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and community dynamics
following adult emergence in pest
tephritid fruit flies
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Gut microbiota are important contributors to insect success. Host-microbe interactions are dynamic
and can change as hosts age and/or encounter different environments. A turning point in these
relationships the transition from immature to adult life stages, particularly for holometabolous
insects where there is radical restructuring of the gut. Improved knowledge of population and
community dynamics of gut microbiomes upon adult emergence inform drivers of community
assembly and physiological aspects of host-microbe interactions. Here, we evaluated the bacterial
communities of the pest tephritid species melon fly (Zeugodacus cucurbitae) and Medditeranean
fruit fly (medfly, Ceratitis capitata) associated with the pupae life stage and timepoints immediately
following adult eclosion. We used a combination of culturing to determine cultivatable bacterial titers,
gPCR to determine 16S-rRNA SSU copy numbers, and 16S V4 sequencing to determine changes in
communities. Both culturing and qPCR revealed that fly bacterial populations declined upon adult
emergence by 10 to 100-fold followed by recovery within 24 h following eclosion. Titers reached ~ 107
CFUs (~10% 16S rRNA copies) within a week post-emergence. We also observed concurrent changes
in amplicon sequence variance (ASVs), where the ASV composition differed overtime for both
melon fly and medfly adults at different timepoints. Medfly, in particular, had different microbiome
compositions at each timepoint, indicating greater levels of variation before stabilization. These
results demonstrate that tephritid microbiomes experience a period of flux following adult
emergence, where both biomass and the makeup of the community undergoes dramatic shifts. The
host-microbe dynamics we document suggest plasticity in the community and that there may be
specific periods where the tephritid gut microbiome may be pliable to introduce and establish new
microbial strains in the host.

Insects form intimate associations with microorganisms in their digestive systems, which collectively can con-
tribute to important physiological and ecological functions"? Host-microbe interactions are not necessary static,
and microbiome compositions fluctuate within individuals under different dietary conditions, developmental
stage, and time. This is especially the case for insects undergoing complete metamorphosis (holometabolism).
A combination of gut morphological and biochemical alterations, host dietary selection and utilization, as well
as the different needs and longevity of the life stages can lead to altered microbial relationships®. Indeed, the
dynamic and divergent nature of gut microbiomes between immatures and adults have been demonstrated for
members of the Hymenoptera, Coleoptera, Lepidoptera, and Diptera orders*.

Determining bacterial population and community dynamics of gut microbiomes can provide insight into how
hosts regulate symbiont assemblages. Furthermore, fine-scale evaluation of microbiome population dynamics
following significant life events allows exploration into how host-microbe dynamics recover from physiological
and environmental perturbations. Our principal aim was to elucidate the gut microbiome population and com-
munity dynamics in insects following adult emergence, and whether patterns of establishment vary between
different species and from different larval diets. Specifically, we evaluated gut bacteria of two important pest
species of true fruit flies (Diptera: Tephritidae).
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Tephritid fruit flies are globally distributed pests of ripening fruit and can be a significant impediment to
agriculture and trade'®'2. Tephritids are known to harbor a diverse assemblage of microorganisms in their gut
tissues which include can fungi and bacteria'*-'*. Bacteria can be important components of both the tephritid
larval and adult gut microbiome, having roles in facilitating nutrient provisioning and improving fitness'®-'%. As
is the case with many holometabolous insects, tephritids consume divergent diets as adults and larvae, and their
gut microbiomes can reflect these substantial changes®!’. Understanding the establishment and flexibility of gut
microbiome dynamics would help inform sources of variation that are often observed in natural populations
of males® as well as how host-microbe respond to different environments®!. Additionally, while determining
microbial dynamics of flies in natural settings can uncover fundamental physiological functioning, elucidating
how microbial establishment occurs in insectary-maintained populations is especially important for tephritid
fruit flies. Establishment of pest tephritids into novel agricultural areas is often mitigated through a combination
of tactics targeting adults, including the sterile insect technique (SIT) for mating disruption?**. Manipulation
of microbiomes have been proposed for species reared for SIT'#**?* and evaluating developmental windows to
efficiently introduce and determine community resilience are still needed.

In this study, we assessed the quantitative and compositional changes in gut microbiota of two pest tephritid
species following adult eclosion, with one species originating from two different larval diets. We evaluated the
microbial populations and communities of the Mediterranean fruit fly (medfly, Ceratitis capitata) and melon fly
(Zeugodaucus cucurbitae) from colony sources, and collected melon fly pupae from infested papaya fruit. We
performed a series of culture- and DNA-based microbiota quantitation as well as 16S-rRNA SSU microbiome
sequencing at multiple timepoints within three weeks following adult eclosion.

Results
Bacterial titers vary over short windows
In all fly species, there were significant changes in culturable microbial titers across developmental windows
(Fig. 1; melon lab F ¢ =128.1, p <0.001; melon papaya F4; =208.5, p <0.001; medfly lab F4 ¢=123.1, p <0.001).
The most dramatic changes involved newly emerged (teneral) flies. CFUs sharply declined by 10-1000x upon
adult emergence from pupae, followed by rapid increases (~300x) over a 24-h period. For both papaya and labo-
ratory sourced melon fly (Fig. 1A,B), CFUs stabilized by 48 h following adult eclosion at ~ 4 x 10° CFUs mL™! per
fly for remaining sampling time. Medfly increases after emergence were more gradual, increasing from 500 CFUs
to ~ 6 x 10* after 24 h, to ~ 3 x 10° after 48 h, before stabilizing between 3-5 x 10° after one week. We observed no
indication that sex influenced CFU titers (melon lab F, ¢4=0.28, p=0.599; melon papaya F, 3=1.27, p=0.263;
medfly lab F, 3=0.67, p=0.414).

16S SSU rRNA copy numbers corroborated trends observed with culture-based approaches (Fig. 2; melon lab
Fs33=83.4, p <0.001; melon papaya F; 35=66.8, p <0.001; medfly lab F; 5, =109.9, p<0.001). All species exhib-
ited precipitous declines in 16S copy numbers upon adult eclosion from the pupal stages, followed by increases
of 10-100x within 24 h. Papaya melon fly copies increased from ~ 10* (per fly) to ~ 10® within 48 h of eclosion
(Fig. 2A), while laboratory melon fly copy numbers first increased from ~ 10* to ~ 10° after 48 h before stabiliz-
ing at 10® after one week (Fig. 2B). 168 titers of freshly eclosed medfly increased from 10° to 10° copy numbers
within 48 h before increasing to 10® after one week (Fig. 2C).

Fluctuations in fly 16S ASV composition

While there were some effects of developmental timepoint on 165 rRNA ASV alpha-diversity metrics, the trends
were generally inconsistent, and variable (Supplemental Table 1). These patterns contrasted with beta-diversity
metrics in both ASV compositional (Bray—Curtis distances on relative abundances) and membership (Jaccard
distances on presence/absence) for all groups of samples (Figs. 3 and 4, respectively). Nonetheless, there are some
nuanced aspects of how the different fly species responded.

B C
A A A A A A A A A A A
. . o ® 7 ol ® 7 . ®
f:." ¢ ? 7 g B T, xT: S 10 e ? '?
.l o - e c B :
10 ¢ . . 10 D e . .
= 10° = 10° i
3 * L
E 10° ° E, 10 female
> =] * male
L 3 [T 3
o 10 : o 10 ." pupae
10% : 10°
10’ 10’

Pupa Teneral 24H 48H W 2w 3w
Timepoint

Pupa Teneral 24H 48H 1w 2w 3w
Timepoint

48H 1w 2w 3w

Figure 1. Colony forming units (CFUs) of melon fly originating from papaya (A) and colony sources (B) and
medfly from a colony source (C) at different intervals. Black dots represent median with bars representing 95%
confidence intervals. Letters represent significant differences between sampling timepoints (p <0.05) using log,,
transformed values.
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Figure 2. 16S-rRNA copy numbers in extracted samples for melon fly reared from papaya (A) and obtained
from colony (B) and medfly from colony sources (C). Black dots represent mean with bars representing 95%
confidence intervals. Letters represent significant differences between sampling timepoints (p <0.05) using log,,
transformed values.
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Figure 3. Non-metric multidimensional scaling (NMDS) plots and p-values of pairwise comparisons of V4 16S
SSU rRNA ASVs using Bray—Curtis distances. Sample grouping include melon fly from papaya (A), melon fly
from insectary (B), and medfly from insectary (C). Heatmaps illustrate pairwise comparisons between sample
groups corresponding to NMDS plot immediately above the heatmap, where incidences where p>0.05 are
shaded gray.

For melon fly from papaya, there was initially a high level of overlap in the composition of the communities
between pupae and teneral adults (Fig. 3A). After 24 h, there was divergence in the communities of all subse-
quent samples from the pupal and teneral timepoints (F4>**=2.41 p <0.001). While diverging from the earlier
timepoints, the remaining timepoints had a high degree of overlap with each other and were not distinguishable
(pairwise PERMANOVA p>0.05). Presence/absence of ASVs largely followed the same trends (Fig. 4A) with
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Figure 4. Non-metric multidimensional scaling (NMDS) plots and p-values of pairwise comparisons of V4
16S SSU rRNA ASVs using Jaccard distances on presence/absence data. Sample grouping include melon fly
from papaya (A), melon fly from insectary (B), and medfly from insectary (C). Heatmaps illustrate pairwise
comparisons between sample groups corresponding to NMDS plot immediately above the heatmap, where

incidences where p>0.05 are shaded gray.

some caveats; pupae and teneral adults were significantly different from all other timepoints and we also observed
differences between the 48H timepoint and the 2W timepoint.

Melon fly pupae obtained from the PBARC insectary had a slightly different trajectory in composition than
those from fruit based on pairwise PERMANOVA. ASV compositions associated with pupae began to differ
between 1 and 2W, but not between other timepoints (Fig. 3B). Similarly, one week old flies did not differ from
flies collected at 24H, 48H, or two weeks, suggesting a more gradual shift in the community. Analysis using pres-
ence/absence and Jaccard dissimilarities followed similar patterns (Fig. 4B). We recovered sequences for only a
single teneral melon fly lab sample, so this group of samples were excluded from the analyses.

Microbiome composition and membership of medfly (Figs. 3C and 4C) varied across adult development. For
medfly, all sample groups exhibited significantly different compositions with exception of between 48 h- and
one-week old individuals. Jaccard dissimilarities (Fig. 4C) differed between each timepoint.

Since we had samples collected at the same timepoints for the individual species, we compared their respec-
tive ASV compositions at the pupal, 24 h, one-week, and two-week sampling points. For both beta-diversity
metrics (Bray-Curtis and Jaccard dissimilarities), we observed significant differences between the fly species at
each timepoint (Supplemental Fig. 1), indicating a host-specific signal of ASV composition.

Taxonomic responses over time

There were taxonomic shifts in 16S reads between the sample timepoints for all species surveyed. The magnitude
of these changes varied between individual species (Figs. 5 and 6), and there were some patterns that appeared to
be consistent among the four groups of specimens. In general, there was an increase in the relative abundances of
the bacterial class Enterobacterales as fly aged (Fig. 5), with increases in Enterobacteriaceae and Moraxallaceae
being among the most prevalent.

For melon fly from papaya, associations with specific taxa were more diffuse with the pupal stages (Fig. 5A),
with only a handful of ASVs becoming most prevalent in the later stages. Specifically, relative abundances of
ASVs corresponding to Raoultella and Klebsiella became most prevalent at 24 h-post eclosion and remained at
the highest relative abundance for the other timepoints (Fig. 6A). However, none of these ASVs were significantly
different across life stages (Supplemental Table 2), as they were present in pupae and teneral adults. Compared
to the other species, the individual taxonomic responses were limited to decreases in ASV's at the pupal stages,
following the trends supported in the beta-diversity measurements.

The laboratory melon fly responses were due to decreases in Morganellaceae in the pupal stages, and increases
in the Enterobacteriaceae (Fig. 5B), but some ASV's were present in all stages. For instance, ASVs corresponding

Scientific Reports |

(2023) 13:13723 |

https://doi.org/10.1038/s41598-023-40562-2 nature portfolio



www.nature.com/scientificreports/

Relative Abundance (%)

Pupa Teneral 24H 48H w aw

Psoudomonadacras

Staphylococcace:

Undassiied Entsronacterales
cellaceae

Enterobacteriaceae

B Horganellaceae
Orbaceae
Other

Relative Abundance (%)

il

Pupa

e

Pupa Teneral

Relative Abundance (%)

Figure 5. Relative abundances of 16S-rRNA reads at the family level associated with gut tissues from melon fly
reared from papaya (A) and obtained from colony (B), and medfly from colony sources (C). ‘Other’ represents
sequences represented in averaging less than 2% relative abundance across all samples. Taxonomies determined
via an RDP dataset formatted for the DECIPHER package. If taxa were unclassified at the genus level, they were
listed as unclassified at the next highest taxonomy.

to Providencia and Morganella were observed in pupal stage and subsequently, with several Providencia ASV's
increasing in relative abundance over time (Supplemental Table 3). Notably, two Klebsiella ASVs increased
through time (Fig. 6B; Supplemental Table 3), where one was at low abundances in pupal stages (< 3%) and
increasing to 25% of the relative abundance after one-week post-eclosion.

Laboratory medfly exhibited a stark amount of microbial turnover following eclosion. At the pupal stage,
samples were dominated by ASVs belonging to the Staphylococcaceae (Fig. 5C; Supplemental Table 4). Upon
eclosion, medfly samples underwent several transitions, first being populated by a diffuse assemblage as tenerals,
before undergoing shifts in ASVss classified as Pseudomonas, Morganella, and Acinetobacter between 24 and 48 h
post eclosion to being Klebsiella and Providencia as features after the two-week interval (Fig. 6C).

Discussion

The transition from immature to adult for holometabolic insects involves substantial morphological, physiologi-
cal, and life history changes®. Accordingly, changes in gut microbiomes also accompany the dramatic anatomical
remodeling and life history changes that accompany metamorphosis®>”’. Here, we demonstrate that gut bacterial
titers and the bacterial compositions shift following the transition of pupa to adult in melon and medfly. Both
species underwent consistent, abrupt changes in gut bacterial titers following adult eclosion, where there was a
depletion in microbial biomass followed by rapid recovery. Additionally, we observed changes in microbiome
composition over the two weeks following emergence. Each species harbored unique communities, suggesting
host-specific selection of their respective gut microbiomes. Our results indicate there is a period of flux in the
tephritid gut microbiome at the point of adult eclosion which may be exploited to introduce novel microbes to
mass-reared insects.

Upon emergence, microbial biomass decreased for melon fly and medfly, including adults emerged from
melon fly pupae collected from natural populations (Figs. 1 and 2). Microbial titers recovered within 48 h,
increasing by > 100x. These patterns post-eclosion have been noted in microscopy-based studies of medfly
adults® and in amplicon sequencing efforts in the Queensland fruit fly (Batrocera tyroni)*. Comparable pat-
terns—rapid alteration of microbial population dynamics during metamorphosis—have been documented for
other insect species”**~*2, including flies****. While we did not study the larval transition here, some species purge
their digestive systems of microbiota prior to pupation in addition to further depletion as emerging adults. This
is appears to be the case for other dipterans such as Drosophila®**=*, where there are sharp declines in titers upon
emergence followed by a period of rapid recovery. For Drosophila, the larval gut is not fully histolyzed during
pupation; instead the adult gut is constructed around the larval gut as a transient pupal epithelial layer®. After
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Figure 6. Heatmaps of individual ASV's through development of melon fly reared from papaya (A) and

obtained from colony (B), and medfly from colony sources (C). Individual plots are provided in supplementary
materials (Supplemental Figs. 3-5). Both taxonomies determined from DECIPHER and RDP are included (left,
and right, respectively), with the RDP bootstrap value at the genus level included.

emergence, Drosophila excretes the remaining portions of the larval gut from the newly formed adult midgut®.
While the exact mechanism that leads to precipitous decline of microbiota in tephritids is unknown, we can
surmise that it is a combination of excretion upon adult eclosion and possible regulation of gut immunity***.

Accompanying fluctuations in microbial populations, we observed shifts in gut ASV composition in the days
and weeks following adult eclosion. These data corroborate previous studies which surveyed microbial com-
munities in tephritid fruit fly adults and immature stages over coarse timeframes®*!~**, including the species we
surveyed here!>*. We expected a linkage between the initially decreased titers accompanying these compositional
changes, as established gut microbiomes can restrict the colonization of other microorganisms**. Decreased
titers may afford reconfiguration of the gut microbiome through microbe-microbe competition and within
host propagation, ingestion of environmental organisms through foods**, and swapping of microbes through
trophallaxis behaviors that occur in the species we investigated®!. A “soft” reset of the gut microbiome through
depletion may partially explain why tephritid fruit flies have been documented to exhibit high variability in
the field and locality-specific effects?®*. Additionally, reconfiguration of gut microbiomes between adult and
immature life stages may afford larvae to access a larger diversity of resources, with adults being populated by
bacteria fulfilling core functions®.

Both melon and medfly remodeled their gut microbiomes following adult eclosion, with medfly exhibiting
more dramatic changes. Such dynamics have been observed previously with medfly, where there are ontogenetic
mediated changes through development and fluctuation of dominant microbiota®?, resulting in fluctuation and
reconfiguration between larvae and maturation of adults. Medfly pupae that were once dominated by Staphy-
lococcus yielded adults possessing high abundances of Enterobacteriaceae (Fig. 5C; Supplemental Fig. 3) while
melon fly pupae possessed a diverse set of taxa that were present later in development. The medfly larval diet
is highly acidified for sanitation purposes in mass rearing®’, while the PBARC melon fly lab diet is not (Sup-
plemental Table 5). These results suggest that medfly might undergo some degree of environmental microbial
acquisition or the Enterobacteriaceae are diminished in immature stages, and early periods of adult life being
variable before stabilization of host microbiome composition. The contrast between medfly and the melon fly
laboratory sources appear to support this notion; melon fly microbiome composition stabilized earlier than
medfly following eclosion (Fig. 3) while also exhibiting a greater number of ASV's shared between adults and
pupae (Supplemental Figs. 4 and 5). Representatives of the Enterobacteriaceae have been documented in wild and
captive medfly microbiomes globally?***-*8, Members of the Enterobacteriaceae, like Klebsiella and Enterobacter,
are likely physiologically important components of the adult medfly gut microbiome'. These observations raise
questions about how microbial strains may vary among and between rearing populations, how priority effects
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influence the composition of fly microbiomes over longer durations, and how tephritid microbiome establishes
during when the insect is under laboratory culture.

Klebsiella and other Enterobacteriaceae are often detected in sequencing and culturing efforts of tephritid
fruit fly pests?!#146:°6:57:5960 but how they are retained between lifestages, fluctuate in abundance relative to other
microbial taxa, exhibit taxonomic and functional resiliency, and vary between insect populations and across
timepoints are not well-resolved. Specifically, the amount of variation in specific isolates and strains, and how
that might impact fly performance is unknown. Given its status as a global pest and the fact that there are appar-
ent compositional differences in the medfly microbiome®*®!, this is a major deficiency in our understanding
of strain diversity in this system. For instance, our results and others®* indicate some reconfiguration of some
degree across host development, but we do not know if new strains are entering the system, or whether it is the
same strain that was once suppressed is reestablishing dominance. Utilizing other sequencing techniques (whole
genome sequencing of isolates, shotgun metagenomics, or long read 16S) will help uncover these processes and
allow for a more comprehensive understanding of strain dynamics.

Multiple studies over the past decade have shown that mass reared medfly for sterile insect technique (SIT) can
harbor gut microbiomes that differ from the wild, and this may adversely impact male competitiveness'®!71%>4,
Manipulating microbial assemblages of sterile medfly has been documented to improve fly competitiveness!”'s,
generating interest in potential application of microbiota for SIT programs'**2. Although application to SIT was
outside the immediate scope of this study, our results indicate that there may be an opportunity to reintroduce
wild bacterial strains to newly emerging flies from the laboratory.

As a part of our study, we collected infested pupae from wild melon fly populations to compare with those
in a laboratory population. We observed consistent trends in microbial population dynamics between these
two sources (16S copies and CFUs titers) as flies aged. Unexpectedly, the microbiomes differed between the
two sources (Supplemental Fig. 1). While we observed differences ASV compositions, the fact that population
responses were consistent between the sources suggests robustness in the post-eclosion population dynamics and
reorganization in melon fly. However, this is a limited comparison and requires further exploration to determine
the influence of host genetics and larval diet that may drive microbial community make-up.

Questions that arise from our observations involve the timeframes where the tephritid hosts control gut
microbial colonization. Typically, a combination of antimicrobial peptides and reactive oxygen species are
involved in the control and proliferation of microbial populations in the digestive tract®*-%>. We presume there
is an upregulation of gut immune defenses to abate proliferation of gut microorganisms following adult eclosion,
but speculation on exact mechanisms is tenuous. Deciphering host immune and other digestive responses in the
period of microbial proliferation is important to understand host control of potential symbionts. Similarly, it
would be important to know if the host is vulnerable to microbial invasion during this window, and uncovering
host-mediated responses would inform aspects of community assembly. Further investigation in host-microbe
dynamics after maturity as flies age is also needed. Specifically, for the tephritid systems we have relatively lim-
ited understanding regarding how host background interacts with gut microbiota to influence adult lifespan
and fitness®®7.

Our results demonstrate that tephritid fruit flies undergo a period of flux of their microbial populations and
communities following adult eclosion. These data confirm trends observed elsewhere for tephritid fruit flies?329,
and provide insights into bacterial colonization patterns of these fly species. Further exploration of host and
microbial mechanisms that facilitate and govern microbiome assembly are needed for realization of application
in SIT programs.

Methods
Fly sources and rearing conditions
Insectary sources of melon fly and medfly were obtained from colonies maintained at the USDA-ARS, United
States Daniel K. Inouye Pacific Basin Agricultural Reach Center in Hilo, Hawai’l, USA. Colony production fol-
lowed standard rearing procedures and diets. Larval diet recipes are provided as supporting information (Sup-
plemental Table 5). These colonies have been maintained for 20-30 years (approximately 200 to 400 generations).
Wild melon fly pupae were obtained from papaya grown in Keaau, Hawai’l, USA. Infested papayas were brought
to the laboratory where they were maintained in bins on a tray suspended above a vermiculite pupation substrate
to contain emerging larvae. Infested papaya fruits were maintained in an open-air, semi-enclosed room, with the
following environmental conditions: 22-27 °C, 65-70% relative humidity, and ambient light (~ 12:12). Pupae
were collected from the substrate in 3-day windows and maintained in cups until onset of adult emergence.
Flies were reared as cohorts in ~ 20 cm® wood and plexiglass cages under ambient conditions in an open-air
room described above. For both laboratory and wild populations, adults were initially provided only a water
source for the first 48 h before transferring to a 3:1 ratio of sucrose with USB enzymatic yeast hydrolysate (United
States Biochemical, Cleveland, OH, USA). Adults were provided 3:1 sucrose:yeast diet and water throughout
sample collection, with both being replaced weekly. No efforts to provide sterile food, water, or rearing contain-
ment were made for this study. All experiments took place within a two-week window and collections were
performed simultaneously, with insects consuming the same bulk diet source.

Sample collection

We selected seven timepoints to analyze fly microbiota: pupae (~ 2d pre-eclosion), freshly (< 6 h) eclosed adults
(henceforth teneral), 24 h, 48 h, 1 week, 2 weeks, and 3 weeks post adult eclosion for each fly species and combi-
nation. For culture-based analysis, both males and females were collected at each timepoint for analysis (n>12).
Only male samples were collected for DNA-based analysis for all but the three-week timepoint (n=5-8). Flies
were randomly selected from the groups and anesthetized on ice for 20 min. Samples were surface sterilized in
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ice-cold 10% bleach (0.8% sodium hypochlorite) for 1 min, followed by two rinses in autoclaved distilled water.
In both analyses, individual flies served as our unit of replication.

Like what other researchers have noted?’, in our preliminary dissections we observed that teneral adults
have delicate digestive systems and that the fragility varied between species. To ensure that we captured total
gut microbial titer, we used the whole fly. We later validated that the whole body did not interfere with 168 titer
data using qPCR (Supplemental Fig. 1).

Culture-dependent microbial titer analysis

After surface sterilization, individual flies or fly gut tissues were homogenized in 1 mL of phosphate buffered
saline (PBS, pH 7.4) in a 1.7 mL microcentrifuge tube. Samples were plated on LB medium using an Eddy Jet2W
spiral plater (IUL S.A. Barcelona, ES). Pupae, teneral, and 24 h-old fly samples were not diluted prior to plating,
48 h were diluted 1:10, and all others diluted 1:100. Plates were incubated at 27 °C for 5-7 days prior to count-
ing. Colony forming units (CFUs) were enumerated using a ProtoCOL3 colony counter (Synbiosis, Frederick,
MD, USA).

DNA extraction and microbiome analysis
Following processing, samples were snap frozen in liquid nitrogen and stored at— 80 °C until DNA extraction.
DNA was extracted using a ZymoBIOMICS DNA kit (Zymo, Irvine, CA, USA) following manufacturer recom-
mendations. Extraction plates included ZymoBIOMICS mock community standard and empty control wells
as positive and negative controls, respectively. Extracted DNA was quantified using a Qubit dsDNA HS kit
(Invitrogen, Waltham, MA, USA).

qPCR was performed using a CFX384 Touch Real-Time PCR thermocycler (Bio-Rad Laboratories; Hercules,
CA, USA). We used the primers 1369F (CGGTGAATACGTTCYCGG) and 1492R (GGWTACCTTGTTACG
ACTT) to amplify a portion of the 16S SSU rRNA®. Reactions were conducted using Luna Universal gPCR
Master Mix (New England Biolabs, Ipswich, MA, USA) with 5uL reactions composed of 2x master mix, 0.2 uM
of each primer, and variable concentrations of template DNA. Conditions were as follows: 95 °C for 1 min, fol-
lowed by 40 cycles of 95 °C 30 s and 55 °C for 30 s. Standard curves were constructed using serial dilutions of a
192 bp gBlocks double-stranded Gene Fragment (Integrated DNA Technologies, Coralville, IA, USA) synthesized
from a partial E. coli DH5a 16S sequence with the 1369F-1492R priming sites (Supplemental Information 1).

16S-rRNA metabarcoding was performed using the dual-indexed barcoding strategy described in Kozich
et al.®. The V4 subregion of the 16S SSU rRNA was amplified using 515F (GTGCCAGCMGCCGCGGTAA)
and 806R (GGACTACHVGGGTWTCTAAT), with primers designed to include Illumina index sequences and
sequence barcodes. Reactions were performed in 25 pL volumes with Q5 Hot Start High-Fidelity Polymerase
(New England Biolabs), 0.2 uM of each primer, and variable inputs of template DNA. Reaction conditions were
as follows: 98 °C 30 s, 30 cycles of 98 °C 30 s, 50 °C 30 s, and 72 °C 2 min, and a final extension step at 72 °C for
10 min. Teneral and 24 h-post eclosion samples that exhibited low 16S rRNA abundance (see qPCR/culturing
results) were amplified in triplicate prior to pooling to obtain quantifiable DNA. PCR products were purified
using size-selection magnetic bead cleanup and products were quantified using Quant-IT PicoGreen (Invitrogen,
Waltham, MA, USA) using a Spectramax M2 (Molecular Devices, San Jose, CA, USA). Samples were pooled in
approximately equimolar concentrations. Amplicon pools were sequenced at the ASGPB Genomics Core at the
University of Hawai’i at Manoa using Illumina MiSeq V3 600 base-pair chemistry (Illumina, San Diego, CA,
USA) to generate 300 base-pair paired-end reads.

Processing of sequence data

Mlumina 16S reads were processed with the ‘DADA?2’ (v. 1.24) pipeline to obtain amplicon sequence variants
(ASVs)” implemented in R. Steps included filtering, dereplication, inference of sequence variants, mergers of
paired end reads, and chimera detection and removal. Taxonomy assignments were performed using ‘DECI-
PHER’ (v. 2.24.0)”" with a trained version of the Ribosomal Database Project (RDP) reference database (v 18).
ASVs assigned to chloroplast, mitochondria, or those which were unclassified at the domain level were removed
from the dataset prior to statistical analyses. The taxonomic classifier IDTAXA implemented in DECIPHER
is more conservative than other classifiers, and returns less false positives than other classifiers’>. DECIPHER
returned a large number of unclassified sequences at the genus level (see Results; Fig. 5), so we also performed
classifications of ASVs with the RDP naive Baysian classifier with the v18 database’ and report those results
alongside the DECIPHER classifications.

We included a negative kit control and positive mock communities in our extractions and PCRs as described
above and sequenced them alongside our samples. The negative control yielded no sequences at the end of the
pipeline. The positive control approximated the community composition of the mock community (Supplemental
Fig. 6).

Statistical analyses
Statistical analyses were performed using R 4.2.1 in RStudio’”®. Culture titer data and 16S-rRNA qPCR data
were analyzed using an ANOVA with log,, transformed response variables with pairwise comparisons between
timepoints using an FDR correction. Separate analyses were performed with the different species/sources.
Microbiome data were analyzed using the VEGAN’ package’® after processing with DADA2. Each species
was analyzed separately for each timepoint, unless otherwise specified in the results. Specimens were rarefied to
1175 sequences at this point (Supplemental Fig. 2). Alpha-diversity metrics of ASV richness, Shannon, and 1/
Simpson metrics were computed in VEGAN and analyzed using a Kruskal-Wallis test with pairwise comparisons
being performed with Dunn tests implemented in the package ‘FSA””. ASV composition and membership were
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analyzed using Bray—-Curtis and Jaccard distances, respectively. Distances were visualized and analyzed using
non-metric multidimensional scaling (NMDS) and vegan::adonis. Pairwise multivariate comparisons were per-
formed using the package ‘pairwiseAdonis”®. Differences in individual ASV relative abundances were analyzed
using Kruskal-Wallis tests. Heatmaps were produced by using a Z-transformation of ASV relative abundances
within a sample and illustrated using ggplot2.

Data availability
Raw sequence reads have been deposited to NCBI Sequence Read Archive under the accession PRINA957317.
Other data and R analysis has been deposited at the USDA NAL Ag Data Commons at https://doi.org/10.15482/
USDA.ADC/1529269.

Received: 3 May 2023; Accepted: 13 August 2023
Published online: 22 August 2023

References

1. Engel, P. & Moran, N. The gut microbiota of insects—Diversity in structure and function. FEMS Microbiol. Rev. 37, 699-735.
https://doi.org/10.1111/1574-6976.12025 (2013).

2. Douglas, A. E. Multiorganismal insects: Diversity and function of resident microorganisms. Annu. Rev. Entomol. 60, 17-34. https://
doi.org/10.1146/annurev-ento-010814-020822 (2015).

3. Hammer, T. J. & Moran, N. A. Links between metamorphosis and symbiosis in holometabolous insects. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 374, 20190068. https://doi.org/10.1098/rstb.2019.0068 (2019).

4. Mason, C.J., Campbell, A. M., Scully, E. D. & Hoover, K. Bacterial and fungal midgut community dynamics and transfer between
mother and brood in the Asian longhorned beetle (Anoplophora glabripennis), an invasive xylophage. Microb. Ecol. 77, 66. https://
doi.org/10.1007/500248-018-1205-1 (2019).

5. Gonzélez-Serrano, F. et al. The gut microbiota composition of the moth Brithys crini reflects insect metamorphosis. Microb. Ecol.
79, 960-970 (2020).

6. Aluja, M. et al. Metagenomic survey of the highly polyphagous anastrepha ludens developing in ancestral and exotic hosts reveals
the lack of a stable microbiota in larvae and the strong influence of metamorphosis on adult gut microbiota. Front. Microbiol. 12,
685-937. https://doi.org/10.3389/fmicb.2021.685937 (2021).

7. Powell, J. E., Martinson, V. G., Urban-Mead, K. & Moran, N. Routes of acquisition of the gut microbiota of Apis mellifera. Appl.
Environ. Microbiol. 80, 7378-7387. https://doi.org/10.1128/ AEM.01861-14 (2014).

8. Kowallik, V. & Mikheyev, A. S. Honey bee larval and adult microbiome life stages are effectively decoupled with vertical transmis-
sion overcoming early life perturbations. MBio 12, €02966-e2921 (2021).

9. Duguma, D. et al. Developmental succession of the microbiome of Culex mosquitoes. BMC Microbiol. 15, 1-13 (2015).

10. Duyck, P. E, David, P. & Quilici, S. A review of relationships between interspecific competition and invasions in fruit flies (Diptera:
Tephritidae). Ecol, Entomol. 29, 511-520 (2004).

11. Vargas, R. L, Pinero, J. C. & Leblanc, L. An overview of pest species of bactrocera fruit flies (Diptera: Tephritidae) and the integra-
tion of biopesticides with other biological approaches for their management with a focus on the Pacific region. Insects 6, 297-318.
https://doi.org/10.3390/insects6020297 (2015).

12. Metcalf, R. L. Chemical ecology of Dacinae fruit flies (Diptera: Tephritidae). Ann. Entomol. Soc. Am. 83, 1017-1030 (1990).

13. Raza, M. E, Yao, Z., Bai, S., Cai, Z. & Zhang, H. Tephritidae fruit fly gut microbiome diversity, function and potential for applica-
tions. Bull. Entomol. Res. 110, 423-437 (2020).

14. Deutscher, A. T., Chapman, T. A., Shuttleworth, L. A., Riegler, M. & Reynolds, O. L. Tephritid-microbial interactions to enhance
fruit fly performance in sterile insect technique programs. BMC Microbiol. 19, 287. https://doi.org/10.1186/s12866-019-1650-0
(2019).

15. Cappelli, A. et al. Bacterial symbionts in Ceratitis capitata. Insects 13, 474 (2022).

16. Behar, A, Yuval, B. & Jurkevitch, E. Gut bacterial communities in the Mediterranean fruit fly (Ceratitis capitata) and their impact
on host longevity. . Insect Physiol. 54, 1377-1383. https://doi.org/10.1016/j.jinsphys.2008.07.011 (2008).

17. Ben Ami, E., Yuval, B. & Jurkevitch, E. Manipulation of the microbiota of mass-reared Mediterranean fruit flies Ceratitis capitata
(Diptera: Tephritidae) improves sterile male sexual performance. ISME J, 4, 28-37 (2010).

18. Gavriel, S., Jurkevitch, E., Gazit, Y. & Yuval, B. Bacterially enriched diet improves sexual performance of sterile male Mediterranean
fruit flies. J. Appl. Entomol. 135, 564-573. https://doi.org/10.1111/j.1439-0418.2010.01605.x (2011).

19. Aharon, Y. et al. Phylogenetic, metabolic, and taxonomic diversities shape mediterranean fruit fly microbiotas during ontogeny.
Appl. Environ. Microbiol. 79, 303-313. https://doi.org/10.1128/ AEM.02761-12 (2013).

20. De Cock, M. et al. Comparative microbiomics of tephritid frugivorous pests (Diptera: Tephritidae) from the field: A tale of high
variability across and within species. Front. Microbiol. 11, 1-13. https://doi.org/10.3389/fmicb.2020.01890 (2020).

21. BelMokhtar, N. et al. Dynamics of the gut bacteriome during a laboratory adaptation process of the mediterranean fruit fly, Ceratitis
capitata. Front. Microbiol. 13, 919760. https://doi.org/10.3389/fmicb.2022.919760 (2022).

22. Pereira, R. et al. Improving sterile male performance in support of programmes integrating the sterile insect technique against
fruit flies. J. Appl. Entomol. 137, 178-190 (2013).

23. Shelly, T. & McInnis, D. Sterile insect technique and control of tephritid fruit flies: Do species with complex courtship require
higher overflooding ratios?. Ann. Entomol. Soc. Am. 109, 1-11. https://doi.org/10.1093/aesa/sav101 (2016).

24. Yuval, B, Ben-Ami, E., Behar, A., Ben-Yosef, M. & Jurkevitch, E. The Mediterranean fruit fly and its bacteria—potential for improv-
ing sterile insect technique operations. J. Appl. Entomol. 137, 39-42 (2013).

25. Augustinos, A., Kyritsis, G., Caceres, C. & Bourtzis, K. in Sterile Insect Technique 605-630 (CRC Press, 2021).

26. McMahon, D. P. & Hayward, A. Why grow up? A perspective on insect strategies to avoid metamorphosis. Ecol. Entomol. 41,
505-515. https://doi.org/10.1111/een.12313 (2016).

27. Manthey, C., Johnston, P. R., Nakagawa, S. & Rolff, ]. Complete metamorphosis and microbiota turnover in insects. Mol. Ecol.
https://doi.org/10.1111/mec.16673 (2022).

28. Lauzon, C. R. & Potter, S. E. Description of the irradiated and nonirradiated midgut of Ceratitis capitata Wiedemann (Diptera:
Tephritidae) and Anastrepha ludens Loew (Diptera: Tephritidae) used for sterile insect technique. J. Pest. Sci. 85, 217-226. https://
doi.org/10.1007/s10340-011-0410-1 (2012).

29. Woruba, D. N. et al. Diet and irradiation effects on the bacterial community composition and structure in the gut of domesticated
teneral and mature Queensland fruit fly, Bactrocera tryoni (Diptera: Tephritidae). BMC Microbiol. 19, 1-13. https://doi.org/10.
1186/512866-019-1649-6 (2019).

30. Salem, H. et al. Drastic genome reduction in an Herbivore’s pectinolytic symbiont. Cell 171, 1520-1531.e1513. https://doi.org/10.
1016/j.cell.2017.10.029 (2017).

Scientific Reports |

(2023) 13:13723 | https://doi.org/10.1038/s41598-023-40562-2 nature portfolio


https://doi.org/10.15482/USDA.ADC/1529269
https://doi.org/10.15482/USDA.ADC/1529269
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1098/rstb.2019.0068
https://doi.org/10.1007/s00248-018-1205-1
https://doi.org/10.1007/s00248-018-1205-1
https://doi.org/10.3389/fmicb.2021.685937
https://doi.org/10.1128/AEM.01861-14
https://doi.org/10.3390/insects6020297
https://doi.org/10.1186/s12866-019-1650-0
https://doi.org/10.1016/j.jinsphys.2008.07.011
https://doi.org/10.1111/j.1439-0418.2010.01605.x
https://doi.org/10.1128/AEM.02761-12
https://doi.org/10.3389/fmicb.2020.01890
https://doi.org/10.3389/fmicb.2022.919760
https://doi.org/10.1093/aesa/sav101
https://doi.org/10.1111/een.12313
https://doi.org/10.1111/mec.16673
https://doi.org/10.1007/s10340-011-0410-1
https://doi.org/10.1007/s10340-011-0410-1
https://doi.org/10.1186/s12866-019-1649-6
https://doi.org/10.1186/s12866-019-1649-6
https://doi.org/10.1016/j.cell.2017.10.029
https://doi.org/10.1016/j.cell.2017.10.029

www.nature.com/scientificreports/

31. Wang, Y. & Rozen, D. E. Gut microbiota colonization and transmission in the burying beetle Nicrophorus vespilloides throughout
development. Appl. Environ. Microbiol. 83, e03250-e3216 (2017).

32. Zhukova, M., Sapountzis, P,, Schiott, M. & Boomsma, J. J. Diversity and transmission of gut bacteria in atta and acromyrmex leaf-
cutting ants during development. Front. Microbiol. 8, 1942. https://doi.org/10.3389/fmicb.2017.01942 (2017).

33. Buchon, N,, Broderick, N. A., Chakrabarti, S. & Lemaitre, B. Invasive and indigenous microbiota impact intestinal stem cell activity
through multiple pathways in Drosophila. Genes Dev. 23, 2333-2344 (2009).

34. Bakula, M. The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster. J. Invertebr. Pathol. 14,
365-374 (1969).

35. Moll, R. M., Romoser, W. S., Modrakowski, M. C., Moncayo, A. C. & Lerdthusnee, K. Meconial peritrophic membranes and the
fate of midgut bacteria during mosquito (Diptera: Culicidae) metamorphosis. J. Med. Entomol. 38, 29-32 (2001).

36. Broderick, N. A. & Lemaitre, B. Gut-associated microbes of Drosophila melanogaster. Gut Microbes 3, 307-321 (2012).

37. Miguel-Aliaga, L, Jasper, H. & Lemaitre, B. Anatomy and physiology of the digestive tract of Drosophila melanogaster. Genetics
210, 357-396. https://doi.org/10.1534/genetics.118.300224 (2018).

38. Takashima, S., Younossi-Hartenstein, A., Ortiz, P. A. & Hartenstein, V. A novel tissue in an established model system: the Dros-
ophila pupal midgut. Dev. Genes. Evol. 221, 69-81 (2011).

39. Lee, J.-H., Lee, K.-A. & Lee, W.-J. Microbiota, gut physiology, and insect immunity. Adv. Insect Physiol. 52, 111-138 (2017).

40. Lemaitre, B. & Miguel-Aliaga, I. The digestive tract of Drosophila melanogaster. Annu. Rev. Genet. 47, 377-404. https://doi.org/
10.1146/annurev-genet-111212-133343 (2013).

41. Majumder, R., Sutcliffe, B., Taylor, P. W. & Chapman, T. A. Microbiome of the Queensland fruit fly through metamorphosis.
Microorganisms 8, 795 (2020).

42. Majumder, R., Taylor, P. W. & Chapman, T. A. Dynamics of the Queensland fruit fly microbiome through the transition from
nature to an established laboratory colony. Microorganisms 10, 291 (2022).

43. Zhao, X. et al. The divergence in bacterial components associated with Bactrocera dorsalis across developmental stages. Front.
Microbiol. 9, 114 (2018).

44. Andongma, A. A. et al. Pyrosequencing reveals a shift in symbiotic bacteria populations across life stages of Bactrocera dorsalis.
Sci. Rep. 5,1-6 (2015).

45. Ventura, C., Briones-Roblero, C. I., Hernandez, E., Rivera-Orduna, F. N. & Zuniga, G. Comparative analysis of the gut bacterial
community of four anastrepha fruit flies (Diptera: Tephritidae) based on pyrosequencing. Curr. Microbiol. 75, 966-976. https://
doi.org/10.1007/s00284-018-1473-5 (2018).

46. Choudhary, J. S. et al. High taxonomic and functional diversity of bacterial communities associated with melon fly, Zeugodacus
cucurbitae (Diptera: Tephritidae). Curr Microbiol 78, 611-623. https://doi.org/10.1007/s00284-020-02327-2 (2021).

47. Dillon, R. J., Vennard, C. T., Buckling, A. & Charnley, A. K. Diversity of locust gut bacteria protects against pathogen invasion.
Ecol. Lett. 8,1291-1298. https://doi.org/10.1111/j.1461-0248.2005.00828.x (2005).

48. Wang, Y. & Rozen, D. E. Gut microbiota in the burying beetle, Nicrophorus vespilloides, provide colonization resistance against
larval bacterial pathogens. Ecol. Evol. 8, 1646-1654. https://doi.org/10.1002/ece3.3589 (2018).

49. Drew, R. A. I. & Lloyd, A. C. Relationship of fruit flies (Diptera: Tephritidae) and their bacteria to host plants. Ann. Entomol. Soc.
Am. 80, 629-636 (1987).

50. Drew, R. A. I, Courtice, A. C. & Teakle, D. S. Bacteria as a natural source of food for adult fruit flies (Diptera: Tephritidae). Oeco-
logia 60, 279-284 (1983).

51. Benelli, G. et al. Sexual communication and related behaviours in Tephritidae: Current knowledge and potential applications for
Integrated Pest Management. J. Pest. Sci. 87, 385-405 (2014).

52. Jose, P. A., Yuval, B. & Jurkevitch, E. Maternal and host effects mediate the adaptive expansion and contraction of the microbiome
during ontogeny in a holometabolous, polyphagous insect. Funct. Ecol. 37, 929-946 (2023).

53. Jang, E. B. & Chan, H. T. Alleviation of Acetic Acid Production During Mass Rearing of the Mediterranean Fruit Fly (Diptera: Teph-
ritidae) (1993).

54. Behar, A., Yuval, B. & Jurkevitch, E. Enterobacteria-mediated nitrogen fixation in natural populations of the fruit fly Ceratitis
capitata. Mol. Ecol. 14, 2637-2643. https://doi.org/10.1111/j.1365-294X.2005.02615.x (2005).

55. Kyritsis, G. A., Augustinos, A. A., Caceres, C. & Bourtzis, K. Medfly gut microbiota and enhancement of the sterile insect technique:
Similarities and differences of Klebsiella oxytoca and Enterobacter sp. AA26 probiotics during the larval and adult stages of the
VIENNA 8D53+ genetic sexing strain. Front. Microbiol. 8, 2064 (2017).

56. Darrington, M. et al. Characterisation of the symbionts in the Mediterranean fruit fly gut. Microb. Genomics 8, 000801 (2022).

57. Lauzon, C. R., Combs, S. D. M. C. & Potter, S. E. Establishment and vertical passage of enterobacter (Pantoea) agglomerans and
Klebsiella pneumoniae through all life stages of the Mediterranean Fruit Fly (Diptera: Tephritidae). Ann. Entomol. Soc. Am. 102,
85-95 (2009).

58. Arias, M. B. et al. Unveiling biogeographical patterns in the worldwide distributed Ceratitis capitata (medfly) using population
genomics and microbiome composition. Mol. Ecol. 31, 4866-4883 (2022).

59. Ren, X. et al. Gut symbiotic bacteria are involved in nitrogen recycling in the tephritid fruit fly Bactrocera dorsalis. BMC Biol. 20,
201 (2022).

60. Hafsi, A. & Delatte, H. Enterobactereaceae symbiont as facilitators of biological invasion: Review of Tephritidae fruit flies. Biol.
Invas. 25, 991-1006 (2023).

61. Nikolouli, K. et al. Genetic structure and symbiotic profile of worldwide natural populations of the Mediterranean fruit fly Ceratitis
capitata. BMC Genet. 21, 1-13 (2020).

62. Ryu, J. H. et al. An essential complementary role of NF-kB pathway to microbicidal oxidants in Drosophila gut immunity. EMBO
J. 25,3693-3701 (2006).

63. Buchon, N., Broderick, N. A. & Lemaitre, B. Gut homeostasis in a microbial world: insights from Drosophila melanogaster. Nat.
Rev. Microbiol. 11, 615-626. https://doi.org/10.1038/nrmicro3074 (2013).

64. Xiao, X. et al. A Mesh-Duox pathway regulates homeostasis in the insect gut. Nat. Microbiol. 2, 1-12 (2017).

65. Zeng, T., Jaffar, S., Xu, Y. & Qi, Y. The intestinal immune defense system in insects. Int. . Mol. Sci. 23, 15132 (2022).

66. Gould, A. L. et al. Microbiome interactions shape host fitness. Proc. Natl. Acad. Sci. 115, E11951-E11960 (2018).

67. Shukla, A. K., Johnson, K. & Giniger, E. Common features of aging fail to occur in Drosophila raised without a bacterial micro-
biome. Iscience 24, 102703 (2021).

68. Suzuki, M. T, Taylor, L. T. & DeLong, E. F. Quantitative analysis of small-subunit rRNA genes in mixed microbial populations via
5'-nuclease assays. Appl. Environ. Microbiol. 66, 4605-4614. https://doi.org/10.1128/aem.66.11.4605-4614.2000 (2000).

69. Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K. & Schloss, P. D. Development of a dual-index sequencing strategy and
curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 79,
5112-5120 (2013).

70. Callahan, B.]. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583 (2016).

71. Wright, E. S. Using DECIPHER v2. 0 to analyze big biological sequence data in R. R J. 8, 352 (2016).

72. Murali, A., Bhargava, A. & Wright, E. S. IDTAXA: A novel approach for accurate taxonomic classification of microbiome sequences.
Microbiome 6, 140. https://doi.org/10.1186/s40168-018-0521-5 (2018).

Scientific Reports|  (2023) 13:13723 | https://doi.org/10.1038/s41598-023-40562-2 nature portfolio


https://doi.org/10.3389/fmicb.2017.01942
https://doi.org/10.1534/genetics.118.300224
https://doi.org/10.1146/annurev-genet-111212-133343
https://doi.org/10.1146/annurev-genet-111212-133343
https://doi.org/10.1007/s00284-018-1473-5
https://doi.org/10.1007/s00284-018-1473-5
https://doi.org/10.1007/s00284-020-02327-2
https://doi.org/10.1111/j.1461-0248.2005.00828.x
https://doi.org/10.1002/ece3.3589
https://doi.org/10.1111/j.1365-294X.2005.02615.x
https://doi.org/10.1038/nrmicro3074
https://doi.org/10.1128/aem.66.11.4605-4614.2000
https://doi.org/10.1186/s40168-018-0521-5

www.nature.com/scientificreports/

73. Wang, Q,, Garrity, G. M., Tiedje, ]. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. https://doi.org/10.1128/ AEM.00062-07 (2007).

74. Team, R. (RStudio, Inc., 2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA URL. http://www.rstudio.com/.

75. Team, R. C. (Vienna, 2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL. https://www.R-project.org/

76. Dixon, P. Computer program review VEGAN, a package of R functions for community ecology. J. Veg. Sci. 66, 927-930 (2003).

77. Ogle, D. & Ogle, M. D. Package ‘FSA. CRAN Repos, 1-206 (2017).

78. ppairwiseAdonis: Pairwise multilevel comparison using adonis. v. R package version 0.4 (2020).

Acknowledgements

We thank Cienna-Lei Daog and Saige Hasner for technical assistance, Tom Fezza for providing infested papaya,
and Charmaine Sylva for providing insectary populations. This research used resources provided by the SCINet
project of the USDA Agricultural Research Service (Grant No. 2040-22430-028-000-D), ARS project number
0500-00093-001-00-D. This research was supported by the U.S. Department of Agriculture, Agricultural Research
Service. The findings and conclusions in this publication are those of the authors and should not be construed
to represent any official USDA or U.S. Government determination or policy. Mention of trade names or com-
mercial products in this publication is solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity
provider and employer.

Author contributions

C.J.M. determined the overall objectives, designed the experiments, analyzed the results, and wrote the first draft
of the manuscript; C.J.M. and J.A. performed the experiments and data collection; C.J.M. and S.M.G. interpreted
the results; S.M.G. provided editorial input, and all authors approved of the manuscript prior to submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40562-2.

Correspondence and requests for materials should be addressed to C.J.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2023, corrected publication 2023

Scientific Reports |

(2023) 13:13723 | https://doi.org/10.1038/s41598-023-40562-2 nature portfolio


https://doi.org/10.1128/AEM.00062-07
http://www.rstudio.com/
https://www.R-project.org/
https://doi.org/10.1038/s41598-023-40562-2
https://doi.org/10.1038/s41598-023-40562-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Gut bacterial population and community dynamics following adult emergence in pest tephritid fruit flies
	Results
	Bacterial titers vary over short windows
	Fluctuations in fly 16S ASV composition
	Taxonomic responses over time

	Discussion
	Methods
	Fly sources and rearing conditions
	Sample collection
	Culture-dependent microbial titer analysis
	DNA extraction and microbiome analysis
	Processing of sequence data
	Statistical analyses

	References
	Acknowledgements


