Functional information was obtained Egg-
NOG (eggNOG-Mapper 2.1.0 with EggNOG 5.0.2, Huerta-Cepas et al.'”®)

within OmicsBox v3.4.1 and InterProScan™®.

Differential gene expression analysis. Gene expression was com-
pared between control and Sodalis-infected beetles for each genera-
tion, except for Sodalis, in which gene expression was compared
across generations for the Sodalis-infected treatments. For the host
gene expression analysis, counting matrices were then subjected to
differential expression analysis using EdgeR v4.2.2" in R v4.4.0 using a
quasi-likelihood test and an FDR threshold of 0.05 and a log2Fold-
Change of >[1]. Prior to differential expression estimation, genes with
low variation were removed through the filterByExpr function of the
EdgeR package. Out of the total 13,283 genes, 7811 and 7689 were kept
in the analysis of the parental and first generations, respectively. A total
of 150 and 46 genes were identified as differentially expressed in the
parental and first generations, respectively.

For the bacterial gene expression analysis, differential gene
expression was assessed using DESeq2 v1.40.2"2 in R version 4.3.3"°.
Genes with fewer than a total of 20 reads across samples were exclu-
ded from the analysis. For Shikimatogenerans, 276 protein-coding
genes were analyzed, whereas for Sodalis 4362 out of 4657 total genes
were kept. For all differential gene expression analyses, the function
Ifcshrink was run using the adaptive Student’s ¢ prior shrinkage esti-
mator from the package apeglm v1.22.1"*. Genes were considered
differentially expressed if the adjusted p-value was <0.05 and the
log2FoldChange was >|1|. No genes were identified as differentially
expressed for Shikimatogenerans. Conversely, Sodalis differentially
expressed 168 genes across generations. Additionally, Sodalis genes
were sorted according to the average TPM values obtained from the
FADU outputs for each generation, and the top 100 genes were
selected out of the 2946 protein-coding genes annotated with
BlastKoala v3.0.

Statistics

We analyzed the survival of injected beetles with cox mixed-effect
models v2.2.20 (coxme package'). Our models included treatment as
an explanatory variable while the injection batch was included as a
random factor. An effect of treatment was tested using a type Il ana-
lysis of variance (ANOVA, car package v3.1.2"°). The number of larvae
produced by injected females was analyzed with a zero-inflated
negative binomial model (pscl package v1.5.9') using treatment as
an explanatory variable. Bacteriome absence and presence in F3 indi-
viduals was compared between the two treatments using a Fisher’s
exact test (stats package v4.2.3%%). Remaining fitness parameters were
compared between the two treatments using two-sided parametric
two sample t-tests or non-parametric Wilcoxon rank sum tests (stats
package v4.2.3%). Assumptions of normality and homogeneity of var-
iance were verified using the Shapiro-Wilk test and Levene’s test,
respectively (stats package v4.2.3%). Figures for survival and fitness
parameters were created with ggplot2 v3.5.1"%,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The annotated beetle and symbiont genomes and RNAseq data are
available in the Edmond open data repository of the Max Planck
Society under https://doi.org/10.17617/3.MUVIMF. RNAseq data

generated in this study has also been deposited in the NCBI Sequence
Read Archive under accession number PRJNA1423255 [http://www.
ncbi.nlm.nih.gov/bioproject/1423255]. The bacterial genomes used in
this study were obtained from NCBI using accession numbers
GCF_018200315.1  [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_018200315.1/1  (Shikimatogenerans  silvanidophilus)  and
GCA_000517425.1  [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCF_000517425.1/1 (Sodalis praecaptivus). Single-molecule long reads
for assembling the Oryzaephilus surinamensis genome were obtained
from the NCBI Sequence Read Archive under accession numbers
[SRR12881567]-[SRR12881568]. RNAseq data used for annotation of the
Oryzaephilus surinamensis genome is available in the NCBI Sequence
Read Archive under accession number PRJNA1423469 [http://www.
ncbi.nlm.nih.gov/bioproject/1423469]. Source data are provided with
this paper.
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