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SUMMARY

Understanding how horizontally transmitted mutualisms are maintained is a major focus of symbiosis
research.'™ Unlike vertical transmission, hosts that rely on horizontal transmission produce symbiont-free
offspring that must find and acquire their beneficial microbes from the environment. This transmission strat-
egy is inherently risky since hosts may not obtain the right symbiont every generation. Despite these potential
costs, horizontal transmission underlies stable mutualisms involving a large diversity of both plants and an-
imals.>™® One largely unexplored way horizontal transmission is maintained is for hosts to evolve sophisti-
cated mechanisms to consistently find and acquire specific symbionts from the environment. Here, we
examine this possibility in the squash bug Anasa tristis, an insect pest that requires bacterial symbionts in
the genus Caballeronia'® for survival and development.’” We conduct a series of behavioral and transmission
experiments that track strain-level transmission in vivo among individuals in real-time. We demonstrate that
nymphs can accurately find feces from adult bugs in both the presence and absence of those adults. Once
nymphs locate the feces, they deploy feeding behavior that results in nearly perfect symbiont acquisition suc-
cess. We further demonstrate that nymphs can locate and feed on isolated, cultured symbionts in the
absence of feces. Finally, we show this acquisition behavior is highly host specific. Taken together, our
data describe not only the evolution of a reliable horizontal transmission strategy, but also a potential mech-
anism that drives patterns of species-specific microbial communities among closely related, sympatric host
species.

RESULTS AND DISCUSSION transmission, where adults produce symbiont-free offspring that

must acquire their mutualistic bacteria from the environment.'"'?

We aim to elucidate how host behavior is critical for maintaining
specificity in a horizontally transmitted mutualism. We leverage a
tractable system consisting of the widespread agricultural pest,
Anasa tristis DeGeer (Heteroptera: Coreidae), and its beneficial mi-
crobial symbiont Caballeronia (formerly classified in Burkholderia
sensu lato)'%"?7'® (Figure 1). A. tristis is a squash bug that relies
on Caballeronia for growth, development, and survival.'""'® Cabal-
leronia is culturable and genetically manipulable, which allows the
introduction of stable green (GFP) and red fluorescent protein
(RFP) expression (Figure 1D) into different Caballeronia strains to
facilitate rapid confirmation of strain-specific patterns of coloniza-
tion in live insects.

The obligate dependence of A. tristis on Caballeronia should
favor selection for direct, vertical symbiont transmission from
parent to offspring,’’2° a strategy employed by many other in-
sects.”’’?” However, A. tristis instead relies on horizontal

This strategy is inherently risky, as some nymphs may not find the
symbionts they need or may accidently acquire a less beneficial
strain.”® Indeed, recent data now suggest A. tristis symbionts
are much rarer in the environment than previously realized (J. Gar-
cia, personal communication), making it even more puzzling that
they would rely on environmental transmission. Despite these
risks, A. tristis nymphs consistently obtain Caballeronia every gen-
eration both in the lab and the field,"" suggesting they have some-
how evolved robust pathways to ensure transmission.

Previous experiments with squash bugs have reported a high
frequency of symbiont transmission across generations.'' Ef-
forts to establish how symbionts are passed in this system
have ruled out egg surface contamination as a viable transmis-
sion route. Thus, it was assumed that symbiont-free nymphs
randomly pick up Caballeronia through incidental contact with
soil or feeding on plants,'" as reported for related insects.>?°
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Here, we demonstrate that A. tristis nymphs instead use directed
homing behavior to actively seek out their symbionts from adult
feces. When adults defecate, nymphs appear to flock to the
feces and deploy behavior consistent with coprophagy (Video
S1). Moreover, nymphs appear to sense fecal spots from a dis-
tance and move directly toward them when available (Video
S2). Because food was readily available to nymphs during these
initial observations, it is unlikely this response is due to starvation
or a misdirected attraction to food-based cues. Given that
A. tristis adults frequently co-occur with nymphs in natural pop-
ulations, the ability to home in on feces as a source of Caballer-
onia would be highly beneficial for these nymphs, as it could
greatly increase the likelihood of successful transmission.

We therefore conducted a series of choice assays to put
A. tristis’ symbiont finding capabilities to the test (Figure 2A).
We filmed groups of symbiont-free nymphs placed in arenas
with different combinations of attractants (Figure 2B). In the
control arenas, when both choices were PBS solution (i.e., no
symbionts), nymphs showed no significant bias to either choice
(Figure 2C; paired t test; n = 31; df = 30; t = 0.29; P = 0.77). In
arenas where one of the choices was instead a single fecal
spot with Caballeronia, nymphs displayed extreme bias toward
the fecal spot (Figure 2D; n = 17; df = 16; t = —5.38;
P < 0.0001). Strikingly, of the 229 visits observed among these
trials, 226 (98.7%) were directed toward the Caballeronia-posi-
tive feces. We followed up on these results with a series of exper-
iments to decouple attraction to the feces from the symbiont it-
self. We presented nymphs with a choice between PBS and
autoclaved feces (Figure 2E). Autoclaving the feces destroys
any live symbionts, which would indicate that fecal attractive-
ness is not reliant on ongoing symbiont metabolic activity.
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Figure 1. The tractability of the squash bug-
Caballeronia system

Strains of Caballeronia symbionts can be tagged
with fluorescent proteins and experimentally fed to
lab-reared A. tristis.

(A and B) (A) Inoculated adults, which defecate on
host plants or surrounding soil, (B) deposit large
quantities of fluorescently tagged symbionts in
their feces.

(C) By harvesting this excrement, we can expose
symbiont-free nymphs to different quantities and
strains of Caballeronia.

(D) A second instar nymph with GFP-tagged sym-
bionts (left), and two early third instar nymphs with
RFP-tagged symbionts (middle; red recolored as
magenta for accessibility) or no symbionts (right),
illustrate that fluorescent bacteria established in
the host will glow through the abdominal cuticle,
providing non-destructive confirmation of symbiont
establishment. This insect-microbe system pro-
vides the unique ability to not only track strain-level
transmission in vivo among A. tristis in real-time, but
also provides a way to directly link symbiont avail-
ability, host behavior, and transmission success.
See also Video S1.

Nymphs in these trials still displayed sig-
nificant bias toward the Caballeronia-
negative feces (n = 20, df = 19, t =
—5.41, P < 0.0001). Surprisingly, nymphs also displayed signifi-
cant visitation bias toward just the symbiont in PBS solution (Fig-
ure 2F; n =36, df =35, t=—2.39, P = 0.02). These results indicate
that A. tristis nymphs are strongly attracted to both fecal matter
and symbionts, and that this attraction is a behavioral trait whose
adaptive function is fundamental for symbiont acquisition.

We next tested the mechanisms nymphs use to detect
feces and symbionts in the environment. Like other heteropter-
ans,®®*" including the closely related alydids,***® squash
bugs primarily use their antennae to detect contact or volatile
chemicals® associated with food®**>=*" or conspecific phero-
mones.?03%38742 |t is therefore likely that nymphs also rely on ol-
factory cues to navigate toward both the symbiont and fecal
matter. We repeated the feces-only and symbiont-only choice
assays described above, but this time we ablated the distal flag-
ellomere (segment IV) of the nymphs’ antennae. The high density
of sensilla on the distal flagellomere (Figure S1), which is
observed across Heteroptera,®°>® suggested its removal might
impede detection of olfactory cues from the excrement and sym-
biont. We found that though nymphs with ablated antennae
showed diminished, albeit still significant, bias toward the auto-
claved feces (Figure 2F; n = 6, df =5, t = —3.24, P = 0.02), they
completely lost preference for the symbiont by itself (Figure 2H;
n=12,df =11, t = 0.70, P = 0.49). These results suggest that
nymphs rely solely on olfaction to find the symbionts themselves
but might integrate other cues, likely visual or social, to find
feces. Although it is unknown how frequently nymphs acquire
symbionts that are not encapsulated in feces, our choice assays
reveal behaviors unlike any previously reported in this group of
pests*®** and show how A. tristis use fecal matter to maximize
their chances of finding their symbiont in the environment. Taken
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Figure 2. Influence of symbiont availability on nymph behavior

¢? CellPress

18 40
c ] 31 trials D 17 trials b
16 a (155 nymphs) 36 (85 nymphs)
£ 14 a £ 327
@ @ og]
S 124 S 28
G 10 5 247
5 5 g >
a ] Q 16
€ 64 €
S 7] S 124
Z 4 Z
4 BA
2 4 a I
o o ——
T T
Vs, vs.
G 2 _ H 6o
04 36 trials b 55 a Antennae
05 (180 nymphs) 504 removed
o 201 & 45
21 = 457 12 trials
@ 2 40
S 6] a S ] (60 nymphs)
Y— 4= 354
G 141 2 307
@ 127 8 551 a
2 10 Q]
€ 5l € 20
> =] 15;
Z 67 =z ]
4 107
2 5]
o] T I o] :
T T
° [ J
VS. |85 vs. |55

(A) A. tristis nymphs were placed in a series of choice trials. Each trial consisted of five symbiont-free nymphs placed in an arena with a slice of squash (food

source) and two choices of attractants (boxes 1 and 2).

(B) Each choice contained one of four attractants: (1) a pure PBS solution (i.e., a blank); (2) adult excrement with live, GFP-tagged symbionts; (3) autoclaved adult
excrement void of live symbionts; or (4) PBS solution with live, GFP-tagged symbionts.

(C-H) Nymphs were placed in trials with different combinations of attractants and recorded continuously with high-definition cameras. Each gray line represents
the total number of visits by all five nymphs to each choice in a given trial. In two scenarios (F and H), the distal segment of both antennae for each nymph was
removed prior to the start of trials. Different letters indicate a significant (P < 0.05) bias between choices.

See also Figure S1 and Videos S1 and S2.

together, these results are consistent with accumulating evi-
dence that environmental microbes engage in chemical dia-
logues with animal hosts that modulate host behavior and effect
their own transmission.*>°

The fecal transmission behaviors of A. tristis are similar to those
inrelated insects, such as stinkbugs, that transmit specific micro-
bial partners to their offspring via frass or other anal secre-
tions.’* 8 In these taxa, however, symbionts are deposited in as-
sociation with eggs, rendering transmission effectively vertical.
Instead, our data counter many comparable studies of horizon-
tally transmitted mutualisms that suggest hosts randomly find
their beneficial partners (but see references Kim et al.>**%). For
example, the alydid bean bug Riptortus pedestris, which also
hosts Caballeronia symbionts, does not exhibit directed search-
ing behavior during symbiont acquisition, either for symbiont cul-
tures** or feces.”® Instead, R. pedestris appears to acquire sym-
bionts opportunistically from the host plant rhizosphere®® and
employs sophisticated mechanisms that enrich for Caballeronia
within the midgut itself.?°"°° This exclusive reliance on a physio-
logical post-acquisition mechanism (i.e., partner choice) has
been well characterized in a diversity of insect®®°*°¢ and non-in-
sect mutualisms, including those in the well-studied legume-

rhizobial nitrogen-fixing symbiosis®~"" and the squid-Vibrio

luminescent symbiosis.®”>"* However, these post-acquisition
filtering strategies are still predicated on opportunistic
encounters with the right symbiont. Such mechanisms are theo-
retically problematic when host and microbial community com-
positions are patchy.® Moreover, indiscriminate uptake of mi-
crobes from the environment leaves the host vulnerable to
parasites, pathogens, and cheaters.?®°%> By implementing sen-
sitive pre-acquisition detection behaviors, A. tristis nymphs can
mitigate these risks by homing in on specific sources of their pri-
mary symbiont. Such a strategy should theoretically reduce the
time, energy, and risk associated with combing the environment
for opportunistic encounters.?®

Because A. tristis nymphs presumably incur substantial ener-
getic cost and predation risk to forage for feces, a complemen-
tary mechanism should evolve to halt this behavior upon
successful symbiont uptake. Indeed, preliminary observations
indicated that symbiont-positive nymphs spend most of their
time feeding and very little time wandering around their enclo-
sures. Nymphs that were deprived of symbionts displayed the
opposite behavior, where a vast majority of their time was spent
walking around and very little time feeding (Video S3). We
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Figure 3. Symbiont transmission dynamics

(A) Nymph movement was quantified in a subset of choice trials from Figures 2C and 2D. Searching behavior (mean + se) was assessed every 10 mins in boxes
that had no symbionts (i.e., both choices were blanks, Figure 2C) and those that had excrement with symbionts (Figure 2D). Different letters indicate significant
differences in overall searching activity between the two types of trials.

(B) In two types of choice trials where symbionts were available (Figures 2D and 2F), all nymphs were removed from arenas and examined for GFP fluorescence.
Transmission was considered successful if nymphs had fluorescent bacteria in their midgut (see Figure 1D for example). Each point represents the percentage of
nymphs (out of 5) that were positive for symbionts for a given trial. Different letters indicate significant differences (P < 0.05).

(C) Ability of adult females to transmit symbionts throughout their lifetime. Groups of four adult females (n = 4 groups) were exposed to a new set of 10 symbiont-
free nymphs every week for 12 weeks, which is the approximate lifespan for A. tristis. The percentage of nymphs that acquired symbionts was assessed each
week (white points). Reproductive peak of females lies within the dashed lines and indicates when females are most fecund (from Villa et al.”®).

See also Data S1 and Videos S3 and S4.

therefore revisited the videos of our choice assays, rewatching a
subset of arenas to determine if symbiont availability influenced
levels of A. tristis activity. We re-analyzed two types of choice as-
says: (1) arenas where both choices were PBS (i.e., no symbionts
available to nymphs; Figure 2C) and (2) arenas where one choice
was PBS and the other was feces with symbionts (i.e., symbionts
were available to nymphs; Figure 2D). We found that nymphs
without access to symbionts displayed significantly more
searching behavior than those with symbionts (Figure 3A; Data

4 Current Biology 33, 1-9, July 10, 2023

S1A; GLMM, P < 0.0001). Amazingly, this behavioral difference
appears more exaggerated the longer nymphs were deprived
of Caballeronia. At the beginning of the trials, nymphs in both
treatments spent similar amounts of time searching the arena.
However, following this initial acclimation period, most nymphs
in the trials that contained symbionts successfully acquired Cab-
alleronia, ceased wandering, and consistently stayed on the food
for the remainder of the experiment. Nymphs without access to
symbionts displayed the opposite behavioral patterns
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c Figure 4. Transmission specificity

Groups of symbiont-free A. tristis (At) nymphs
were placed on plants with either: (1) A. tristis
adults harboring A. tristis symbiont strains (At[At];
n =10 groups); (2) A. tristis adults harboring Anasa
andresii (Aa) symbiont strains (At[Aa]; n = 10
groups); (3) A. andresii adults harboring A. tristis
symbiont strains (Aa[At]; n = 10 groups); or (4)
A. andresii adults harboring A. andresii symbiont
strains (Aa[Aa]; n = 10 groups). Letters indicate
significant differences (ANOVA with Tukey post-
hoc tests, P < 0.05).

See also Figure S2 and Data S1.

o acquire symbionts.®’ We therefore tested
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transmisson

(Figure 3A). These results confirm that successful Caballeronia
colonization induces a behavioral cue in nymphs to switch
from searching to feeding, presumably to fuel the growth and
development that can only progress with the help of their symbi-
ont."" These data highlight how A. tristis can shut down search-
ing behavior when it is no longer needed, further reducing the
risks associated with environmental transmission.

In addition to symbiont-seeking behavior, we also explored the
mechanisms and efficacy of symbiont acquisition. We confirmed
that when nymphs successfully find a source of symbionts, they
insert their stylets into the solid fecal material and appear to use
a lacerate-and-flush feeding technique that liquifies the feces.
This behavior, which is typical of seed-feeding Heteroptera,®*"”
presumably facilitates extraction of the embedded beneficial mi-
crobes (Video S4) and has not been described in Coreidae before.
This feeding technique is an effective symbiont uptake strategy, as
70.6% (60/85) of nymphs in the choice trials that contained symbi-
ont-positive feces (Figure 2D) harbored fluorescent bacteriain their
abdomens. Acquisition success was similarly high when the sym-
biont was not embedded in feces (Figure 3B; Data S1B; GLMM,
P = 0.18). In these trials, 61.1% (110/180) of nymphs acquired
Caballeronia, indicating that the feces itself is not necessary for
successful colonization.

Although nymphs have clearly evolved the ability to find and
consume Caballeronia, they still depend on the symbiont being
sufficiently available in the environment. The frequency and timing
of adult defecation therefore becomes critical for transmission
success. In many systems, adults only shed symbionts when
they are ready to reproduce.®”"®"® Females will often deposit
symbionts on or near eggs to immediately be ingested by newly
hatched offspring.>*7:°88% A_ tristis nymphs, however, do not
ingest their symbionts as soon as they hatch. Instead, hatchling
nymphs wait 2 days until they molt into their second instar to

transmisson

bug age influences their ability to transmit
symbionts. By tracking transmission dy-
namics over the course of 12 weeks, which
is the typical lifespan of A. tristis females,”' we found that adult fe-
males can pass Caballeronia to nymphs throughout their entire
lives (Figure 3C). Interestingly, data also show that although these
females maintain high overall transmission potential as they age,
this ability peaks during a period when females are most fecund®®
(Figure 3C; Data S1C; GLMM, P = 0.0007). This pattern may corre-
spond with some physiological aspect of host aging, which could
impact fecal excretion rate, or alternately, it may reflect changing
symbiont titers being excreted. Either way, the consistent output
of symbionts in feces ensures that if A. tristis adults are around,
symbionts should be readily available for nymphs regardless of
when and where they hatch.

Last, we explored the fidelity of A. tristis’ horizonal transmis-
sion strategy in more complex, semi-natural communities where
nymphs are exposed to different combinations of host species
and symbiont strains. Although Anasa species in North America
have broadly overlapping ranges,®' a previous study found that
two squash bug species, A. tristis and Anasa andresii, both
occupy at a single field site and harbor closely related but
distinct strains of Caballeronia.?? Traditionally, this pattern of
phylosymbiosis might be interpreted as evidence of host-symbi-
ont co-evolution,®® where interactions between certain lineages
of host and microbe are sustained by reciprocal selection for
increasing compatibility. Curiously, however, transplant experi-
ments show no negative consequences for A. tristis that are
inoculated with Caballeronia strains isolated from A. andresii.??
This raises the possibility that mere selection for optimal host-
symbiont combinations is not sufficient, on its own, to explain
Anasa-Caballeronia phylosymbiosis.

We used experimental inoculations to create four types of
hosts: (1) A. tristis adults harboring the A. tristis symbiont strain,
(2) A. tristis adults harboring the A. andresii symbiont strain, (3)
A. andresii adults harboring the A. tristis symbiont strain, or (4)
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A. andresii adults harboring A. andresii symbiont strain (Figure 4).
After confirming that both host species can deposit both strains
of Caballeronia in their feces (Figure S2), we exposed symbiont-
free A. tristis to one of the four host types. Our design allowed us
to decouple the influence of host species and symbiont strain on
transmission to A. tristis. Nymphs had the highest acquisition
success when housed with A. tristis adults that shed A. tristis-
derived symbionts (Figure 4). Among these 10 replicated enclo-
sures, 88.8% (80/90) of nymphs took up the symbiont. However,
acquisition success significantly dropped to 71.9% (64/89) when
nymphs were instead exposed to A. tristis adults that passed an
A. andresii-derived symbiont (Figure 4; Data S1D; GLMM,
P < 0.0001). These results were surprising given this strain of
Caballeronia is no less beneficial than the tristis-derived strain
for A. tristis.®”> Despite the drop in acquisition success, these
data confirm that conspecific transmission among A. tristis is
reliable even when passing different Caballeronia strains.

Amazingly, however, transmission success dropped precipi-
tously when nymphs were housed with A. andresii symbiont
donors. Nymphs were significantly less successful at picking up
not only the A. andresii symbionts (Figure 4; Data S1D;
GLMM, P < 0.0001) but their own A. tristis symbionts (GLMM,
P < 0.0001) as well. Of the 190 nymphs involved in the 20 hetero-
specific transmission cages, only 7 (3.6%) obtained symbionts
from A. andresii adults. Of these, 5 were from a single cage. This
narrow preference for conspecific feces may increase the likeli-
hood that nymphs acquire Caballeronia deposited by their own
species, even though they may be compatible with many other
microbial strains in the environment. These results show that spe-
cies-specific transmission pathways alone can promote phylo-
symbiosis, which is consistent with theoretical predictions based
on individual mammalian gut taxa,®* but contrary to conventional
assumptions in insect-microbial mutualisms.®® Future studies
should concentrate on the mechanisms hindering heterospecific
transmission. Moreover, additional choice and feeding assays
should be run to examine A. andresii acquisition behaviors to
determine how widespread these behaviors are among this group
of pests.

Our study provides insight into a longstanding paradox con-
cerning the origin and maintenance of specificity in horizontally
transmitted insect-microbial mutualisms. Unlike many studies
that have relied on indirect inferences of transmission events,
we incorporate direct behavioral observations to reveal how
hosts can systematically reduce the risks of obtaining beneficial
symbionts in the environment every generation. Overall, our
study reveals how specialized behavior not only drives the
evolution of a reliable horizontal transmission strategy, but also
provides mechanisms that drive patterns of species-specific mi-
crobial communities among closely related, sympatric host
species.
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Bacterial and virus strains

Caballeronia sp. strain GA-OX1 Acevedo et al.’’ N/A

Caballeronia sp. strain AAF182 Stoy et al.® N/A

Escherichia coli SM10(Apir) Miller and Mekalanos®® via Wiles et al.®” LMBP 3889

Experimental models: Organisms/strains

Anasa tristis Acevedo et al."” N/A

Anasa andfresii Villa et al.”® N/A

Oligonucleotides

Primer: gimS-1434F This study N/A

AGGCGCGTTGAAGCTCAAGG

Primer: aacC-83F This study N/A

GTATGCGCTCACGCAACTGG

Primer: lacl-3644F This study N/A

TCGCAGAGTATGCCGGTGTC

Recombinant DNA

pTN7xKS-sfGFP Wiles et al.®” Addgene plasmid 117394

pTn7xKS-dTomato Wiles et al.®” Addgene plasmid 117395

pTNS2 Choi et al.?® via Wiles et al.®” Addgene plasmid 64968

Software and algorithms

Olympus cellSens Standard software ver. 1.13 Olympus Corporation https://www.olympus-lifescience.
com/en/software/cellsens/

LAS X ver. 3.4.2.18368 Leica Microsystems GmbH https://www.leica-microsystems.
com/products/microscope-
software/p/leica-las-x-Is/

BORIS ver. 7.12.2 Friard & Gamba (2016)*° https://www.boris.unito.it/
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Lead contact

All inquiries and requests for materials should be directed to, and will be fulfilled by, the lead contact, Scott Villa at scott.villa@

gmail.com.

Materials availability
This study did not generate any new, unique reagents.

Data and code availability

o All data are available in the figures, tables, and data files associated with this manuscript.

® This study did not result in any unique code.

® Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Squash bugs (Anasa tristis and A. andresii) are reared as described in Acevedo et al. (2021)."" The squash bug lab colonies are de-
scended from bugs collected in Gainesville, Florida, to which wild bugs from the original source populations are added every year to
maintain genetic diversity. Bugs are maintained at 27°C-30°C with a day/night cycle of 16 h light/8 h darkness. Five to ten adults are
reared in 12 x 12 x 12 inch cubic mesh cages, each containing a potted summer squash (Cucurbita pepo “Goldstar”) plant, which is

changed out as needed. Egg clutches are collected every three to four days,
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denatured ethanol, 20% bleach, and DI water, and air dried in plastic rearing containers in a laminar flow hood. First instar nymphs,
which do not need to feed but require moisture, are maintained on pieces of organic zucchini squash wrapped in Parafilm, on which
they molt to the second instar in two days. Second instars to be used in experiments are drawn from this pool and are maintained on
zucchini for no more than one week.

Caballeronia sp. strain GA-OX1 was previously isolated from homogenized M4 crypts dissected from an adult squash bug (Anasa
tristis) collected in Oxford, Georgia.'" Caballeronia sp. strain AAF182 was previously isolated in the same manner from a female
squash bug in the community organic garden at the University of Florida.®? For experiments, strains are streaked out onto nutrient
agar plates from 25% glycerol stocks stored at —80°C, and incubated at 30°C for two days. To prepare liquid cultures, 3 mL salt-free
LB (Luria-Bertani) broth cultures are inoculated with a single colony from each plate streak and grown to log phase at 30°C shaking at
225 rpm overnight.

METHOD DETAILS

Fluorescent-labeling of Caballeronia strains
The mini-Tn7 system®® enables site- and orientation-specific insertion of recombinant DNA in an intergenic region 20-25 base pairs
downstream of the gimS gene in eubacteria. We used modified mini-Tn7 vectors®’ to label Caballeronia strains with superfolder
GFP®° (henceforth GFP) and dTomato®' (henceforth RFP). Crucially, the tac promoter®® and an efficient ribosomal binding site
(iGem part BBa_K2306014) in these mini-Tn7 constructs drives stronger fluorophore expression than constructs previously utilized
in Caballeronia (i.e. Koch et al. 2001°%), enabling rapid screening of live or whole bugs up to adulthood for symbiotic infection without
dissection. Furthermore, the gentamicin resistance marker, combined with inducible toxic peptides on the plasmid backbone,®”
enables efficient selection for transconjugants without relying on lab-evolved antibiotic resistant mutants as target strains.®* The
modern standard helper plasmid that provides the genomic integration function in trans contains only the TnsABC+D pathway for
attTn7-specific integration, unlike obsolete plasmids that encode the additional TnsABC+E non-specific integration function.®®
Triparental conjugations were conducted as follows. Escherichia coli SM10(pir) carrying the donor plasmids pTn7xKS-sfGFP and
pTn7xKS-dTomato, as well as the helper plasmid pTNS2, were a generous gift from Dr. Travis Wiles.®” Caballeronia liquid cultures
were grown as described above. Donor and helper SM10(Apir) were grown overnight in LB broth with 150 png/mL ampicillin for se-
lection at 37°C shaking at 225 rpm. Donor and helper cultures were washed at least twice to remove residual ampicillin by repeatedly
pelleting at 10,000 xg for 2 min at 4°C, decanting the supernatant, and resuspending in the same volume of LB. These were combined
with washed Caballeronia on LB agar containing 1% NaCl to mate for 24-50 h at 30°C. Matings were harvested into salt-free LB
broth, subjected to selection with lytic T7 phage for 4 h to eradicate E. coli, then plated on low-salt LB or M9 + 0.4% glucose”
agar plates, both containing 1TmM IPTG and 5-10 pg/mL gentamicin for selection. Fluorescent colonies were streaked on nutrient
agar to confirm stability of fluorophore expression, and correct insertion of the mini-Tn7 construct was confirmed by PCR amplifying
the fragment bridging the gimS gene and the gentamicin resistance marker aacC, using primers gimS-1434F and aacC-83F. The
absence of the plasmid backbone in these strains was confirmed by PCR amplifying the fragment bridging aacC and the lacl
gene, using primers aacC-83F and lacl-3644F.

Preparation of donor insects

Eggs were collected from lab colonies of A. tristis and A. andresii, surface sterilized, and air dried as described above. To maintain the
sterility of the bugs prior to infection, hatchlings were maintained on droplets of DI water until they molted to the second instar, which
takes place two days after hatching. Second instar nymphs were subsequently maintained on ~100 pL of 2% glucose in 10% PBS
solution, which was provided as droplets every 24 h, until symbiont inoculation. Nymphs were not maintained on this sterile diet for
more than a week.

To prepare symbiont inocula, overnight liquid cultures were started from single colony picks as described above. 200 pL of log-
phase culture was then washed twice in phosphate-buffered saline (PBS), by pelleting for 2 min at 10,000 xg and decanting the su-
pernatant. Inocula were prepared by diluting these washed cells 100-fold in 400 pL of feeding solution (2% glucose in 10% PBS), and
spotting droplets of these inocula in plastic rearing boxes that housed second instar nymphs that had been starved for ~24 h.
Nymphs typically imbibed these droplets readily, but were exposed to inocula for 24 h before being transferred to parafilmed cubes
of surface-sterilized zucchini. Bugs that did not feed typically starved to death, but colonization was verified by anesthetizing second
instars after 2-3 days with carbon dioxide and checking nymphs individually for fluorescence. Successfully infected bugs were
reared, segregated by host species and symbiont strain, to adulthood on summer squash plants in mesh cages, as described above.

Microscopy
Images of bacterial colonies and fecal spots, as well as videos of feeding, were taken on an Olympus SZX16 stereomicroscope with
an Olympus XM10 monochrome camera and Olympus cellSens Standard software ver. 1.13. For rapid phenotyping of nymphs for
GFP and RFP symbiont colonization, nymphs were immobilized with carbon dioxide or killed with 70% ethanol, then individually
examined at the SZX16 stereomicroscope for GFP and RFP signal with the camera set to autoexposure.

Brightfield images of second instar A. tristis antennae were taken using whole nymphs were killed in 70% ethanol and mounted on
depression slides. Images were taken on a Leica DMi8 inverted widefield light microscope with a Leica DFC9000 GT fluorescence
camera and Leica Application Suite X ver. 3.4.2.18368 software.
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Choice assays

Our initial observations showed that second instar nymphs kept in plastic rearing boxes exhibited a strong attraction to feces in the
bedding used to line adult rearing cages. To characterize the magnitude of this attraction and the cues that elicited this response, we
set up choice assays in bleach- and ethanol-sterilized 11.2 cm x 11.2 cm X 3.9 cm plastic rearing boxes with a piece of parafilm
covered organic zucchini squash in the middle of the arena and two choices (fecal spot vs. PBS, autoclaved fecal spot vs. PBS,
cultured symbiont vs. PBS, and PBS vs. PBS) in opposing corners of the boxes. The symbiont strain used as the autoclaved or un-
treated fecal spot and as the cultured bacterial treatment in all these choice assays was always GA-OX1 sfGFP-V10, to control for
strain-specific effects. For cultured symbiont vs. PBS, a black mark was placed on the side of the box with the cultured symbiont to
distinguish between the two treatments. The control filter paper was cut to a size similar to the paper towels containing fecal spots.
Five second instar nymphs were placed onto the squash piece, and boxes were recorded with two boxes under each camera. Orien-
tation and order of each box was decided using a random number generator. To prevent interactions between nymphs in adjacent
boxes, white tape was applied to the adjoining side of the boxes. All trials were recorded using overhead HD cameras for 24 or48 hiin
a humidity and light-controlled room. Using second instar nymphs with ablated antennae to specifically test the role of olfaction, we
conducted additional cultured symbiont vs. PBS, fecal spot vs. PBS and autoclaved fecal spots vs. PBS. Assays were recorded
continuously using high-definition Owl AHD10-841-B cameras, equipped with infrared bulbs to film in complete darkness. Videos
were exported as separate ~17 min files that were stitched together using MacX Video Converter Pro. After assays were completed,
nymphs were allowed to develop for several more days and checked for GFP colonization by visual inspection of whole and dissected
nymphs.

Fecal spot collection and sterilization

Paper towels were used to line the bottom of cages where we maintained donor Anasa tristis adults infected with GA-OX1 sfGFP-V10.
We checked these paper towels every one to two days for dark, semisolid, fecal spots, which are distinct from the clear, watery feces
excreted more frequently by bugs during feeding. As soon as fecal spots were identified, they were cut out from the surrounding pa-
per towel and immediately used in a choice assay or sterilized. Collected paper towel cutouts with fecal spots were sterilized by auto-
claving in a glass beaker on a gravity cycle (sterilization cycle of 121°C for 30 min with a dry cycle of 10 min.).

Cultured bacteria

2.5 mL of overnight culture were washed twice in phosphate-buffered saline (PBS), by pelleting for 2 min at 10,000 xg and decanting
the supernatant. This pellet was then resuspended in 2.5 mL of PBS, bringing the washed cells back to their original concentration.
For assays comparing PBS to cultured bacteria, 150 L of washed cells were spotted onto a quartered qualitative filter paper disc
(diameter 55 mm) in one corner of each arena, and the same amount of PBS was spotted onto a quarter filter paper disc in the oppo-
site corner. Serial dilution of the inocula post hoc confirmed that cells had high viability at the time they were used in the assays.

Antennal ablation

We chose to ablate only the fourth antennal segment, rather than the whole antenna (Figure S1), because 1) nymphs with completely
ablated antennae exhibited extremely poor survival, impaired mobility, and reduced activity; and 2) microscopy showed that the
fourth antennal segment is covered in an unusually high density of sensilla relative to the rest of the antennal segments, in line
with observations from related insects.>> Nymphs were briefly anesthetized with carbon dioxide then placed into a glass dish with
sterile DI water to immobilize them. The fourth antennal segment was removed using pairs of fine metal forceps. To minimize damage
to the rest of the antennae, one set of forceps gently grasped the fourth antennal segment, or the distal part on the third antennal
segment, while the second set of forceps was run across the second forceps to sever the fourth segment cleanly at the interseg-
mental membrane. Control bugs were treated in the same way as ablated bugs, but antennal segments were gently manipulated
without being severed. Ablated and control bugs were returned to rearing boxes lined with paper towels to dry off and allowed to
recover for two days before being used in choice assays.

Video analysis

We measured searching behavior in the video-recorded choice assays using Behavioral Observation Research Interactive Software
(BORIS) ver. 7.12.2, an open-source event logging software for live observations of animal behavior.?’ Because each arena con-
tained 5 nymphs, the ethogram was set up with 6 point events, ranging from 0 bugs to 5 bugs. Additionally, each event had 2 mod-
ifiers corresponding to the 2 attractants in each arena (feces vs. PBS, cultured bacteria vs. PBS, PBS vs. PBS). Video frames were
then evaluated at 10-minute intervals for the entire 24-hour period and the number of bugs sitting on filter paper laden with each
attractant was recorded. To quantify searching behavior over time, the number of bugs wandering off the squash was counted at
10-minute intervals for the entire 48-h time period, with 0 indicating that all bugs were on the squash in each frame.

Fecal spot elicitation

We wanted to test if adult fecal production is socially influenced by exposure to nymphs. To test this, same-sex pairs of adult donors
infected with the same symbiont were placed in plastic rearing boxes, to which either 5 s instar nymphs were added or no nymphs
were added. Each box was lined with paper towels, which were monitored daily for 11 consecutive days for the appearance of dark
fecal spots.
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Age-dependent transmission
We sought to determine whether ability to transmit symbionts changed during the lifespan of adult squash bugs. Four replicate cages
were set up each with four Anasa tristis donors infected with RFP symbionts (due to the higher intensity RFP signal) as described
above. To prevent mating and nymphal recruitment within these cages, and to control for sex, donors were sexed as fifth instar
nymphs, just prior to adulthood, and only female nymphs were kept to be used in experiments as donors. Groups of donors were
passaged to new autoclaved cages with new plants and clean water on a weekly basis to prevent symbiont transmission via accu-
mulated biological material over the course of the experiment. The experiment was terminated after 12 weeks, the typical lifetime of
unmated A. tristis females.”®

Cohorts of nymphs were assessed for colonization rate within the four replicate cages on a weekly basis. Ten aposymbiotic L1 or
L2 nymphs were introduced and allowed to develop. During the weekly passaging of adult donors, live nymphs were harvested,
euthanized with 70% alcohol, and checked for RFP under a NightSEA RFP filter attached to a dissecting microscope.

Interspecific transmission mesocosm assays

Cages surrounding a single potted summer squash plant were set up containing either four adult donor A. tristis or four adult donor
A. andresii, reared as described above and colonized with either GFP- or RFP-labeled GA-OX1 or AAF182. After 5 days, 10 first to
second instar nymphs were introduced into the cages; adults continued to be maintained on the plant. (First instars are a two-day
long non-foraging stage, but were included for use in these assays because eggs are only synchronized every three to four days.)
After 10 days, surviving nymphs were collected from the cages, killed in 70% EtOH, and individually assessed for presence/absence
of GFP and RFP. Experiments were started in blocks to ensure that we could compare across treatments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Preferences in choice assays (Figure 2) were assessed using a series of paired t tests, where the total number of visits to each choice
was quantified for every trial.

We analyzed symbiont transmission dynamics using a series of generalized linear mixed models (GLMMs) (Figure 3; Datas S1A-
S1C). First, we used a GLMM with Poisson distribution to model searching behavior as a function of treatment (with or without sym-
bionts), time in the trial, and their interaction (Figure 3A; Data S1A). We included trial as a random effect to account for the repeated
measures of each trial over the course of the experiment. The intercept of the model was set to the choice trials at the end of the
experiment. Next, we model transmission success as a function of symbiont availability (Figure 3B; Data S1B). Because transmission
success was scored as “yes” or “no” for each nymph, we used a GLMM assuming a binomial distribution and logit link function. Trial
length was included as a random effect to account for any influence of time spent in the trial on likelihood of picking up a symbiont.
Finally, we used a GLMM with binomial distribution and logit link function to model transmission success as a function of female age
(Figure 3C; Data S1C). We evaluated both a linear and quadratic relationship between transmission and female age. We included
group as a random effect to account for repeated measures of transmission success in each cage over time.

We analyzed transmission specificity using a generalized linear model (GLM) with binomial distribution (Figure 4; Data S1D). We
assessed the likelihood that a nymph would pick up symbionts as a function of the donor type. Doner type consisted of a combination
of host species and symbiont strain. Post hoc tests were run to account for multiple comparisons.

All models were fit in R using the ‘Ime4’ library package®”°® (Bates et al. 2015; R Core Team 2016). Degrees of freedom and re-
sulting p values were estimated with the Satterwhite approximation using the ImerTest library®® (Kuzentsova et al. 2016). When post
hoc comparisons between treatments were performed, we used a Tukey’s honesty significant difference test (HSD) using the R Ii-
brary package ‘emmeans’. The distribution that best fit the data for each model was determined using the ‘fitdisplus’ package
v.1.1e12'%° (Delignette-Muller and Dutang, 2015).
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