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In nature, plants and insects engage in intricate interactions. Despite the increasing knowledge of the micro-
biomes of plants and insects, the extent to which they exchange and alter each other’s microbiomes remains
unclear. In this work, the bacterial community associated with nymphs of Philaenus spumarius (Hemiptera:
Aphrophoridae), the stems of Coleostephus myconis where the nymphs were feeding, and the foam produced by
the nymphs, were studied by culture-dependent and -independent approaches, with an attempt to elucidate the
exchange of bacteria between plants and insects. The results suggest that both approaches complement each
other, as many bacterial genera identified by metabarcoding were not detected by culturing, and vice versa.
Overall, stems and foam exhibited higher bacterial diversity than nymphs, with all the samples showing
enrichment in bacteria known to provide diverse benefits to their host. Stems and foam were the most similar in
bacterial composition, but Burkholderiaceae and Moraxellaceae dominated the stems, whereas Rhizobiaceae and
Sphingobacteriaceae dominated the foam. Nymphs exhibit the most distinct bacterial composition, yet more
similar to that found in the stem compared to the foam. Indeed, nymphs were enriched on endosymbiotic
bacteria, mostly Candidatus Sulcia and Sodalis, not found in the stem and foam. Nevertheless, during feeding,
nymphs appeared to exchange several bacteria genera with C. myconis, with a significant number being incor-
porated into the bacteriome of the nymph. The genera Curvibacter, Cutibacterium, Methylobacterium, Pseudomonas
and Rhizobium are likely the most exchanged. Nymphs also appear to exchange bacteria to the foam, notably
species from the Enhydrobacter, Pseudomonas, Rhizobium and Roseomonas genera. More studies to infer the
functions of the shared bacteria between P. spumarius-C. myconis are needed.

1. Introduction

Virtually, all eukaryotic organisms are associated with a variety of
microorganisms, including fungi and bacteria (Bang et al., 2018). These
microorganisms living on and in cell tissues of eukaryotic organisms,
form complex communities and play crucial roles in their hosts’ health
and fitness (Bang et al., 2018). For example, the microorganisms
thriving within plant tissues contribute to the plant’s ability to tolerate
abiotic and biotic stresses, enhance nutrient uptake, and promote plant
growth (reviewed in Kumar et al., 2023). Similarly, the insect-associated
microorganisms, in particular the group of symbionts, have been shown
to aid the host insects with food digestion, acquisition of essential nu-
trients, detoxification of harmful compounds, defense against pathogens
and parasites, and to promote insect growth and reproduction (reviewed
in Provorov and Onishchuk, 2018). These microbial communities and
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their functions within a given habitat are called microbiomes (Berg
et al., 2020). In recent years, there have been a considerable number of
studies focused on characterizing separately the microbiome of plants
(Dastogeer et al., 2020) and insects (Gurung et al., 2019). Such research
aims to unravel the diversity, composition and functions of microor-
ganisms within these hosts. However, plants and insects have complex
relationships in nature, engaging in various interactions that profoundly
impact each other (Giron et al., 2018). Therefore, more integrative
studies that examine the interrelation of microbiomes between insects
and plants are crucial to gaining a better understanding of how micro-
organisms influence plant-insect interactions. Specifically, it is crucial to
determine the extent of overlap and the specific modifications each or-
ganism induces in the other’s microbiome, as this remains largely un-
clear (Pirttila et al., 2023).

It is well-documented that insects (mostly hemipteran insects) can
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act as vectors for transmitting plant pathogens, when they feed on
infected plants and move to healthy ones (Heck, 2018). Although less
frequently reported compared to plant pathogens, insects also seem to
have the ability to transmit mutualists or entire microbial communities
inhabiting plants. For example, the phloem-feeding insect Scaphoideus
titanus (Hemiptera: Cicadellidae), which is the main vector of flavescence
dorée phytoplasma, was shown to transfer the entire bacterial endo-
phytic community between grapevine plants (Lopez-Fernandez et al.,
2017). Similarly, bark beetle vectors (Coleoptera: Curculionidae: Sco-
lytinae) have been reported to transfer a diverse array of fungal sym-
bionts between trees, including Ophiostomatales fungi (Taerum et al.,
2013). In contrast, the plant endophytic community was found to in-
fluence the microbiome of the leafthopper S. titanus (Lopez-Fernandez
et al., 2017). Plants can also act as intermediaries for the horizontal
transmission of bacterial symbionts between insects. For example, there
is evidence of the endosymbiotic bacteria Wolbachia spp. to be trans-
mitted between Bemisia tabaci whiteflies (Li et al., 2017) or Crioceris spp.
leaf beetles (Kolasa et al., 2017) via the plants on which the insects feed.

In the present work, the meadow spittlebug Philaenus spumarius
(Hemiptera: Aphrophoridae) was chosen as an insect model for studying
the exchange of microbiomes between plants and insects, aiming to fill
critical gaps in our knowledge on this topic. This particular insect, which
feeds on xylem sap, has gained considerable attention in Europe because
it was recently identified as a vector of Xylella fastidiosa (Cornara et al.,
2018; Saponari et al., 2014). This bacterial phytopathogen causes
serious diseases in a wide range of crops, like Pierce disease in grape-
vines and olive quick decline syndrome in olives, being also pathogenic
for diverse ornamental plant species (Delbianco et al., 2022). Studies on
microbial community of P. spumarius have been primarily focused on
endosymbiotic bacteria (Formisano et al., 2022; Kapantaidaki et al.,
2021; Lis et al., 2015). However, recent metabarcoding studies have
revealed a broader spectrum and diversity of bacteria inhabiting
P. spumarius (Cameirao et al., 2024; Kolasa et al., 2023). Philaenus spu-
marius is a univoltine species that develops through three main stages:
egg, nymph, and adult. Eggs are laid by adult females in late summer or
early autumn, typically within leaf litter, where they spend the winter
months in a diapause state (reviewed in Cornara et al., 2018). In the
following spring, nymphs emerge and crawl to the closest green plant,
primarily herbaceous dicotyledonous species (EFSA et al., 2018). During
this period, nymphs undergo five developmental stages, known as in-
stars, with their colour changing from orange to greenish yellow as they
progress (Yurtsever, 2000). Nymphs feed on xylem sap using their
piercing mouthparts (reviewed in Cornara et al., 2018). While feeding,
nymphs excrete surplus sap through their anus and mix air with it,
creating frothy spittle masses (Malone et al., 1999). This foam covers the
entire nymph body, providing protection from predators or desiccation
until molting into a winged adult (Malone et al., 1999). Adults are small
(5-7 mm long), winged, and exhibit a wide range of colour variations
from yellowish to dark brown or black, often with mottled patterns
(Yurtsever, 2000). Also, adults feed on xylem sap, but they have greater
mobility when compared to nymphs, which remain stationary within the
protective foam (reviewed in Cornara et al., 2018). Nymphs can thrive
on all plant species that offer enough moisture for their feeding behav-
iour (reviewed in Cornara et al., 2018). However, in olive groves in the
Northeast of Portugal, P. spumarius nymphs have shown a preference for
Coleostephus myconis, indicating a tendency to primarily feed on the
stems of this herbaceous species (Villa et al., 2020). Therefore, this
biological system involving P. spumarius nymphs feeding on C. myconis,
with the foam covering the nymphs seems to be a good model for
studying the exchange of microbiomes between plants and insects. The
foam, composed of excreted plant fluid that has passed through the in-
sect’s digestive system, is particularly important in this regard. As a
result, the bacterial community associated with P. spumarius nymphs,
the stems of C. myconis where the nymphs were feeding, and the foam
covering the nymphs, was studied using metabarcoding and cultural
approaches. Specifically, this research aims to address the following
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questions: (i) How do the diversity and composition of bacterial com-
munities differ between P. spumarius nymphs, their host plant, and the
foam they produce?; (ii) To what extent do bacterial communities
overlap these three biological components? Given the nature of this
plant-insect system, it is hypothesized that a certain degree of microbial
overlap exists between the insect and their host plant, as the nymphs
necessarily feed directly on the xylem sap. The results could provide
insights into how insect-associated microbiomes interact with those of
host plants, shedding light on the dynamics, and functional implications
of these interactions. Overall, this study may contribute to a better un-
derstanding of the broader ecological aspects of plant-insect-microbe
interactions.

2. Material and methods
2.1. Sample collection and processing

The collection of samples (i.e., P. spumarius nymphs, C. myconis stems
where the nymphs were feeding, and the foam covering the nymphs)
was performed during the spring of 2019 at the Campus of Instituto
Politécnico de Braganca (41° 47’ 53.2" N, 6° 45' 51.5” W; Northeast of
Portugal). A total of 48 C. myconis plants with a single foam in their
stems were sampled. From each plant, all the nymphs feeding on the
stem and the foam covering the nymphs were collected into separate
microtubes. The stem segments from which the nymphs were feeding,
were excised and placed into microtubes using a sterilized scalpel.
Samples were transported in a cooler box (~ 4 °C) to the laboratory for
further processing.

The collected nymphs were observed using a binocular stereoscope
to confirm their identity based on dichotomous keys (e.g. Germain et al.,
2020) and to determine the instar stage based on their morphological
characteristics (Cornara et al., 2018). The collected nymph samples
encompassed the first, second, third and fourth nymphal instars, aver-
aging around 1.6 = 1 nymphs per foam. The nymphs of each sample
were then surface sterilized by sequential immersion in 3 % (v/v) so-
dium hypochlorite for 30 s and sterile distilled water for 2 min (3 times).
The stem segments were also surface sterilized by sequential submersion
in 70 % (v/v) ethanol for 30 s, followed by 1 min in 3 % (v/v) sodium
hypochlorite, and finally three washes with sterile distilled water (1 min
each). The success of the sterilization method was confirmed by
imprinting the surface of the nymph/stem segments onto the same
culture medium used for bacterial isolation.

The stem, nymph, and foam samples were used for bacterial assess-
ment through culture-dependent (strain isolation followed by molecular
identification) and culture-independent (metabarcoding) approaches.
Among the 48 C. myconis plants surveyed, 23 were used on the same day
of collection for the culture-dependent technique, while the remaining
25 plants were used to characterize the bacterial community by meta-
barcoding. For this analysis, five replicates of stems, nymphs, and foams
were established, with each replicate being a composite sample obtained
from five surveyed plants. Specifically, all nymphs from five plants were
pooled into a single sample, and the foam collected from these plants
was also combined into a separate single sample. These composite
samples were preserved at —80 °C until DNA isolation.

2.2. Bacterial assessment by culture-dependent approach

The bacterial strains were isolated from different samples using Luria
Bertani agar (LBA) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
sodium chlorite, and 10 g/L agar) and specific methods. This culture
medium is considered one of the most robust media to cultivate bacteria,
and was selected for its suitability in supporting a broad range of bac-
terial growth (Yamamoto et al., 2021). The isolation of bacteria from
C. myconis was performed by plating stem fragments collected specif-
ically from the feeding sites of P. spumarius nymphs. Each stem section
from this area was cut into seven fragments (ca. 2 mm thick) using a
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sterilized razor in the laminar flow hood to prevent contamination.
These fragments were directly placed onto the surface of two LBA plates
(9 cm diameter). A total of 161 stem segments (23 plants x 7 segments
per plant) were used for evaluating the endophytic bacterial commu-
nities. For the nymphs and foam samples, the isolation of bacterial
strains was performed by the spreading plate method. All nymphs
collected from the same plant were pooled together and processed as a
single sample for bacterial isolation. Similarly, the foam collected from
the same plant was treated as a separate single sample. Each sample was
macerated in a microtube using a sterile phosphate-buffered saline (PBS)
solution (137 mM Nacl, 2.7 mM KCl, 10 mM Nay;HPOy4, 1.8 mM KH5PO4)
in a proportion of 1:10 (grams of nymph: mL of PBS). The macerate (100
ul) was inoculated into two LBA plates. The inoculated plates of all
samples (stems, nymphs and foam) were incubated at room temperature
(22-24 °C) in the dark. Plates were checked daily for distinct colonies
and were sub-cultured in LBA until pure isolates were obtained. The
abundance of the different bacterial colonies was estimated by deter-
mination of the frequency of colonization (isolates from stems) or of
colony-forming units (CFU) per mL (isolates from nymphs and foam).
The frequency of colonization (%) of isolated bacteria was calculated by
dividing the number of isolates of a specific taxon by the total number of
segments plated.

The purified isolates were grouped based on their cultural similar-
ities, and a representative of each group was randomly selected for
molecular identification by sequencing the bacterial barcode (V1-V3
regions of the 16S rRNA). DNA extraction from the isolates was per-
formed using a specific kit (REDExtract-N-Amp™ Plant PCR kit; Sigma,
Poole, UK), following the manufacturer’s instructions. The V1-V3 region
of the 16S rRNA was amplified using the primers 27F: 5-AGAGTTT-
GATCCTGGCTCAG-3' (Lane, 1991) and 534R:
5-ATTACCGCGGCTGCTGG-3' (Muyzer et al., 1993), in a PCR reaction
(20 pl), containing 2 pl of DNA, 1X buffer, 2.5 mM MgCl,, 200 mM
dNTPs, 0.2 uM of each primer, and 1.25 U DFS-Tag DNA Polymerase
(BIORON). PCR was performed in a MyCycler™ Thermocycler (Bio-Rad)
with the following conditions: 94 °C for 5 min followed by 25 cycles of
94 °C for 40 s, 54 °C for 50 s and 72 °C for 30 s, and a final cycle at 72 °C
for 7 min. The amplified products were purified and sent to Macrogen
Inc. (Madrid) to be sequenced. The taxonomic classification was per-
formed using the NCBI database (Coordinators, 2018) and applying the
BLAST algorithm (Altschul et al., 1990). Final taxonomic classifications
were made based on lower e-value and higher percentage of identity
(>98 % for species level; 95 % to 97 % for genus level) and query
coverage. The 16S rRNA V1-V3 sequences of all bacterial isolates were
blasted against each other to prevent redundancy in subsequent ana-
lyses. Similarly, a phylogenetic tree was performed using the MEGA
software, by aligning the sequences with the MUSCLE algorithm and
using the Maximum Likelihood (ML) method based on the Kimura
2-parameter model and Gamma distribution with 1000 bootstrap repe-
titions (Fig. S1). Out of the 177 sequences obtained, 84 were unique and
classified as operational taxonomic units (OTUs). These 177 sequences
were deposited in the NCBI database under the accession numbers:
ON185007 — ON185183. Detailed information regarding the bacterial
sequences is provided in Table S1. A pure culture of each isolate was
preserved in 30 % glycerol (v/v), stored at —80 °C and deposited in
CIMOCC (Centro de Investigacao de Montanha culture collection) at the
Instituto Politécnico de Braganga (Portugal).

2.3. Bacterial assessment by culture-independent approach

Metabarcoding sequencing was performed on the V4 region of the
16S rRNA to analyze the bacterial microbiome associated with
C. myconis stem, P. spumarius nymph, and foam samples. The frozen
samples were ground with liquid nitrogen, and DNA was extracted using
the Speedtools Tissue DNA Extraction Kit (BIOTOOLS, Spain), following
the manufacturer’s instructions. The quality of the extracted DNA was
assessed by loading 3 ul of DNA in a 0.8 % (w/v) agarose gel. DNA
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integrity was further assessed by amplifying the 16S rRNA V1-V3 region,
using the primers 27F: 5-AGAGTTTGATCCTGGCTCAG-3' (Lane, 1991)
and 534R: 5-ATTACCGCGGCTGCTGG-3' (Muyzer et al., 1993),
following the PCR conditions previously described.

The bacterial communities were analyzed using a metabarcoding
approach on the Illumina MiSeq platform with paired-end sequencing (2
x 250 bp) targeting the 16S rRNA V4 region. This service was provided
by Genoinseq (Portugal). Sequencing was conducted using the primers
515F (5-GTGCCAGCMGCCGCGGTAA-3) and 806R (5-GGAC-
TACHVGGGTWTCTAAT-3") (Caporaso et al., 2011), which incorporated
dual indexes and sequencing adapters for further downstream analysis.
Raw reads underwent quality control analysis using FastQC (Andrews,
2010). Based on the analysis, read trimming was performed with Sickle
(Joshi and Fass, 2011) with default parameters. Error correction of
sequencing reads was performed using the BayesHammer module from
the SPAdes package (Nurk et al., 2013). Overlapping regions of the
paired-end reads were merged using the USEARCH v11 (Edgar, 2010).
The size filtering parameters were determined based on a quality report
by FastQC (Andrews, 2010) and the expected amplicon size. The
filtering was achieved using the ea-utils package (Aronesty, 2011).
MICCA (Albanese et al., 2015) was used to cluster reads into Amplicon
Sequence Variants (ASVs) and to assign a taxonomic classification using
the reference database SILVA (Quast et al., 2013). All sequences from
mitochondria and chloroplasts were manually removed and unclassified
ASVs were blasted against the NCBI database (Coordinators, 2018) to
further understand their taxonomic classification. To account for vari-
ations in sampling depth, all datasets were subsampled to match the
lowest number of reads present in a sample. This normalization was
performed using QIIME (Caporaso et al., 2010), ensuring consistent read
counts across all datasets for subsequent comparative analysis. The raw
sequencing reads were deposited in the NCBI Sequence Reads Archive
(SRA) database under the BioProject PRINA836511.

2.4. Data analysis

Data analysis and data visualization were performed using the R
software version 4.0.2 (R Core Team, 2022). The diversity of bacteria
associated with each sample (stem, nymph, and foam) was estimated by
calculating the Shannon-Wiener index using the diversity function from
the vegan package (Oksanen et al., 2018). Differences between means
were assessed after checking whether the data met the assumptions for
parametric tests using the Shapiro-Wilk test. Since the data did not show
a normal distribution, a Kruskal-Wallis test was conducted, followed by
pairwise Dunn tests. Statistical significance was determined at p-values
below 0.05.

To visualize the variation in bacterial community composition
among stems, nymphs, and foam, non-metric multidimensional scaling
(NMDS) plots were created, based on Bray-Curtis distances. This anal-
ysis was conducted using the metaMDS function from the vegan package
(Oksanen et al., 2018), by using a log-transformed database of bacterial
OTUs/ASVs. Kruskal’s stress was also calculated to assess the goodness
of fit of the model, which is generally acceptable when it is <0.2. Dif-
ferences in the bacterial composition among samples were tested using
permutational multivariate analysis of variance (PERMANOVA) using
the pairwise.adonis function from the package pairwiseAdonis (Martinez,
2020) with 999 permutations. The analysis was performed on
Bray-Curtis dissimilarity measure calculated from log-transformed
bacterial OTUs/ASVs community data.

3. Results

In this work, the bacterial communities associated with P. spumarius
nymphs, the stems of C. myconis where the nymphs were feeding, and
the foam covering the nymphs, were characterized using both culture-
dependent and -independent (metabarcoding) approaches.
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3.1. Overadll bacterial community

From all samples, a total of 177 bacterial isolates were obtained: 86
from the stems, 76 from the nymphs, and 55 from the foam. These iso-
lates were clustered into 84 OTUs (Table S1; Fig. S1), distributed across
23 genera, 18 families, and 4 phyla (Fig. S2a). This community was
mostly composed of isolates from the phylum Proteobacteria (77 % of the
total bacteria isolates), mainly from the family Pseudomonadaceae (41
%) and genus Pseudomonas (41 %). The next most abundant genera were
Microbacterium (Microbacteriaceae, Actinobacteria), Erwinia (Erwiniaceae,
Proteobacteria), and Pantoea (Erwiniaceae, Proteobacteria), each
comprising approximately 4 % of the total isolates.

Using the metabarcoding approach, a total of 249,869 high-quality
bacterial sequence reads (Table S2) were identified in stems, nymphs,
and foam. Stem samples consistently exhibited a lower number of high-
quality reads (ranging from 688 to 3754 reads per sample) compared to
nymphs (19,630 to 28,690) and foam (12,967 to 44,700). To ensure
comparability across samples with different sequencing depths, all
datasets were standardized by subsampling to 688 reads per sample.
This normalization resulted in 2488 ASVs, distributed across 58 genera,
42 families, 29 orders, 13 classes, and 9 phyla (Fig. S2b). The majority of
ASVs were classified under the phylum Proteobacteria (61 % of classified
sequences), followed by Bacteroidota (synonym Bacteroidetes) (31 %).
The most abundant families were Blattabacteriaceae (18 % of classified
reads), Enterobacteriaceae (13 %), Burkholderiaceae (10 %), and Rhizo-
biaceae (10 %). The dominant genera were Candidatus Sulcia (around 18
% of classified sequences) and Sodalis (12 %).

Both approaches used to assess bacterial composition on the three
biological samples provided complementary information. Indeed,
around 81 % of the bacterial genera detected through culture-
independent methods were absent in the culture-dependent analyses
(Fig. S2). Similarly, a significant proportion (around 52 %) of genera
isolated in culture media were not detected in the culture-independent
approach.

3.2. Bacterial diversity and composition in stems, nymphs, and foam

The estimation of bacterial diversity using the Shannon-Wiener di-
versity index in stems, nymphs, and foam revealed different results
depending on the approach used to assess bacterial communities. In the
culture-dependent approach, stems exhibited a higher Shannon di-
versity index compared to nymphs (up to 1.2-fold) and foam (up to 1.3-
fold), with statistically significant differences noted for foam (p < 0.05;
Fig. 1). A different result was obtained when the bacterial community
was assessed by culture-independent approach, with foam displaying a
significantly higher Shannon-Wiener diversity index compared to stems
(up to 1.1-fold, p < 0.001) and nymphs (up to 1.1-fold, p < 0.001). As
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expected, the Shannon-Wiener index calculated from metabarcoding
results averaged 5.5-fold higher than that from the culture-dependent
approach across all samples (Fig. 1).

Both culture-dependent and culture-independent approaches used to
assess bacterial communities in stems, nymphs, and foam revealed dif-
ferences in the overall structure of bacterial communities among the
three biological samples, each exhibiting distinct patterns. Using
culture-dependent methods, the NMDS plot (Kruskal stress = 0.132)
indicated a slight separation among the samples, with statistically sig-
nificant differences confirmed by PERMANOVA based on Bray-Curtis
index (R® = 0.16, p-value = 0.001) (Fig. 2). Specifically, the most
distinct communities were observed between foam and stems (R®> =
0.15, p-value = 0.003), compared to foam vs. nymph (R? = 0.12, p-value
= 0.003) and nymph vs. stem [R?=0.12, p-value = 0.003). Using the
metabarcoding approach, more pronounced differences in the bacterial
structure were evident in the NMDS plot (Kruskal stress = 0.076),
corroborated by a higher distinction revealed by PERMANOVA (R? =
0.44, p-value = 0.001) (Fig. 2). Interestingly, the most distinct com-
munities were found between nymphs and foam (R? = 0.52, p-value =
0.03), followed by nymphs and stems (R? = 0.41, p-value = 0.03). Foam
and stems exhibited the most similar bacterial communities (R2 =0.20,
p-value = 0.02).

These two methodological approaches also revealed contrasting
dominant bacterial compositions among stems, nymphs, and foam, even
at higher taxonomic levels. For example, in the culture-dependent
approach, the majority of bacterial isolates from stem and foam sam-
ples were from the Pseudomonadaceae family, accounting for approxi-
mately 60 % and 70 % of the total isolates, respectively (Fig. 3).
Conversely, nymphs were predominantly colonized by members
belonging to the Rhizobiaceae family, which comprised 71 % of the
isolates from this sample. In contrast, the culture-independent approach
showed different patterns of bacterial dominance (Fig. 3). Stem samples
were characterized by the presence of Burkholderiaceae and Morax-
ellaceae (17 % and 13 % of reads, respectively) while nymph samples
had higher abundances of Blattabacteriacea, primarily from Candidatus
Sulcia genus, and Enterobacteriaceae, mainly Sodalis (53 % and 37 % of
the total number of reads, respectively). In contrast, foam samples were
dominated by Rhizobiaceae and Sphingobacteriaceae (22 % and 19 %,
respectively).

The bacterial families detected exclusively in stems, nymphs, and
foam varied depending on the assessment method. For example, in the
culture-dependent approach, some families were exclusively isolated
from stems (Bacillales and Yersiniaceae), others from nymphs (Coma-
monadaceae, Flavobacteriaceae, Nocardiaceae, Oxalobacteraceae, and
Sphingomonadaceae), and others from foam (Methylobacteriaceae and
Micrococcaceae) (Fig. 3). The culture-independent approach identified
different exclusive bacterial families in each sample type (Fig. 3). For
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Fig. 1. Boxplots representing the Shannon-Wiener index of bacterial diversity in Coleostephus myconis stems, Philaenus spumarius nymphs, and foam covering the
nymphs, assessed by culture-dependent and culture-independent approaches. The boxplots depict medians (central horizontal lines), the inter-quartile ranges
(boxes), 95 % confidence intervals (whiskers), and outliers (black dots). Statistically significant differences (p < 0.05) are denoted by different letters.
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an abundance of <0.3 %.

stems, these included Aerococcaceae, Clostridiaceae, Oligoflexaceae,
Promicromonosporaceae, Rickettsiaceae, and Veillonellaceae. Foam had
exclusive associations with Blastocatellaceae, Cellvibrionaceae, Chitino-
phagaceae, Devosiaceae, Methylophilaceae, Rubritaleaceae, Saccha-
rimonadaceae, Spirosomaceae, Verrucomicrobiaceae, and Weeksellaceae.
Notably, only three families - Anaplasmataceae, Enterobacteriaceae, and
Blattabacteriaceae - were exclusively associated with nymphs in the
culture-independent approach.

3.3. Distinct and shared bacterial groups in stems, nymphs, and foam

Both culture-dependent and metabarcoding approaches revealed

similar results concerning the percentage of common bacterial taxa
occurring on stems, nymphs, and foam, particularly at higher taxonomic
levels (Fig. 4). In the culture-dependent approach, around 9.5 % of the
total bacterial OTUs, 15.6 % of the total genera, and 27.8 % of the total
families were shared by the three biological samples. Similarly, in the
culture-independent approach, about 0.4 % of total bacterial ASVs, 17.5
% of the total genera, and 26.8 % of the total families were shared across
stems, nymphs, and foam. In both approaches, stem and foam showed,
in general, the greatest percentage of shared bacteria at either OTUs/
ASVs level (21.1 % and 16.5 %, in culture-dependent and —independent
approach, respectively) or genus (44.4 % and 28.0 %) or family (31.6 %
and 29.6 %) level. However, in the metabarcoding approach, stem and
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Fig. 4. Venn diagrams displaying the number of shared bacterial OTUs/ASVs
(a), genera (b) and families (c) between the Coleostephus myconis stems, Phi-
laenus spumarius nymphs, and the foam covering the nymphs. The diagrams
compare the overlaps as determined by culture-dependent and culture-
independent approaches.

nymphs also showed to share an even higher percentage of bacteria at
genus (28.6 %) and family (34.0 %) levels than foam vs. nymph.

Among the bacterial families shared between the three biological
samples, Burkholderiaceae, Moraxellaceae, Pseudomonadaceae, and Rhi-
zobiaceae were the most abundant (Fig. 3). The three first families were
especially abundant in both stems and foam, when using metabarcoding
(Burkholderiaceae and Moraxellaceae) or cultural methods (Pseudomo-
nadaceae). Rhizobiaceae was the most prevalent family in the foam when
using metabarcoding and in the nymphs when assessed using the
culture-dependent approach.

To further explore bacterial exchange between the three biological
components (stems, nymphs, and foam), we examined the changes in
the relative abundance of bacterial genera within the families identified
as common across these samples (Fig. 5). This approach ensured that our
assessment focused on truly shared taxa rather than being skewed by the
dominance of specific bacterial genera in nymphs. Numerous bacterial
genera were detected in all three samples using both methodological
approaches, namely Acinetobacter, Bacillus, Brevundimonas, Cutibacte-
rium, Enhydrobacter, Halomonas, Massilia, Methylobacterium, Micro-
bacterium, Novosphingobium, Pseudomonas, Rhizobium, Staphylococcus
and Stenotrophomonas. This overlap supports the occurrence of bacterial
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exchange among the insect, plant, and foam habitats. However, the
overwhelming presence of certain dominant genera in nymphs may have
masked some level of shared bacterial diversity.

The comparison between stems and foam revealed that the most
abundant bacterial genera in stems, such as Brevundimonas, Pseudo-
monas, Duganella, and Sphingomonas, were also predominantly found in
foam. Curiously, some of these genera were exclusively found in stems
and foam (Duganella and Sphingomonas), together with other five genera
(Alkanindiges, Frigoribacterium, Neorhizobium, Variovorax, and Verticia).
Both Aureimonas and Xanthomonas were found exclusively in stems,
while Curtobacterium and Pigmentiphaga were exclusive to foam. Com-
parisons of the bacterial communities between stems and nymphs also
revealed similarities (Fig. 5). The genera Cutibacterium and Rhizobium,
which were prevalent in nymphs, were also found in relatively high
abundance in stems. Pseudomonas, a dominant genus in stems, was also
dominant in nymphs, although at a lower abundance. Furthermore,
some bacterial genera, including Methylobacterium and Curvibacter, were
present in similar relative abundances in both stems and nymphs, with
Curvibacter being exclusive to these two biological samples. Neverthe-
less, other genera like Roseomonas and Enhydrobacter, though dominant
in nymphs, were detected in lower abundance in stems. Although less
pronounced, similarities in bacteriomes from nymphs and foam were
also observed (Fig. 5). In particular, the genera Enhydrobacter, Pseudo-
monas, Rhizobium and Roseomonas, which were abundant in nymphs,
were also prevalent in foam.

4. Discussion

In this study, the bacterial communities inhabiting C. myconis stems,
P. spumarius nymphs, and the foam surrounding the nymphs were
characterized by culture-dependent and -independent methods. It is well
known that culture-independent methods provide a more comprehen-
sive view of microbial communities than culture-dependent methods
(Cowan et al., 2005). This aspect holds significant importance in studies
focusing on the microbial composition of insects, primarily due to the
challenges associated with culturing microorganisms, such as symbi-
onts, from insects (Masson and Lemaitre, 2020). Nevertheless, the
isolation of bacteria was performed in this study to facilitate their future
characterization and potential exploitation in the management of
P. spumarius population. Although the primary aim was not to compare
culture-dependent and culture-independent approaches, it became
evident that these methods complement each other by providing a more
comprehensive understanding of bacterial diversity, as previously re-
ported for P. spumarius adults (Cameirao et al., 2024). Indeed, most of
the bacterial genera identified by metabarcoding across the three bio-
logical samples were not detected by the culture-dependent method, and
many genera isolated in culture were not detected by metabarcoding.
This result is likely due to PCR amplification biases and cultivation
conditions. Some bacterial genera may remain undetected in meta-
barcoding due to low abundance in the sample or PCR amplification
biases, leading to their underrepresentation in high-throughput
sequencing. However, these same taxa can become dominant in
culture-based methods if they grow more easily under the given condi-
tions. Additionally, culture media selection strongly influences the di-
versity of cultivable bacteria, as different media favor different taxa
(Wang et al.,, 2020). In agreement, it is well established that
culture-dependent and culture-independent approaches offer comple-
mentary yet distinct insights into microbial community composition (e.
8., Anguita-Maeso et al., 2020; Mcllwaine et al., 2024).

4.1. Foam exhibits greater bacterial diversity than stems and nymphs

Culture-independent approaches showed that foam, followed by
stems, harbored a higher diversity of bacteria compared to nymphs. This
finding can be attributed to the extensive exposure of foam to the sur-
rounding environment, facilitating the colonization by diverse
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Fig. 5. Relative abundance of the bacterial genera belonging to the bacterial families shared between Coleostephus myconis stems, Philaenus spumarius nymphs, and
the foam covering the nymphs, assessed by culture-dependent and culture-independent approaches.

microorganisms from various sources. Similar findings have been re-
ported for other spittlebug species, such as Mahanarva fimbriolata, whose
foam harbors a unique microbial community enriched with plant-
associated and symbiotic bacteria (Tonelli et al., 2020). Additionally,
a recent study by Nencioni et al. (2023) using DGGE analysis identified
Rhizobiaceae as one of the dominant bacterial families in P. spumarius
and Lepyronia coleoptrata foams, supporting the idea that the foam serves
as a microbial niche for plant-associated bacteria. Moreover, foam is a

biological matrix rich in proteins, mucopolysaccharides and calcium
(Marshall, 1966; Mello et al., 1987). In addition to providing protection
against solar radiation (Chen et al., 2018) and assisting in thermoreg-
ulation of developing nymphs (Tonelli et al., 2018), this nutrient-rich
environment creates an excellent habitat for bacteria growth and sup-
ports microbial life. In contrast to foam, the interior of stem or nymph
tissues represents a more selective environment with higher selective
pressures. Indeed, the successful colonization of plants by endophytes is
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a complex and dynamic process shaped by plant defense mechanisms
and the adaptive strategies of endophytes (Hu et al., 2024). Similarly,
insects undergo selective pressures that influence the colonization of
their tissues by microorganisms (Douglas, 2015).

Foam was found to be enriched with bacterial genera reported from a
variety of environments and fulfilling diverse ecological roles. These
include Pseudomonas spp. (Pseudomonadaceae family), well-known as
commensal or pathogenic bacteria to plants and animals, including in-
sects (Lalucat et al., 2022; Teoh et al., 2021). Members of this genus are
reported to improve plant health by promoting plant growth and sup-
pressing phytopathogens (Sah et al., 2021), and they also form benefi-
cial symbiotic associations with insects (Teoh et al., 2021). Other
abundant bacterial genera found in foam, which are also known as plant
growth promoters and/or biocontrol agents, include the soil-associated
genera Pedobacter (Sphingobacteriaceae family) (Lee et al., 2019; Yin
et al., 2021) and Rhizobium (Rhizobiaceae family) (Saeed et al., 2021).
Interestingly, Pedobacter spp. are also known as environmental super-
bugs due to their resistance to the effects of most known antibiotics
(Viana et al., 2018). These microorganisms residing in the foam covering
the nymphs of P. spumarius are likely to have beneficial effects on the
nymphs, although direct evidence to support this hypothesis is currently
lacking. This hypothesis is reinforced by reports indicating that spit-
tlebug nymphs are rarely attacked by vertebrates (such as birds) or in-
vertebrates (Balzani et al., 2023). The microbial composition of the foam
produced by spittlebug nymphs of the family Aphrophoridae has not
been thoroughly analyzed to date. Only recently, denaturing gradient
gel electrophoresis (DGGE) profiles of foam samples from nymphs of
P. spumarius and Lepyronia coleoptrata (Hemiptera: Aphrophoridae) have
revealed a prevalence of bacterial members of the family Rhizobiaceae
(Nencioni et al., 2023), similar to the findings of our study. Additionally,
a high abundance of bacteria from the genera Bacillus, Streptomyces,
Nocardia, and Sphingomonas was observed in the foam produced by
Mahanarva fimbriolata (Hemiptera: Cercopidae) nymphs (Tonelli et al.,
2020). Despite these findings, the specific functions potentially fulfilled
by these microorganisms in the foam produced by spittlebugs remain
largely unknown.

Information on the microbial composition of nymphs of P. spumarius
is very limited. In our work, nymphs of P. spumarius were found to be
enriched with a range of well-known obligate endosymbiotic genera,
namely Candidatus Sulcia (from Blattabacteriaceae family) and Sodalis
(from Enterobacteriaceae family), both recognized for their capacity to
provide essential nutrients and protection to their host (Koga and
Moran, 2014; Moran et al., 2005; Roma et al., 2019). These two genera
were also previously found in high abundance in P. spumarius adults
(Cameirao et al., 2024; Kolasa et al., 2023), suggesting they play a key
role in providing essential nutrients throughout nymph and adult stages.
In a preliminary work, Nencioni et al. (2023) also detected an enrich-
ment of two Enterobacteriaceae species, including Sodalis, based on
DGGE profiles of gut dissections from P. spumarius nymphs. In our work,
in addition to detecting Candidatus Sulcia and Sodalis in P. spumarius
nymphs through metabarcoding, the culture-dependent approach also
revealed an enrichment of bacteria belonging to Rhizobiaceae family,
particularly from the genus Rhizobium. Although Rhizobium spp. are
primarily known for their association with plants (Flores-Félix et al.,
2020; Fahde et al., 2023), members of this genus have also been detected
in insects (Leite-Mondin et al., 2021), including in P. spumarius adults
(Cameirao et al., 2024; Kolasa et al., 2023). Since Rhizobium spp. are
well-known for their role in nitrogen fixation in plants, their presence in
insects suggests that they may have a similar function, possibly
contributing to nitrogen metabolism or synthesizing essential amino
acids that are lacking in the insect’s diet. Understanding their function in
insects is an intriguing topic that warrants further investigation.

This work also revealed a dominance of bacterial beneficial genera in
C. myconis stems, including Pseudomonas, Duganella and Acinetobacter.
Pseudomonas spp. are known for their capacity to enhance plant health
(Sah et al., 2021) and establish symbiotic associations with insects (Teoh

Current Research in Insect Science 7 (2025) 100110

et al., 2021). Duganella (Burkholderiaceae family) is well-known for its
antifungal (Haack et al., 2016), antibacterial (Choi et al., 2015), and
algicidal (Cai et al., 2024) properties. Similarly, Acinetobacter (Morax-
ellaceae family) is noted for its ability to promote plant growth and
degrade environmental pollutants (Mujumdar et al., 2023).

4.2. Nymphs exhibit a bacterial community more similar to stems than
foam

Overall, the analysis of bacterial communities across the three bio-
logical samples revealed that foam exhibited greater similarity to stems
than to nymphs. This similarity suggests a significant exchange of bac-
teria between foam and stems, likely facilitated by the open wounds
caused by the nymphs when feeding on stems, a well-established
pathway for bacterial entry into plant tissues (Pathak et al., 2022).
Our findings highlight that the predominant bacterial genera shared
between foam and stems comprise the already mentioned genera
(Pseudomonas and Duganella) with recognized ability to confer beneficial
effects on their host. In addition, both biological samples share Bre-
vundimonas, which include members known for promoting plant growth
and degrading environmental pollutants (Zaim and Bekkar, 2023).
Interestingly, a significant number of genera were exclusively found in
both foam and stems, suggesting the exchange of these bacteria between
these two habitats. Beyond Duganella, these exclusive genera include
Sphingomonas, Variovorax, Neorhizobium, and Frigoribacterium, which are
also recognized for their roles in plant protection and/or promotion of
plant growth (Andrews and Andrews, 2017; Asaf et al., 2020; Gahan and
Schmalenberger, 2014; Jamalzadeh et al., 2021). Verticia and Alka-
nindiges genera were also exclusively detected in both foam and stem;
however, their specific roles in plants are not yet fully understood and
require further research.

Another interesting finding from our study was the greater similarity
observed in the bacterial community composition between nymphs and
stems compared to foam. This suggests that P. spumarius nymphs likely
ingest bacteria from the stem, incorporating some into their bacteriome,
while excreting a few others through the foam. This bacteria exchange
between plants and insects was previously demonstrated in Scaphoideus
titanus (Hemiptera: Cicadellidae) while feeding on grapevine plants
(Lopez-Fernandez et al., 2017). This exchange may also involve endo-
symbiotic bacteria, as previously suggested in Bemisia tabaci (Li et al.,
2017) and Crioceris spp. (Kolasa et al., 2017), where the host plant acts
as an intermediary for the transmission of bacteria between insects. The
most abundant bacteria genera shared between P. spumarius nymphs and
stems encompass members with recognized beneficial effects on insect
or plant hosts. These include species of Pseudomonas and Methyl-
obacterium, known for their roles as plant growth promoters and
biocontrol agents (Madhaiyan et al., 2006; Poorniammal et al., 2009;
Sah et al., 2021; Teoh et al., 2021), as well as for supplying essential
nutrients and digesting lipids and carbohydrates in insects (Jing et al.,
2020). Other shared genera among nymphs and stems include Curvi-
bacter and Cutibacterium, which have been reported in plants (Faddetta
et al., 2021; Mei et al., 2022) and/or insects (Lim and Ab Majid, 2021;
Cameirao et al., 2024), but their specific roles in these organisms have
not been clearly defined and warrant further research. However, Cur-
vibacter members are capable of degrading cellulose by producing
cellulase (Zhang et al., 2018), suggesting a potential role in nymph
digestion. Similarly, Cutibacterium bacteria are predicted to be involved
in several functional activities in insect guts, including organic molecule
degradation and amino acid metabolism (Kumar et al., 2020). Our re-
sults suggest that Cutibacterium bacteria may play a more significant role
in nymphs compared to C. myconis plants, given their greater abundance
in nymphs.

Although less apparent, there are similarities between nymphs and
foam in terms of certain bacterial genera. Specifically, there appears to
be a significant exchange of Enhydrobacter bacteria between nymphs and
foam, given the comparable abundance of this genus in both samples.
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Enhydrobacter species have been documented to colonize plants,
including seeds (Araujo et al., 2020), but also the guts of some insects
(Moldovan et al., 2023). This genus is relatively understudied, and the
role of Enhydrobacter species in plants and insects remains poorly
documented. Similarly, Roseomonas spp. are likely shared between
nymphs and foam. The notable enrichment of Roseomonas spp. in
nymphs suggests they may play essential roles, although these roles are
not yet fully understood in insects. However, members of this genus
have been found in insecticide-susceptible nymphs of Nilaparvata lugens
(Hemiptera: Delphacidae), suggesting they may assist insects in adapt-
ing to stressful environmental conditions (Malathi et al., 2018).

Several bacterial families were exclusively detected in one of the
studied samples. While exclusive foam families are likely acquired from
the surrounding environment, bacteria families unique to the stem
might be vertically transmitted and/or be acquired from the surround-
ing environment, including soil, as previously reported (Frank et al.,
2017). The three bacterial families exclusively detected in the nymphs
(Anaplasmataceae, Enterobacteriaceae, and Blattabacteriaceae) encompass
endosymbiotic bacteria genera strictly associated with insects (Kikuchi,
2009), explaining their absence in stems and foam samples. The family
Anaplasmataceae includes only the genus Wolbachia, a known endo-
symbiont capable of manipulating host reproduction (Bi and Wang,
2019), and previously detected across different geographic populations
of P. spumarius, including in the Mediterranean region (Cameirao et al.,
2024; Formisano et al., 2022; Kapantaidaki et al., 2021; Kolasa et al.,
2023; Lis et al., 2015). Nevertheless, in our study, this genus was
detected in a single sample of nymphs, indicating its scarce presence in
the Portuguese populations of P. spumarius. The rarity of Wolbachia in
Southern European P. spumarius populations has been reported previ-
ously (Cameirao et al., 2024; Formisano et al., 2022; Kolasa et al., 2023).
This scarcity is potentially due to adverse environmental factors such as
hot and dry climates, which may hinder Wolbachia transmission
(Formisano et al., 2022).

5. Conclusions

Our study demonstrated that the foam produced by nymphs of
P. spumarius exhibited a higher bacterial diversity compared to both the
nymphs themselves and the stems of C. myconis on which they feed. The
most abundant bacterial genera found in these three biological samples
include members known to provide diverse benefits to their hosts. The
bacterial community composition in nymphs was distinct, yet more
similar to that found in the stem compared to the foam. Indeed, nymphs
were enriched in endosymbiotic bacteria not found in either the stem or
the foam. Nevertheless, many bacterial genera detected in the nymphs
were also found in the stems, suggesting a significant exchange of bac-
teria between these two organisms during nymph feeding. The genera
Methylobacterium, Curvibacter, Cutibacterium, Pseudomonas and Rhizo-
bium were probably the most frequently exchanged, given their higher
abundance in both nymphs and stems. Although less evident, nymphs
also appear to transfer bacteria to the foam, particularly species from the
Enhydrobacter genus. However, the greatest similarity in bacterial
community composition was found between the stem and the foam,
suggesting an exchange of bacteria facilitated by the open wounds
caused by nymphs while feeding on the stem. Overall, the results suggest
a dynamic transfer of bacteria between the C. myconis plant, the nymphs
of P. spumarius, and the foam produced by the nymphs. Further research
is warranted to explore the implications of this bacterial exchange on
host fitness. Such insights could inform strategies for managing
P. spumarius populations through targeted microbiome manipulation.
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