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SUMMARY

Many insects rely on microbial protection in the early stages of their development. However, in contrast to
symbiont-mediated defense of eggs and young instars, the role of microbes in safeguarding pupae remains
relatively unexplored, despite the susceptibility of the immobile stage to antagonistic challenges. Here, we
outline the importance of symbiosis in ensuring pupal protection by describing a mutualistic partnership be-
tween the ascomycete Fusarium oxysporum and Chelymorpha alternans, a leaf beetle. The symbiont rapidly
proliferates at the onset of pupation, extensively and conspicuously coating C. alternans during metamor-
phosis. The fungus confers defense against predation as symbiont elimination results in reduced pupal sur-
vivorship. In exchange, eclosing beetles vector F. oxysporum to their host plants, resulting in a systemic
infection. By causing wilt disease, the fungus retained its phytopathogenic capacity in light of its symbiosis
with C. alternans. Despite possessing a relatively reduced genome, F. oxysporum encodes metabolic path-
ways that reflect its dual lifestyle as a plant pathogen and a defensive insect symbiont. These include viru-
lence factors underlying plant colonization, along with mycotoxins that may contribute to the defensive
biochemistry of the insect host. Collectively, our findings shed light on a mutualism predicated on pupal pro-
tection of an herbivorous beetle in exchange for symbiont dissemination and propagation.

INTRODUCTION despite the prevalence of defensive mutualisms in in-

sects,”*?*?5 the role of symbiotic microbes in protecting the

Antagonistic interactions are widespread in nature,’ exerting
strong selective pressures to evolve protective traits.”™
Among insects, symbioses with beneficial microbes serve as
a rich source of defensive adaptations.” Symbiont-mediated
protection can stem from competitively excluding pathogens
and parasites®’ by priming the immune system against
potential infections®® or through the production of bioactive
compounds that promote the defensive biochemistry of the
host.'"

Similar to obligate nutritional partnerships, a number of
defensive mutualisms are faithfully transmitted and exhibit a
high degree of evolutionary stability.'*'® The fixation of a pro-
tective symbiont within its host’s population can reflect the tem-
poral and spatial persistence of predatory, parasitic, or patho-
genic threats, justifying the metabolic cost of symbiosis.”*"
Across beetles,’**® wasps,”* and bugs,'® symbiont-mediated
protection is typically described for eggs and juvenile stages
that are at a greater risk to antagonistic challenges. However,

12,13

pupal stage remains undescribed for most holometabolous
clades.>?°

The risk of parasitism and predation can be high for pupae,
serving as a selective force for counteradaptations that ensure
survivorship during metamorphosis. Although insectivorous birds
and rodents can and do feed on pupae,®*** most threats seem to
arise from non-visual predators and parasitoids such as ground
beetles, ants, and wasps.>° As such, physical and chemical adap-
tations offer refuge for insects to evade antagonistic challenges.*®
These include spinning cocoons or silk nets prior to metamor-
phosis,>” where filaments protect the enclosed pupa. Spines
and secretory hairs are similarly effective,*® either by deterring
physical contact or by actively exuding defensive secretions that
are unpalatable to potential predators.®® Here, we extend this
narrative by highlighting the role of symbiotic microbes in confer-
ring pupal protection, using the tortoise leaf beetle Chelymorpha
alternans (Coleoptera:Chrysomelidae:Cassidinae) as a study
system.
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Cassidines represent a highly diverse subfamily of leaf beetles
that includes more than 6,000 species.’ The ecological radia-
tion of tortoise beetles and their capacity to exploit a diverse
range of angiosperms is tied to the origin of a symbiosis with
Candidatus Stammera capleta, a pectin-degrading bacterial
symbiont maintained in specialized organs near the foregut.*'*
In addition to Stammera, C. alternans and other cassidines are
hosts to reproductive manipulators such as Wolbachia** and
Spiroplasma,** highlighting the range of interactions with micro-
bial symbionts across the subfamily and their impact on host
development and ecology. Although the life cycle and general
morphology of C. alternans resembles that of many herbivorous
beetles, it differs in that the pupal stage is covered by a conspic-
uous white substance (Figure 1A).*® Earlier reports described the
substance as a waxy secretion or flocculence,”® resembling
those produced by scale insects. In this study, we reveal this
substance to be largely fungal (Figures 1B and 1C). Through mi-
croscopy and molecular and genomic characterizations, along
with bioassays in the laboratory and field, we detail a symbiosis
that confers pupal protection in a beetle in exchange for symbi-
ont dispersal and propagation.

RESULTS AND DISCUSSION

Fusarium oxysporum, a fungal symbiont of Chelymorpha
alternans
We explored the microbial community associated with
C. alternans pupae through metagenome sequencing and
profiled its composition using phyloFlash v.3.4.“° By screening
for and retrieving the small subunit ribosomal RNA gene (SSU
rRNA), our analysis assigned 854 rRNA sequences spanning
bacteria, archaea, and fungi. We observe that pupae are
hosts to previously described bacterial symbionts in
C. alternans,*"**including Stammera and Wolbachia, in addition
to a mycobiome composed entirely of Fusarium oxysporum
(Table S1). This is in line with culture-dependent approaches
pointing to F. oxysporum as the only microbe consistently iso-
lated from the fibrous growths on the outer surfaces of pupae.
To characterize the prevalence of F. oxysporum across beetle
development, we performed diagnostic PCR in eggs, larvae,
pupae, in addition to adult males and females. F. oxysporum is
universally present throughout the life cycle of C. alternans
(Table S2), which is indicative of a stable and faithfully trans-
mitted symbiosis with its beetle host.

Toresolve the phylogenetic position of C. alternans-associated
F. oxysporum relative to representative ascomycetes, a phyloge-
nomic tree was constructed on the basis of 180 marker genes
(Data S5). A maximum-likelihood analysis confirmed the place-
ment of the beetle’s symbiont alongside other strains of
F. oxysporum, and part of a species complex composed of path-
ogenic and nonpathogenic lineages. Our analysis revealed that
the symbiont of C. alternans is most closely related to fungi that
are causal to wilt disease in cabbage, broccoli, radish, and cot-
ton, forming a well-supported monophyly (Figure 1D; Data S5).

Rapid symbiont proliferation following pupation

As dense filamentous aggregations of F. oxysporum appear to
form immediately on the surface of the C. alternans following pu-
pation (Figures 1B and 1C), we aimed to describe the symbiont’s
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population dynamics throughout the developmental stage by
applying gPCR targeting the microbe’s Tef-1a gene. We observe
a thousand-fold increase in symbiont abundance between days
1 and 2 post-pupation, followed by a highly stable population
spanning the remaining 5 days required for C. alternans to com-
plete metamorphosis (Figure 2) (linear model [LM], F5 12 = 6.04,
p = 0.005; Data S1). The rapid growth of F. oxysporum early
in pupal development, followed by a conserved presence
throughout its duration (Figure 2), is suggestive of a stage-spe-
cific role that may be required during this immobile phase.

Symbiont-mediated pupal protection

We hypothesized that F. oxysporum may confer a protective
benefit to its beetle host, given its conspicuous cuticular localiza-
tion (Figures 1B and 1C) and rapid proliferation at the onset of
pupation (Figure 2). Like many tropical insects, C. alternans ex-
periences strong antagonistic pressures by ants, nematodes,
and assassin bugs, in addition to parasitoid wasps and flies.*®
Cassidinae larvae contend with these challenges by construct-
ing fecal shields that provide chemical and physical protec-
tion.*%*>47 Additionally, the evolution of maternal care in a sub-
set of tortoise beetle species ensures that immature stages,
including pupae, are defended throughout development against
natural predators.*”*® However, beyond emitting lateral rhyth-
mic movements when disturbed, C. alternans pupae lack both
defensive adaptations,*® highlighting the susceptibility of this
phase and the potential role of F. oxysporum in alleviating antag-
onistic threats.

To generate symbiont-free C. alternans (Figure 3A), we treated
the external surfaces of newly pupated insects with 0.5% (w/v)
benzimidazole solution (5 g benzimidazole/100 mL H,0), a
demonstrated fungicide against a range of fusaria.*® The efficacy
of this treatment was assessed by symbiont-specific gPCR (Fig-
ure 3B), revealing marked suppression in symbiont abundance
relative to untreated pupae (unpaired Wilcoxon rank-sum test,
W =2, p = 0.001). Adult eclosion rates under laboratory condi-
tions were consistently high across both groups (91% [Cl =
73%-97%] benzimidazole-treated; 95% [Cl = 79%-99%] un-
treated control; generalized linear model [GLM, binomial], %2 =
0, df =1, p=1) (Figure 3C), indicating that the topical application
of benzimidazole did not adversely affect insect development
within the pupal case.

To assess the role of F. oxysporum as a defensive symbiont,
field experiments were conducted in the natural environment of
C. alternans in Gamboa, Republic of Panama (N: 9°07'12.5; W:
79°41'46.0). Pupae were either applied with benzimidazole as
described above or left untreated. Both groups were then sepa-
rated into cages that were either exposed or sealed, yielding four
experimental treatments in total (Figure 3D). Survival rates were
compared across all groups and throughout 4 days. Benzimid-
azole-treated pupae reared in exposed cages suffered a higher
predation rate relative to untreated pupae, as well as pupae
treated with the fungicide but maintained in sealed cages (Fig-
ure 3D) (log-rank test, %2 = 34.8, df = 3, p < 0.001; Cox’s model,
p <0.001; Data S1). In contrast, untreated pupae in exposed ca-
ges exhibited a similar survivorship rate relative to the two exper-
imental groups maintained in sealed cages (Figure 3D; Data S1),
highlighting the protective role of F. oxysporum for its beetle
host. As ants are among the most abundant and impactful
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Figure 1. Symbiosis between the tortoise beetle Chelymorpha alternans and Fusarium oxysporum

(A) lllustration depicting the life cycle and different developmental stages of C. alternans, including eggs, larvae, pupa, and an adult beetle (direction counter-
clockwise) on the sweet potato plant, [pomoea batatas. A popup illustrates the dense filamentous growth of F. oxysporum on the pupa.

(B and C) Scanning electron microscopy image of the exterior surface of the pupal case and the fungal symbiont. Scale bars are included for reference.

(D) Maximum-likelihood phylogeny based on 180 concatenated genes revealing the phylogenetic placement of the C. alternans-associated F. oxysporum (red) relative
to other members of the species complex and the Fusarium genus. Node coloration reflects bootstrap support >95%. Leafy icon indicates plant pathogenic lineages.
This is an abridged version. See also Data S5 and Tables S1 and S2.
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Figure 2. Fusarium oxysporum rapidly pro-
liferates at the onset of pupation

Symbiont population dynamics during pupal
development following the quantification of Tef-1a
b gene copy numbers (n = 18; LM, Fs51, = 6.04,

5 % | =] | I |L| p = 0.005; Data S1). Lines represent medians,

Ho

|_

Fusarium oxysporum abundance per pupa (log)

Time (days)

predators on the ground and in lower vegetation in tropical rain
forests,”® we surveyed ant communities within a 4-m radius
from the experiment’'s site. This revealed a consortium
composed of carpenter ants (Camponotus senex) and generalist
species, Azteca lacrymosa and A. chartiex. The latter two are
noteworthy, given the predacious habits of Azteca ants on Cas-
sidinae pupae,®® including C. alternans*® (Video S1). Owing to
the possible inhibitory and off target effects of some fungicides,
future efforts will capitalize on the development of additional
symbiont-clearing protocols to generate stable aposymbiontic
populations of C. alternans.

Symbiont-mediated protection is described across a number
of diverse insect clades.'®??725°1"5% Many of these mutualisms
feature soil-dwelling taxa that run a higher risk of pathogenic
infection or groups that are vulnerable to antagonistic threats
early in development. Beewolves provision antibiotic-producing
Streptomyces in brood cells,>® thereby ensuring the protection
of progeny from mold fungi during their month-long development
in underground nests.”* Symbiont protection extends beyond
pathogenic threats and can counter predation by other arthro-
pods, as demonstrated in rove beetles.®*°° The production of
pederin, a potent amid toxin, in eggs and larvae is a function of
its defensive symbiont, Pseudomonas.>* Larvae hatching from
pederin-free eggs experience increased predation relative to
symbiotic insects that are chemically defended,’® a dynamic
that may govern the partnership between tortoise beetles and
F. oxysporum.

Eclosing beetles propagate F. oxysporum to naive host
plants

Time-calibrated phylogenies indicate that fusaria originated and
diversified with flowering plants ~91.3 mya,®” where they are

4 Current Biology 32, 1-14, October 10, 2022

_1 —— boxes comprise the 25-75 percentiles, and whis-

kers denote the range. Images reflect a time series
of a single pupa throughout the 6 days required
for C. alternans to complete metamorphosis.
Different letters above boxes indicate significant
differences.

implicated in a variety of plant diseases
that include wilts, blights, and rots.*®*°
Members of the speciose genus impact
both natural and managed ecosystems
and employ a broad range of infection
strategies that can either initiate in roots
from soilborne populations or invade
leaves and stems following contact with
spore-bearing vectors.”®

As tortoise beetles typically transition to
a different feeding site following pupa-
tion,*?*> we asked whether C. alternans
can vector F. oxysporum to naive sweet
potato plants (Jpomoea batatas), one of several convolvulaceous
vines on which it thrives.®® The exposure of /. batatas to newly
eclosed C. alternans revealed that the beetle does indeed prop-
agate its fungal symbiont to previously uninfected plants (Fig-
ure 4A) (Pearson’s 2 test, ¥2 = 5.95, df = 1, p = 0.01), resulting
in a systemic infection as confirmed through diagnostic PCR us-
ing F. oxysporum-specific primers. Similar to other holometabo-
lous insects, C. alternans emerges from its pupal skin by actively
peeling it with its tarsal pads and claws.® Thus, the beetle’s legs,
representing the first point of contact between a recently eclosed
adult and a new plant, may be contaminated with symbiont
spores after shedding F. oxysporum-rich exuviae. We quantified
F. oxysporum titers in the appendages of C. alternans (spanning
the coxa to the tarsal claws) and found that symbiont density on
legs is largely representative of adult beetles as a whole (Fig-
ure 4B) (LM, F4 4 = 0.48, p = 0.53). Scanning electron microscopy
further revealed that the beetle’s tarsal pads, and its associated
setae, bear fragmented microbial aggregations that may
stem from the symbiont population coating the pupal skin
(Figures 4C-4F).

Beetles are important vectors of numerous plant pathogens
owing to their impressive diversity spanning nearly all terrestrial
ecosystems,®'®* and the key role of herbivory in fueling their
ecological radiation.®>®® The epidemiology of these microbes,
spanning eukaryotic and prokaryotic clades, is dependent
on the population dynamics and dispersal of their beetle
hosts.® Darkling beetles (Coleoptera:Tenebrionidae) transmit
Burkholderia gladioli to soybean plants, in exchange for
microbe-mediated protection of an immobile stage (in this
case, the egg).?” Ambrosia beetles belonging to the Euwallacea
genus (Coleoptera:Curculionidae:Scolytinae) cultivate and
consume a range of fusaria, which they, in turn, disseminate to
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Figure 3. Symbiont-mediated pupal protec-
tion

(A) Topical application of benzimidazole clears
F. oxysporum from the outer surfaces of pupae.
(B) Symbiont abundance following the quantifica-
tion of Tef-1a. gene copy numbers (n = 16; unpaired
Wilcoxon rank-sum test, W = 2, p = 0.001). Box
coloration signifies the experimental treatment.
Lines represent medians, boxes comprise the 25—
75 percentiles, and whiskers denote the range.

100 —
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Fusarium abundance per pupa (log)
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Asterisks indicate significant differences.

(C) Adult eclosion rate following benzimidazole
treatment (n = 46; GLM [binomial], x>=0, df=1,p =
1). Bar coloration signifies the experimental treat-
ment. Whiskers denote the 95% binomial confi-
dence intervals.

(D) Pupal survivorship across treatments (n = 98;
log-rank test, XZ = 34.8, df = 3; Cox’s model,
p < 0.001, related to Data S1). Line coloration and
patterning signifies the experimental treatment.
Letters indicate significant differences between
treatments. n.s., not significant.

See also Video S1.
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test, x2=5.32, df = 1, p = 0.02), which re-
sults in a greater proportion of non-viable
cells relative to uninfected plants (Fig-
ure 5B). As these lesions are character-
istic of necrotrophic activity,”" our find-
ings indicate that F. oxysporum retained
its plant pathogenic potential in light of
b its association with tortoise beetles.
Given the ubiquity of Fusarium lineages
in the soil and in association plants, it is
conceivable that F. oxysporum is ac-
quired by the beetle from the environ-

@ QO

T T T
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adiversity of host plants, including fig®” and avocado trees.®® Fu-
sarium may additionally alter insect behavior to promote its
propagation as demonstrated in the mealworm beetle
(Coleoptera:Tenebrionidae),’® which preferentially consumes
grains colonized by the fungus and continues to produce
spore-bearing feces weeks following dietary exposure.®® As
mealworms additionally transmit Fusarium to uninfected mates
during copulation, the fungus appears to maximize its range by
aligning its transmission to the behavioral, reproductive, and
nutritional ecology of its host.®®

As F. oxysporum causes wilt disease in a number of plant
groups,’® we additionally examined whether the lineage asso-
ciated with C. alternans induces a pathogenic phenotype
upon infecting the sweet potato plant, /. batatas. Although
F. oxysporum infection in plant roots can be asymptomatic,
its colonization of vascular tissue triggers massive wilting, ne-
crosis, and chlorosis of leaves and stems.®’° By inoculating
5 x 10* F. oxysporum spores onto the leaf surfaces of
I. batatas, we observe that the fungus consistently induces

T ment every generation and that the ben-
efits to the microbe are negligible relative
pupal defense in the insect. Elucidating
the transmission route of F. oxysporum,
and whether it can consistently propagate in the absence of
its beetle host, will determine the degree by which the fungus
is simply coopted by C. alternans.

Chromosome-scale symbiont genome assembly and
annotation

We sequenced the genome of F. oxysporum to characterize its
metabolic potential and gain insights into its dual lifestyle as a
defensive insect symbiont and plant pathogen. High fidelity
(HiFi) sequencing from Pacific Biosciences yielded 148,258
filtered reads with an average length of 13.7 kb. These were
assembled into 12 unitigs, or high-quality contigs, representing
a haploid genome of 48.6 Mb, with a GC content of 46% and a
N50 of 28.5 Mb (Figure 6A). Most unitigs are enriched for telo-
meric repeats at their edges. Stretches of TTAGGG hexamers
were identified at both ends of 10 unitigs, resulting in gapless,
telomere-to-telomere assemblies of complete chromosomes,
whereas the two remaining unitigs possessed only one telomeric
repeat at one end. This indicates that the F. oxysporum genome
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Figure 4. Tortoise beetles propagate Fusarium oxysporum to uninfected host plants
(A) F. oxysporum infection frequencies in the sweet potato plant (Jpomoea batatas) grown in the presence and absence of Chelymorpha alternans (n = 20;
Pearson’s y test, %2 = 5.95, df = 1, p = 0.01). Whiskers denote the 95% binomial confidence intervals.
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organized into 11-12 chromosomes (Figure 6A). The genome

assembly is highly complete with 98.6% of the Benchmarking

u

niversal Single-Copy Orthologs (BUSCO) genes represented

against the Ascomycota database. A total of 97.4% of these
genes are single copy, 1.1% are duplicated, 0.2% are frag-
mented, and 1.3% are missing.

d

The genomes of plant pathogenic oomycetes and fungi
isplay tight physical associations between transposable ele-

ments (TE) and genes encoding virulence factors that aid in
host colonization and evasion of the immune system.”?”® These

in

clude effector molecules that are regulated through chromatin

modification during infection alongside flanking TEs.>”*"® Only
7% of the beetle-associated F. oxysporum genome is composed
of repetitive sequences, including TEs such as long terminal re-
peats (3.02%) and DNA transposons (2.52%). In contrast, an
estimated 28% of the genome of F. oxysporum f.sp. lycoper-

sici,

’* a tomato plant pathogen, is composed of repetitive

sequences, similar to close relatives that are causal to wilt

d

isease.”” As TE proliferation is typically tied to genome

expansion,’? we note that the relatively small number of repeti-
tive elements encoded by the fungal symbiont of C. alternans
correlates to one of the smallest genomes assembled to date
for a member of the F. oxysporum species complex (Figure 6B),
alongside the human-associated strain NRRL 26365.”° The
10 largest genomes (56-68 Mb) in our analysis all stem from

p

lant pathogens.

Gene prediction and annotation using Funannotate (v.1.8)"°

resulted in 16,925 gene models. The proportion of genes
assigned a functional annotation is 50.7%, consistent with
recent sequencing efforts for Fusarium and other filamentous
fungi.”*”” Most genes assigned a functional classification
were categorized under carbohydrate transport and meta-
bolism, followed by secondary metabolite biosynthesis, amino
acid metabolism, and posttranslational modification (Figure 6C;

D

ata S2). In contrast, genes involved in cellular motility and

extracellular structures were poorly represented (Figure 6C;

D

ata S2).

¢ CellP’ress

Figure 5. Pathogenic impact of Chelymor-
pha-associated Fusarium oxysporum on
the sweet potato plant (lpomoea batatas)
(A) Plants inoculated with symbiotic F. oxysporum
from in vitro cultures exhibit wilting and yellowing
leaves in contrast to the control group (n = 27;
Pearson’s %2 test, ¥ = 5.32, df = 1, p = 0.02).
Whiskers denote the 95% binomial confidence
intervals. Asterisk indicates significant differences.
(B) Trypan blue staining of untreated and
F. oxysporum-inoculated leaves. Coloration dis-
tinguishes viable (clear) from non-viable (blue)
cells.

As fungi are assimilative heterotrophs, enzymes involved in
releasing and transporting carbohydrates and extracellular nutri-
ents are critical for their metabolism. Genes encoding hydrolytic
enzymes are typically enriched in the genomes of plant patho-
genic fungi,”>”"*"" likely facilitating the deconstruction, digestion,
and assimilation of the recalcitrant polysaccharides encountered
during colonization of the plant cell.”® We performed a search
for carbohydrate-active enzymes (CAZymes) using the dbCAN
database.”® A total of 768 CAZymes were predicted for the fungal
symbiont of C. alternans, which included 360 glycoside hydro-
lases (GHs), 125 carbohydrate esterases (CEs), 120 auxiliary ac-
tivities (AAs), 29 carbohydrate-binding modules (CBMs), and 25
polysaccharide lyases (PLs) (Data S3). These enzymes are pre-
dicted to act on most plant cell wall polysaccharides, including
cellulose (e.g., GH5 and 9), hemicellulose (e.g., GH43), pectin
(e.g., GH28, PL4), and lignin (e.g., AA1, 2 and 5). As a microbe’s
arsenal of hydrolytic enzymes is strongly correlated with its ecol-
ogy,”® we applied the CAZyme-Assisted Training And Sorting of
trophy (CATAStrophy) prediction tool®° to infer the trophic affilia-
tion and pathogenic potential of C. alternans-associated
F. oxysporum. Trophic predictions following a multivariate anal-
ysis classified the symbiont as a vasculartroph (Data S3) that likely
alternates between biotrophic and necrotrophic phases, consis-
tent with the assignments of wilt- and rot-causing lineages of
the F. oxysporum species complex.®’

The extensive presence of genes encoding plant cell wall-de-
grading enzymes within the genome of F. oxysporum comple-
ments the range of basic plant pathogenicity factors annotated
in other fusaria,®” including Ras proteins, G protein-signaling
components, and cAMP pathways (Data S4). Most of these
pathways encode cellular signaling components that underlie
exogenous and endogenous perception and interaction with
the host plant. Collectively, our annotation revealed that the
fungal symbiont of C. alternans possesses many of the molecular
signatures tied to a phytopathogenic lifestyle in F. oxysporum,
reflecting its capacity to infect and colonize the sweet potato
plant, I. batatas (Figures 4 and 5).

(B) F. oxysporum abundance in eclosing beetles following the quantification of Tef-1a gene copy numbers in legs (spanning the coxa to the tarsal claws) relative to
the whole insect (n = 6; LM, F4 4 = 0.48, p = 0.53). Lines represent medians, boxes comprise the 25-75 percentiles, and whiskers denote the range. n.s., not
significant.
(C-F) Scanning electron microscopy images of (C) a recently eclosed beetle, (D and E) its tarsal claws and pads, and (F) microbe-bearing setae. Scale bars are

in

cluded for reference.
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Figure 6. Genomic features and annotation of Chelymorpha alternans-associated Fusarium oxysporum

(A) Circular view of the F. oxysporum genome. The plot consists of five tracks from the outside: (i) 12 contigs representing the haploid genome, (i) gene density
within 100-kb windows, (jii) repeat count within 1,000 bp windows, (iv) telomeric repeats, and (v) GC content within 1,000 bp windows.

(B) Relationship between genome size and gene content for representative members of the F. oxysporum species complex (yellow) relative to the symbiotic

lineage associated with C. alternans (red).

(C) Functional classification of protein-coding genes according to COG (Clusters of Orthologous Genes) metabolic categories.

See also Data S2, S4, and S5.

Insecticidal potential of Fusarium oxysporum

Fusarium species produce a wide variety of secondary metabo-
lites that are toxic to plants and animals,®’ including inverte-
brates.®? To explore the metabolic potential of F. oxysporum in
the defensive biochemistry of C. alternans pupae, we surveyed
the symbiont’s genome assembly for biosynthetic gene clusters
using fungiSMASH.®® For most fungi, secondary metabolites are
synthesized by nonribosomal peptide synthetases, polyketide
synthases, or terpene synthases.®* Backbone enzymes en-
coded in a pathway are flanked by cluster-specific transporters
and transcription factors.®”®* In total, 42 biosynthetic gene clus-
ters were predicted in the symbiont’s genome, including 22 non-
ribosomal peptides (NRPs), 11 terpenes synthases (TSs), five

8 Current Biology 32, 1-14, October 10, 2022

polyketide synthases (PKSs), two betalactones, and two indoles
(Figure 7A). The majority of these clusters (39) are shared
with other fusaria (Figure 7A). However, fusarubin, a polyketide
phytotoxin®® —present in all examined members of the
F. oxysporum species complex—is not encoded by the defen-
sive symbiont of C. alternans (Figure 7A).

We observe that biosynthetic gene clusters are distributed
across most, but not all, chromosomes of the symbiont
genome. Notably, chromosome 12 lacked any pathways
involved in secondary metabolism biosynthesis, possibly re-
flecting the compartmentalization described in many Fusarium
genomes.”* Genomic regions are typically divided into
accessory components that encode virulence factors and
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Figure 7. Secondary metabolism and insecticidal potential of Chelymorpha-associated Fusarium oxysporum

(A) Heatmap depicting gene cluster family distribution across members of the F. oxysporum species complex and closely related fusaria. Each column represents
a pathway. Colors indicate the absence, in white, or the presence of BGC classes: red, nonribosomal peptides (NRPS); yellow, polyketide synthases (PKS,
including both types | and lll); green, NRPS-PKSI hybrids; others (including betalactones and indoles). Each row represents a Fusarium genome. The depicted
dendrogram is an abridged version, related to Data S5, limited to fusarial species.

(B) Predicted biosynthetic gene clusters with potential insecticidal activity in the genome of Chelymorpha alternans-associated Fusarium oxysporum. Arrow
patterns represent different gene functions. Scale bars are included for reference.

biosynthetic gene clusters or core regions that encode func-
tions necessary for growth and survival.””"’* Indeed, the high-
est proportion of genes assigned an annotation in chromo-
some 12 are dedicated to informational processing,
including replication and recombination (7.6%), followed by
transcription (5.9%) and carbohydrate transport and meta-
bolism (3.9%) (Data S2).

Of the mycotoxins produced by Fusarium, several are
known for their insecticidal properties, including beauvericin,
gibberellic acid, bikaverin, and fusaric acid.®”#2:5587 Al four
encoding biosynthetic gene clusters are retained by
F. oxysporum in its symbiosis with tortoise beetles (Figure 7B).
Beauvericin, a cyclic antibiotic belonging to the enniatin fam-
ily, is especially notable given its strong cytotoxic effects
against a broad range of insect orders.?®®” Gibberellic acid,
a diterpenoid that induces epithelial degeneration in insects,®®
additionally exhibits potent antifeedant properties that may
confer pupal protection in C. alternans. This includes repelling
insects prior to contact, suppressing biting after contact, and

deterring further feeding following consumption.?°° By capi-
talizing on the cultivability of F. oxysporum, future efforts will
explore the structure and mode of action of the symbiont’s
secondary metabolites. These will feature targeted ap-
proaches that combine mass spectrometry®’ with bioassays
in the laboratory and field. If microbe-mediated protection
does indeed stem from the production of bioactive com-
pounds, our efforts will additionally elucidate how
C. alternans withstands the possible inhibitory effects of its
mutualist. In rove beetles, increased tolerance against a sym-
biont’s defensive compounds underlies how the host con-
tends with the toxicity of pederin while benefiting from its pro-
tective properties against predacious ants.?® Interestingly,
beetles are generally less susceptible to entomopathogenic
fusaria relative to other insect orders.?? Although speculative,
a higher tolerance to Fusarium and their mycotoxins may
have predisposed coleopterans to engage in stable, yet func-
tionally divergent symbioses with members of the fungal
genus.67,91,92,93
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Conclusions

Pupae counter antagonistic challenges through a remarkable set
of defensive adaptations.*® Here, we highlight the role of symbi-
osis in upgrading pupal defense for a leaf beetle in exchange for
propagating its mutualist. Where plants are increasingly recog-
nized as reservoirs for symbiont infection across several herbiv-
orous insect clades,” " we aim to examine the role of mixed-
mode transmission®® for the persistence of F. oxysporum in
C. alternans populations. Mixed-mode transmission is critical
for the epidemiology of numerous symbionts,”® extending the
range of infection strategies available for a microbe to access
its host, as demonstrated in firebugs,’® bees,'°° and wasps.'""
It is conceivable that tortoise beetles acquire their protective
symbiont both vertically through maternal endowments (e.g.,
Kaiwa et al.,'” Hosokawa et al.,'®® and Pons et al.'®%) and hor-
izontally by consuming infected plants (e.g., Caspi-Fluger
et al.'®®). Future efforts will shed light on the ubiquity, specificity,
and metabolic conservation of the Fusarium symbiosis with the
Cassidinae, a highly speciose clade of herbivorous beetles.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Chelymorpha alternans maintained at the This paper N/A

Max Planck Institute for Biology

Ipomoea batatas plants This paper N/A

Fusarium oxysporum isolated from This paper N/A
Chelymorpha alternans

Chemicals, peptides, and recombinant proteins

Glutaraldehyde Science Services Cat#E16220
Osmium tetroxide Science Services Cat#E19134
Ethanol Roth Cat#9065.2

CO, Air Liquide 15110S13TOA001
Benzimidazole Tokio Chemical Industry Lot. UA7IN-GW
Potato dextrose agar Merck Millipore Cat# 1101300500
Potato dextrose broth VWR chemicals Cat# SIALP6685
Trypan blue solution Merck Cat#T6146
Chloral hydrate Sigma-Aldrich Cat#C8383-250G
Critical commercial assays

QIAGEN DNeasy Blood & Tissue Kit QIAGEN Cat#69506
NEBNext Ultra I DNA Library Prep with New England Biolabs Cat#E7103S
Sample Purification Beads

NEBNext Multiplex Oligos for lllumina New England Biolabs Cat#E7335S
(Index Primers Set 1)

Qubit dsDNA HS Assay Kit Thermo Fisher Cat#Q32854

Agilent High Sensitivity DNA Kit

SMRTbell Express Template Prep Kit 2.0
AMPure PB Beads

SMRTbell Enzyme Clean Up Kit 2.0
Sequencing Primer v5

BluePippin System 0.75% Agarose Cassettes, Marker S1
Sequel Il Binding Kit 2.2

Sequel Il Sequencing Kit 2.0

SMRT Cell 8M Tray

DreamTaqg Green PCR Master Mix

Platinum SYBR Green qPCR SuperMix-UDG
DNeasy Plant Mini Kit

Agilent

Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Thermo Scientific
Thermo Scientific
Qiagen

Cat#5067-4626
Cat#100-938-900
Cat#100-265-900
Cat#101-932-600
Cat#102-067-400
Cat#BLUO0001
Cat#101-894-200
Cat#101-820-200
Cat#101-389-001
K1081
Cat#11744100
Cat#69104

Deposited data

Genome of F. oxysporum associated with C. alternans

Metagenome of C. alternans pupae

This study

This study

GeneBank: SAMN29790836:
https://dataview.ncbi.nlm.
nih.gov/object/SAMN29790836
GeneBank: SAMN29793438:
https://dataview.ncbi.nlm.nih.gov/
object/SAMN29793438

Oligonucleotides

TEF-Fu3f: GGTATCGACAAGCGAACCAT

TEF-Fu3r_2: TAGTAGCGAGGAGTCTCGAA

Zarrin et al."®®

Zarrin et al.%®

https://www.spandidos-publications.com/
10.3892/br.2016.783
https://www.spandidos-publications.com/
10.3892/br.2016.783

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Trimmomatic v0.03

SPAdes

phyloFlash
Funannotate v.1.8.3
RepeatMasker
AUGUSTUS v3.3.3
GeneMark-ES v. 4.33
Snap

GlimmerHMM v3.0.4
EvidenceModeler v1.1.1
InterProScan5-48-83.0

emapper v2.1.6-23
SignalP

Phobius v.1.01

HMMER v3.3

dbCAN2 v9.0

fungiSMASH v5.2

BlastKOALA

BUSCO

CATAStrophy
BUSCO_phylogenomics pipeline

MUSCLE
TrimAl
IQ-TREE
iTol v6
R.v.4.1.1

Bolger et al.’?”

Nurk et al.’®®

Gruber-Vodicka et al.*®

Palmer et al.”®

Smit et al.’®®

Stanke et al.''®
Besemer et al.'""
Korf‘ﬁQ

Majoros et al
| 114

| 113
Haas et a

Jones et al.'™®

Huerta-Cepas et al.''®

Almagro Armenteros et al."”

Kall et al."®

Eddy etal.'"®
Zhang et al."*°
Blin et al.'*'

Kanehisa et al
| 123

|.122

Seppey et a
Livingstone et al."**
McGowan et al.'#>"%¢

Edgar'®”
Capella-Gutiérrez et al.’*®
Minh'2?
Letunic et al
R Core Team'®'

|.130

http://www.usadellab.org/cms/index.
php?%20page=trimmomatic
https://github.com/ablab/spades
http://hrgv.github.io/phyloFlash/
https://funannotate.readthedocs.io/en/latest/
https://www.repeatmasker.org/
https://bioinf.uni-greifswald.de/augustus/
http://exon.gatech.edu/GeneMark/
https://github.com/KorfLab/SNAP
https://ccb.jhu.edu/software/glimmerhmm/
https://evidencemodeler.github.io/

https://interproscan-docs.readthedocs.io/en/
latest/UserDocs.html

https://github.com/eggnogdb/eggnog-mapper
https://services.healthtech.dtu.dk/service.
php?SignalP-5.0
https://phobius.sbc.su.se/instructions.html
http://hmmer.org/
https://bcb.unl.edu/dbCAN2/
https://fungismash.secondarymetabolites.org/#
https://www.kegg.jp/blastkoala/
https://busco.ezlab.org/busco_userguide.html
https://github.com/ccdmb/catastrophy
https://github.com/jamiemcg/BUSCO_
phylogenomics
https://www.drive5.com/muscle/
http://trimal.cgenomics.org/
http://www.igtree.org/

https://itol.embl.de/
https://www.r-project.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and commercial reagents should be directed to and will be fulfilled by the lead con-
tact, Hassan Salem (hassan.salem@tuebingen.mpg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Genomic and metagenomic sequencing data generated in this study have been deposited at the National Center for Biotech-
nology Information (NCBI) and are publicly available as of the date of publication under BioProject PRINA859648.

® Accession numbers are listed in the key resources table.

® This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Insect rearing

A laboratory culture of Chelymorpha alternans is continuously maintained at the Max Planck Institute for Biology in Tlbingen, Ger-
many. The insects are reared in mesh containers (30 x 30 x 35 cm) along with their host plant, lIpomoea batatas. Experiments were
conducted in climate chambers at a constant temperature of 26°C, humidity of 60%, and long light regimes (14:30h/9:30h light/dark
cycles).

Plant rearing

Ipomoea batatas (cv. Bauregard) plants were propagated via slip production and maintained in the greenhouse at 26 °C and long light
regimes (14:30h/9:30h light/dark cycles). Slips were generated by clipping terminal branches containing at least 2 well developed
leaves and maintaining them in water until visible roots appeared. Slips were subsequently potted in soil.

Microbial strain maintenance
After initial isolation, C. alternans-associated F. oxysporum is maintained on Potato Dextrose Agar at room temperature.

METHOD DETAILS

Scanning electron microscopy

C. alternans pupae and recently-eclosed adults were fixed in 2.5% (w/v) glutaraldehyde in phosphate buffered saline for 1 hour at
room temperature followed by 4°C. Samples were post-fixed with 1% (w/v) osmium tetroxide for 1 hour on ice. Subsequently, sam-
ples were dehydrated in a graded ethanol series followed by critical point drying (CPD300, Leica Microsystems) with CO,. Finally, the
cells were sputter-coated with a 6 nm thick layer of platinum (CCU-010, Safematic) and examined with a field emission scanning
electron microscope (Regulus 8230, Hitachi High Technologies) at an accelerating voltage of 3 kV.

Metagenome sequencing, assembly, and taxonomic assignment

Five pupae collected from five parental lineages were euthanized by freezing at —20°C for 15 minutes, then submerged in liquid ni-
trogen and crushed using sterile pestles. DNA was purified using the QIAGEN DNeasy Blood & Tissue Kit (Hilden, Germany) accord-
ing to the manufacturer’s instructions. Genomic DNA was shared to an average size of 300 bp on a Covaris S2 Focused-Ultrasoni-
cator. Sheared DNA was bead-cleaned up using SPRI beads (Beckman Coulter; California, USA). DNA library was constructed using
the NEBNext Ultra | DNA Library Prep Kit for lllumina (Massachusetts, USA) following manufacturer’s instructions. Library concen-
tration was measured using the Qubit 1X dsDNA HS Assay Kit (Thermo Fisher PN: Q33231) on a Qubit 2.0 fluorometer and size dis-
tribution was assessed on an Agilent 2100 Bioanalyzer using the Agilent High Sensitivity DNA Kit (California, USA). Sequencing was
performed inhouse on a HiSeq 3000 Sequencing System from lllumina, using the paired-end 150 bp technology and at a depth of
~100 million reads. Adaptor sequences were trimmed with Trimmomatic v0.03'%" using the default parameters. Reads were
screened for small subunit ribosomal RNA gene (SSU rRNA) sequences and assembled using phyloFlash.“® In short, reads were
aligned against the filtered SSU Ref NR99 database from the SILVA release 138, with a minimum sequence identity of 70%. Taxo-
nomical affiliation was assigned for each pair of reads by selecting the last common ancestor (LCA) of the taxonomy strings of all the
database hits, as per the SILVA taxonomy. The counts of LCA consensus taxa for the library were summarized at genus level. Read
assembly was performed using SPAdes under default parameters,’®® and subsequent contigs were screened for SSU rRNA se-
quences with HMM models. The final dataset is composed of SSU rRNA sequences that pass an E-value cutoff of 1071,

Isolation of Chelymorpha alternans-associated Fusarium oxysporum

A single strain of F. oxysporum was independently and consistently isolated from the surfaces of 10 C. alternans pupae. Sterile for-
ceps were used to collect the white aggregations forming on the pupal surface ahead of cultivation on potato dextrose agar plates
(PDA: 4 g potato starch, 20 g dextrose, 15 g agar, and distilled water up to 1 L). The only microbe consistently propagating on plate
was F. oxysporum, as corroborated by sequencing the microbe’s internal transcribed spacer (ITS) rDNA and the translation elonga-
tion factor 1-a (Tef-1a) genes. The ITS sequence perfectly aligned to the ribosomal sequences retrieved from the metagenomic as-
sembly outlined above.

Diagnostic PCR screening

The presence of F. oxysporum throughout host development (eggs, larvae, pupae and adults) was assessed using diagnostic PCR
from four C. alternans parental lineages. DNA was purified from the outer surfaces of all developmental stages using the QIAGEN
DNeasy Blood & Tissue Kit (Hilden, Germany). Diagnostic PCR was performed using F. oxysporum-specific primers (Fwd:
3'-GGTATCGACAAGCGAACCAT-5/, Rev: 3'-TAGTAGCGAGGAGTCTCGAA-5’) targeting the symbiont’s Tef-1a. gene. PCR amplifi-
cations were conducted on an Analytik Jena Biometra TAdvanced Thermal Cycler using a final volume of 20 pl containing 1 pl of DNA
template, 0.5 uM of each primer, and 2X DreamTaq Green PCR Master Mix. The following cycle parameters were used: 5 min at 95°C,
followed by 34 cycles of 95°C for 30s, 58 °C for 30s, 72°C for 1 min, and a final extension time of 2 min at 72°C.
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Quantitative PCR
The relative abundance of F. oxysporum (life and recently dead cells) was estimated across pupal development by quantifying Tef-1a
gene copy numbers using an Analytik Jena gTOWER? cycler. Tef-1a was chosen given its single copy within the genome of
F. oxysporum, and its stable expression dynamics.'®” DNA was purified as described above from 18 pupae collected from three
different C. alternans parental lineages and spanning each of the six days required for the insect to undergo metamorphosis. The
final reaction volume of 25 plincluded the following components: 1 ul of DNA template, 2.5 pl of each primer (10 uM) (Fwd: 3'-GGTATC
GACAAGCGAACCAT-5, Rev: 3-TAGTAGCGAGGAGTCTCGAA-5’), 6.5 pl of autoclaved distilled H,O and 12.5 ul of ThermoFischer
SYBR Green Mix. Primer specificity was verified in silico by comparison with reference fungal sequences in NCBI. Additionally, PCR
products were sequenced to confirm primer specificity in vitro. Standard curves (10-fold dilution series from 107" to 107 ng/ul) were
generated using purified PCR products and measuring their DNA concentration using a NanoDropTM1000 spectrophotometer. The
following cycle parameters were used: 95°C for 10 min, followed by 45 cycles of 95°C for 15s, 58°C for 45s, and a melting curve anal-
ysis was conducted by increasing temperature from 60°C to 95°C within 30s. Based on the standard curve, absolute copy numbers
were calculated, which were then used to extrapolate symbiont relative abundance by accounting for the single copy of the Tef-1a.
gene in F. oxysporum’s genome.

Six newly-eclosed adults were collected from three different C. afternans parental lineages to determine the abundance of
F. oxysporum in adult beetles relative to their legs. DNA was purified from three whole insects, as well as legs that were dissected
from the remaining three samples. Symbiont abundance was estimated by quantifying Tef-1o. gene copy numbers as described above.

Symbiont genome sequencing, assembly, and annotation

High molecular weight genomic DNA was extracted as described by Penouilh-Suzette et al.'®>® Fungal suspensions were obtained
by adding PBS to fungal plates and gently scraping off the surface with a spreading handle. Following centrifugation for 3 minutes
at full speed and removal of the supernatant, fungal material was grounded in liquid nitrogen with a pestle, resuspended in lysis
buffer, and vortexed at full speed for 30 seconds. At this point, Proteinase K was incorporated, and the DNA extraction was further
carried out as per the original protocol. The extracted DNA was sheared to between 15 kb and 20 kb using the Megaruptor 2 (Di-
agenode). A HiFi sequencing library was prepared using SMRTbell Express Template Prep Kit 2.0 (PN 101-853-100). The library
was further size selected electrophoretically using the BluePippin Systems from SAGE Science. The appropriate fractions for
sequencing runs were identified on the Femto Pulse System (Agilent). After pooling the desired size fractions, the final library
was purified further and concentrated using AMPure PB beads (Pacific Biosciences PN:100-265-900). Finally, the library was
checked for concentration using Qubit 1X dsDNA HS Assay Kit (Thermo Fisher PN: Q33231) and final size distribution was
confirmed on the Femto Pulse. Sequencing was performed using one 8M SMRT cell on the PacBio Sequel Il System at the
Max Planck for Biology.

High Fidelity (HiFi) reads (>Q20) were generated using the circular consensus sequencing analysis method by the pbbccs tool
from the pbbioconda package (—-min-passes 3 -min-rq 0.99 —min-length 10 —-max-length 50000). Gene prediction and annotation
was performed using the Funannotate v.1.8.3 pipeline.’®* Repeats were identified with and soft masked using RepeatMasker.'%®
Protein evidence from a UniprotKB/Swiss-Prot-curated database was aligned to the genome using TBlastN and Exonerate. Four
gene prediction tools were used: AUGUSTUS v3.3.3,"'° GeneMark-ES v. 4.33,""" Snap,''? and GlimmerHMM v3.0.4.""® tRNAs
were predicted with tRNAscan-SE (48-83.0). To calculate the set of consensus gene models for the genome, the generated
gene prediction models were passed to EvidenceModeler v1.1.1.""* Functional annotation was obtained using BlastP to search
the Uniprot/SwissProt protein database (v2021_01)."%® Protein families (Pfam) and Gene Ontology (GO) terms were assigned
with InterProScan5-48-83.0."'° Additional predictions were inferred by alignments to the eggnog 5 orthology database,*° using
emapper v2.1.6-23."'° The secretome was predicted using SignalP,"'” and Phobius v.1.01,""® which identifies proteins carrying a
signal peptide. Carbohydrate-active enzymes were identified using HMMER v3.3"'"® and family specific HMM profiles from
dbCAN2 v9.0."?° Proteases and protease inhibitors were predicted using the MEROPS database v12.0,"®” and biosynthetic
gene clusters were annotated using fungiSMASH v5.2'?" with relaxed parameters. Protein-coding genes were further annotated
by mapping them against the KEGG pathway database using BlastKOALA.'?? Benchmarking Universal Single-Copy Orthologs
were identified with BUSCO2.'*® Fungal virulence factors were identified by blasting the final proteome against the Pathogen-
Host Interactions database.'*®

To infer the trophic position of the fungal symbiont relative to its arsenal of encoded hydrolases, a CATAStrophy analysis'** was
performed on the HMM profiles of annotated carbohydrate-active enzymes (CAZymes) and against the dbCAN v10 database.”®
CAZyme HMM profiles from the fungal symbiont were compared to those of 133 fungal species and 15 oomycetes that had a trophic
classification assigned to them, employing a multivariate analysis. Centroids were calculated for each trophic class and relative
centroid distances (RCD) were estimated for each species. The closest centroid was assigned an RCD score of 1, and the furthest
a score of 0. Every other centroid distance was expressed as a relative proportion.

Phylogenetic reconstruction

Genomes from representative ascomycete lineages were used to reconstruct the phylogenetic relationship between the symbiont of
C. alternans and its fungal relatives using the BUSCO_phylogenomics pipeline.'?*'2® Single copy orthologues spanning 80 genomes
were identified by running BUSCO v5'2® with the Ascomycota_odb10 lineage database. The analysis identified 180 single-copy or-
thologs shared by all ascomycete lineages in the dataset, including members of the F. oxysporum species complex. Gene sequences
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were aligned with MUSCLE'?” and the alignment was trimmed with TrimAl."?® Output alignments were concatenated into a super-
matrix. A Maximum Likelihood tree was built with IQ-TREE'2° allowing ModelFinder'*° to predict the best evolutionary model for the
partitioned alignment. The resulting tree was rooted at midpoint and visualized with iTol v6.'%°

Symbiont manipulation and survival assays

To assess the efficacy of the symbiont manipulation procedure, sixteen pupae were collected from eight different C. alternans
parental lineages, representing eight replicates, and separated into two experimental treatments: (i) untreated control, and (i) indi-
viduals treated with benzimidazole, a fungicide. The latter group was generated by twice applying 100 ul 0.5% (w/v) benzimidazole
solution (5 g/100 ml dH.0) over 1- and 2-day-old pupae. Following four-day incubations at room temperature, DNA was purified from
both treatments using the QIAGEN DNeasy Blood & Tissue Kit (Hilden, Germany) according to the manufacturer’s instructions. The
relative abundance of F. oxysporum was estimated by quantifying Tef-1a gene copy numbers using an Analytik Jena gTOWER?®
cycler as described above (diagnostic PCR screening section).

To assess the impact of the symbiont-clearing procedure on pupal development, 46 pupae were collected from six C. alternans
parental lineages, representing six replicates. Individuals were then separated into two experimental treatments, as described above:
untreated control, and individuals treated with benzimidazole. Pupae were observed daily and adult eclosion rates were recorded.

Field experiments were conducted in Gamboa, Republic of Panama (N: 9°07°12.5; W: 79°41°46.0). to assess the protective prop-
erties of F. oxysporum for its beetle host in its natural environment. Pupae collected from five C. alternans parental lineages (98 in
total), representing five replicates, were separated into the following experimental treatments: untreated pupae, and individuals
treated with benzimidazole, as described above. Both groups were then divided into experimental cages that were either exposed
or sealed to prevent entry by ants, predatory bugs, and other arthropods. Pupae were monitored daily, and survivorship rates were
recorded for four days.

Beetle propagation of F. oxysporum to the sweet potato plant

To test whether C. alternans can vector F. oxysporum to its host plant, we confined 2 newly-eclosed adult beetles together with 10
F. oxysporum-free sweet potato plants (/. batatas). Infection frequencies were compared to 10 /. batatas grown in the absence of
C. alternans. All groups were maintained in climate chambers at a constant temperature of 26°C, humidity of 60%, and long light
regimes (14:30h/9:30h light/dark cycles). Following a four-week incubation period, we applied diagnostic PCR to assess the pres-
ence of C. alternans-associated F. oxysporum in leaf tissue. Leaves were collected, ground in liquid nitrogen, and homogenized.
DNA was purified using the DNeasy Plant Mini Kit (Hilden, Germany) according to the manufacturer’s instructions. Diagnostic
PCR was performed using F. oxysporum-specific primers (Fwd: 3'-GGTATCGACAAGCGAACCAT-5, Rev: 3'-TAGTAGCGAG
GAGTCTCGAA-5') targeting the symbiont’s Tef-1a gene and as described above (diagnostic PCR screening section).

Phytopathogenicity of F. oxysporum

A total of 27 I. batatas plants were grown for three weeks prior to treatment. Symbiotic F. oxysporum was cultured overnight in
potato dextrose broth at 26°C and resuspended in PBS at a concentration of 10° spores/ml. 15 plants were inoculated with a
100 pl droplet of the fungal suspension (i.e., 5x10* spores in total), and 12 were treated with the same volume of PBS as a con-
trol."*® All groups were maintained in the greenhouse for 21 days at a constant temperature of 20°C and long light regimes
(14:30n/9:30h light/dark cycles). Disease progression was monitored daily, and symptoms were scored according to the Yellow
Wilt Disease Test. To determine the extent of pathogen colonization, a trypan blue exclusion test was performed using leaves
from both treatments. Briefly, leaves were boiled in a lactophenol-trypan blue solution (10 mL lactic acid, 10 mL glycerol,
10 mg phenol, and 10 mg trypan blue dissolved in 10 mL distilled water) for 1 min and then cleared with chloral hydrate (2.5 g
mL—1) overnight. Leaves were then examined under a dissection scope to determine the extent of viable (clear) versus nonviable
(blue) cells.”

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were carried out in R. v. 4.1.1."®' Fungal symbiont population dynamics during pupal development were
analyzed using a general linear model, after reverse transformation and validation of a normal distribution, and using time as a fixed
factor. Differences in fungal abundance between different time points were analyzed with a Tukey HSD post-hoc test and Bonferroni
correction for multiple comparisons. A non-parametric Wilcoxon rank sum test was employed to assess the effect of benzimidazole
application on the abundance of F. oxysporum growing on pupae. A generalized linear model with a binomial error structure and a
logit-link function was employed to investigate differences in adult eclosion rate following benzimidazole treatment, and the
prop.test() function was used to obtain the 95% binomial confidence intervals. Survival rates were analyzed across the different treat-
ments with a log-rank test and a proportional hazards regression (package survival with functions survdiff() and coxph(), respec-
tively),’" and visualized by computing a Kaplan-Meier curve, with the function survfit(). Differences in survivorship between groups
were calculated with a post-hoc analysis using the function pairwise_survdiff(), and Bonferroni correction for multiple comparisons.
Pearson’s %2 tests were performed to assess differences in (i) F. oxysporum infection frequencies in sweet potato plants (Joomoea
batatas) grown in the presence and absence of Chelymorpha alternans, and (ii) the proportion of /. batatas plants exhibiting disease
symptoms after inoculation with F. oxysporum compared to non-inoculated plants. The prop.test() function was also used to obtain
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the 95% binomial confidence intervals for these binomial distributions. After testing for data normality, a general linear model was
used to assess differences in the abundance of F. oxysporum in adult beetles relative to their legs, using body part as a fixed factor.
Plots were generated with the package ggplot2."*?

Further statistical details for each test (e.g. exact value of n, meaning of n, precision measures, etc.) can be found in the main text
and figure legends. For every statistical analysis significance was defined as a p < 0.05.
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