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The development of insects is strongly influenced by their resident microorganisms. Symbionts play key roles in insect nutrition,
reproduction, and defense. Bacteria are important partners due to the wide diversity of their biochemical pathways that aid in the
host development. We present evidence that the foam produced by nymphs of the spittlebug Mahanarva fimbriolata harbors a
diversity of bacteria, including some that were previously reported as defensive symbionts of insects. Analysis of the
microbiomes in the nymph gut and the soil close to the foam showed that the microorganisms in the foam were more closely
related to those in the gut than in the soil, suggesting that the bacteria are actively introduced into the foam by the insect.
Proteobacteria, Actinobacteria, and Acidobacteria were the predominant groups found in the foam. Since members of
Actinobacteria have been found to protect different species of insects by producing secondary metabolites with antibiotic
properties, we speculate that the froth produced by M. fimbriolata may aid in defending the nymphs against entomopathogenic

microorganisms.

Keywords Actinobacteria - Bacterial diversity - Hemiptera - Insect microbiome - Symbiosis

Introduction

Spittlebugs are cercopid insects that in the nymph stage pro-
duce a distinctive foam while they feed on the host plants [1,
2]. The foam is produced by sucking air into the ventral cavity
of the abdomen, which is then trapped in the fluid of the
Malpighian tubules, resulting in the formation of bubbles in
the terminal part of the abdomen [1, 3]. The foam comprises
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liquid, air, and surface-active molecules that reduce surface
and interfacial tension to form emulsions [4—6].

Several functions have been attributed to the foam, such as
the protection of nymphs against high temperatures [6], des-
iccation [7], and natural enemies [7, 8]. The spittlebug
Mahanarva fimbriolata feeds on sugarcane roots exposed on
the soil surface or belowground [9, 10]. Because of the humid
nature of the foam and its proximity to the soil, there is a
continuous threat of fungal and bacterial infestation, such as
by the entomopathogenic fungus Metarhizium anisopliae,
which occurs naturally in soils of sugarcane fields where
M. fimbriolata develops [11]. The means by which the
nymphs are protected from microbial attack during this stage
are little understood. Associations between insects and bene-
ficial microorganisms as a protective adaptation are common
[12—15]. The mechanisms by which symbionts can protect
their hosts from natural enemies are diverse and not mutually
exclusive, and include competition for nutrients or space; ac-
tivation of the insect immune system, which may be more
deleterious to the invader than to the resident microbiome;
and the production of secondary metabolites with antibiotic
properties [14, 15]. An example of this last is the females of
the European beewolf (Philantus triangulum), which cultivate
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Streptomyces spp. in specialized antennal glands and apply
them to the brood cell prior to oviposition in sandy soil, where
the bacteria protect against the attack of entomopathogenic
microorganisms. Survival of the nymphs is reduced from 80
to 10% if the Streptomyces cells are removed [16].

Actinobacteria is the main group of bacteria that have been
found to defend insects against microorganisms, by producing
antimicrobial compounds [17]. Proteobacteria, including
Gammaproteobacteria and Alphaproteobacteria, are also in-
volved in protecting some hemipterans against natural ene-
mies [12, 18, 19]. Therefore, one possible means for such a
protective function in M. fimbriolata would be the presence of
beneficial microorganisms in the foam covering the nymphs.

It has long been recognized that the gut microbiome is
involved in the growth, development, and adaptation of the
insect host [20-22]. The insect gut can be considered a portion
of the external environment in which the conditions and re-
sources are controlled by the insect [23]. A community of
Actinobacteria has been reported in the gut of some hemip-
terans, such as firebugs and pentatomids [24, 25]. Spittlebugs
are widely recognized as dependent on symbiosis with bacte-
ria for nutritional reasons [26-28]. However, little is known
about the microbiome in the gut of M. fimbriolata nymphs.

The overall aim of this study was to assess the diversity and
composition of the bacterial community present in the foam
produced by nymphs of M. fimbriolata, comparing it to com-
munities found in their gut and in the soil close to the foam.
We also discuss the likely protective role of bacteria in the
foam, based on their taxonomic group.

Materials and methods
Foam, soil, and gut sampling

Foam produced by fourth- and fifth-instar nymphs of
M. fimbriolata was collected in a sugarcane field
(Saccharum officinarum L.), cultivar “SP80-1842”, a
nontransgenic crop, in Piracicaba, Brazil (22° 42’ 06" S, 47°
33" 50" W). The sugarcane plants were approximately 2-m
tall, with 1 m between rows. The foam from five insects was
pooled to produce each replicate. For comparison, the soil
close to the foam was also collected. For the analysis of gut
contents, fourth- and fifth-instar nymphs were collected and
carefully transferred to the roots of sugarcane plants for trans-
port to the laboratory and subsequent dissection. Insects were
surface-sterilized using 0.5% sodium hypochlorite in 70%
ethanol (v/v), followed by washes in sterile deionized water
under aseptic conditions. Surface-sterilized nymphs were dis-
sected in a laminar-flow hood in sterile 0.85% NaCl saline
solution to obtain the whole guts. Pools of guts, each from
five insects, were placed in tubes (1.5 ml) containing 1 ml of
absolute ethanol [29]. A total of 15 samples (five from each
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environment, i.e., foam, gut, and soil) were used to perform
the quantification of total bacterial community. The distance
between the samples was approximately 10 m. For the se-
quencing of the 16S rRNA gene, 3 replicates of each environ-
ment were analyzed. All samples were maintained at — 20 °C
prior to DNA extraction.

DNA extraction of total bacterial community

DNA from the samples of foam, gut, and soil was extracted
using the Power Soil DNA Isolation kit (MoBio, Carlsbad,
USA) according to the manufacturer’s instructions. For gut
samples, the material was removed from the freezer, triturated
with sterile pestles, and the triturated material was used in the
extraction procedure. In all cases, aliquots of 0.5 g were used
for DNA extraction. DNA preparations were visualized by
electrophoresis in 1% agarose gel in 1x TAE (Tris-Acetate-
EDTA buffer) to assess yield and integrity. The samples were
then stored at —20 °C until the following analysis.

Quantification of total bacterial community

The abundance of the total bacterial community was estimated
by using the 16S rRNA partial gene as a proxy. Each sample
was quantified twice, using the StepOne Real Time System
(Applied Biosystems) with SYBR Green I. The reaction was
performed in 25 pl of the reaction mixture from a Power
SYBR Green PCR Master Mix (Applied Biosystems,
Frankfurt, Germany), 0.5 pl of each primer (100 um), and
1 pl of target DNA (= 10 ng). The primers used were P1/P2
[30] and the thermal cycling conditions were 35 cycles at
94 °C for 30 s of denaturation, followed by 55 °C for 30 s
of annealing and 72 °C for 30 s in a final extension. The
standard curve was constructed using serial dilutions (10° to
10") of a DNA of environmental soil samples where the con-
centration was previously determined by Qubit Fluorometric
Quantification (ThermoFischer, USA). The amplification ef-
ficiency was 92.60% and #* = 0.995. Data from the DNA am-
plification was interpolated on a standard curve, and the num-
ber of copies of the target gene was calculated in relation to
nanograms of DNA in each sample. Specificity of the ampli-
fication products was confirmed by melting-curve analysis,
and the expected sizes of the amplified fragments were
checked in 1% agarose gel.

Sequencing of the 16S rRNA gene

The DNA extracted from the foam, gut, and soil samples (3
replicates of each) was used for PCR amplification, using the
primers S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21
[31] (coupled with [llumina adapters), which cover the hyper-
variable regions V3-V4 of the 16S rRNA gene.
Amplification, pooling, and purification were performed at
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the University of Sao Paulo, Brazil (http://genfis40.esalq.usp.
br/multi/). All samples were sequenced using a MiSeq
Platform and the Nextera XT index kit for library
preparation (Illumina, USA).

Next-generation sequence analysis

The sequenced paired-end reads were separated by sample
and analyzed using the QIIME software and BPM pipeline
[32, 33]. Quality-control analyses were performed to eliminate
low-quality reads, short reads, and chimeric sequences, and to
trim the low-quality 3’ region of individual reads in order to
achieve a minimum quality of Q28 (Phred scale). The remain-
ing sequences were clustered in operational taxonomic units
(OTUs) at 97% sequence identity using VSEARCH 6.1
(v6.1.544), followed by selection of a representative sequence
for each OTU [34]. The reads were then aligned with the
Greengenes Core Set [35], using the PyNAST algorithm,
and filtered. An OTU table was generated, singletons were
excluded, and the OTU table was rarefied (50,000 sequences
per sample) to prevent bias related to the different number of
reads in the samples. The analysis was realized using the
package “phyloseq.” All sequences have been deposited to
the MG-RAST under accession numbers mgm4796924.3,
mgm4796929.3, mgm4796930.3, mgm4796931.3,
mgm4796932.3, mgm4796933.3, mgm4796934.3,
mgm4796935.3, and mgm4796936.3.

Statistical analyses

Statistical analyses were performed using R [36]. Significant
differences in gene abundance were identified using analysis
of variance (ANOVA) followed by Tukey’s post hoc test, using
the “ExpDes” package [37]. The differential abundance of bac-
terial groups was analyzed using the “edgeR” package [38]. A
Venn diagram was constructed in order to determine the propor-
tion of groups that were exclusive and shared between samples,
using the webtool developed by Bioinformatics & Evolutionary
Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/).
Principal coordinates analysis (PCoA) ordination was per-
formed based on the Bray-Curtis ecological distance. The matrix
originated by the PCoA was used to calculate the permutational
multivariate analysis of variance (PERMANOVA). These anal-
yses were performed based on OTU-generated matrices
exported into Microbiome Analyst [39].

Results
Abundance of total bacterial community

The abundance of the total bacterial community ranged
among the sampled sites from 8.61 to 9.93 log of copies of

16S rRNA gene/g of sample (Table 1). Bacteria were most
abundant in the soil samples (log values of 9.93 copies of
16S rRNA/g of soil). Bacterial abundance was similar in the
foam and gut samples (log values of 8.70 and 8.61 copies of
16S rRNA, respectively), with no statistical difference accord-
ing to the ANOVA + Tukey test.

Bacterial communities in foam, gut, and soil samples

After quality filtering, a total of 50,000 high-quality sequences
per sample were obtained. A mean Good’s coverage of 99%
was determined, indicating that the dataset was representative
of the bacterial community analyzed (Table S1).

Evaluating the differences in microbial community struc-
ture, the relative abundance of OTUs in different samples was
used to compute a Bray-Curtis dissimilarity matrix coordinat-
ed with PCoA. The contrasting patterns observed indicated
that the microbiome was composed differently in the three
environments sampled (Fig. 1). The main difference was be-
tween the foam samples from gut and from soil (observed on
the first axis), while the difference between gut and soil sam-
ples was observed when two axes were used to plot samples
(Fig. 1). The replicates of soil samples showed higher vari-
ability than the replicates from the other sites (gut and foam),
indicating a stricter selection of the microbial communities
composing the foam and gut microbiomes. The differences
among the communities were further confirmed by
PERMANOVA (F value = 3.363; 7% = 0.528; P < 0.006).

The Venn diagram showed that the majority of OTUs were
found in only one environment. Twenty-eight OTUs were
shared among the foam, gut, and soil samples. Forty-eight
OTUs were shared between samples of foam and gut, while
foam and soil samples shared 24 OTUs, and soil and gut
shared only 8 OTUs. Foam samples hosted 257 specific
OTUs, while gut samples hosted 291 specific OTUs and soil
hosted 288 specific OTUs (Fig. 2).

Metrics of alpha-diversity

Both the foam and the gut samples were more diverse than the
soil samples (Table S1). The highest mean values of the

Table 1  Abundance of the total bacterial community present in the soil
close to the foam in a sugarcane field, in the foam produced by
Mahanarva fimbriolata nymphs, and in the gut of nymphs (n=35 per
sampled site)

Samples Log of copies of 16S rRNA/g of sample
Soil 9.93 +£0.01°
Foam 8.70 + 0.03
Gut 8.61 + 0.02°

Different letters correspond to statistical differences between means de-
tected by ANOVA + Tukey test (P < 0.05)
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Fig. 1 Principal coordinates analysis (PCoA) based on the differences in
microbial community structures in the foam produced by Mahanarva
fimbriolata nymphs, in the gut of nymphs, and in the soil close to the
foam in a sugarcane field. The values on the axes indicate the percentage
of the variance represented on each axis. Distinctions among communi-
ties were confirmed by PERMANOVA (F value=3.363; 2 =0.528;
P <0.006)

Shannon index were observed for foam samples (8.69),
followed by gut (8.08) and soil samples (2.26) (P <0.05)
(Table S1). Analysis of the sample richness using the Chaol

Soil

Foam

Gut

Fig. 2 Venn diagram constructed to determine the proportion of
operational taxonomic units (OTUs) of bacteria exclusive to and shared
in the foam produced by Mahanarva fimbriolata nymphs, in the gut of
nymphs, and in the soil close to the foam in a sugarcane field. The data
were analyzed using the webtool developed by Bioinformatics &
Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/

Venn/)
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index showed that the spittlebug-derived samples showed
higher mean richness than soil samples. Samples from foam
showed Chaol values of 172,333, gut samples showed
132,993, and soil samples were estimated to harbor 698 spe-
cies (Table S1) (P <0.05).

Identification of bacterial taxa in samples

Considering the bacterial phyla represented by more than 3%
of'the sequences, the major bacterial groups found in soil were
Proteobacteria (38.1%), Bacteroidetes (37.3%), and
Firmicutes (11.1%). Samples from foam were composed
mainly of Proteobacteria (40.3%), Actinobacteria (19.5%),
and Acidobacteria (17.0%). In gut samples, the most prevalent
phyla were Actinobacteria (33.7%), Proteobacteria (16.6%),
and Acidobacteria (10.1%) (Fig. 3a).

Considering bacterial classes represented by more than 2% of
the sequences, Betaproteobacteria (20.5%), Alphaproteobacteria
(15.1%), and Flavobacteriia (14.7%) were the most prevalent
classes in soil samples, while Alphaproteobacteria (29.9%),
Actinobacteria (14.0%), and Chloroacidobacteria (6.3%) were
the most prevalent in foam samples. Actinobacteria (18.3%),
Thermoleophilia (7.7%), and Betaproteobacteria (6.40%) were
the most prevalent in gut samples (Fig. 3b).

Regarding bacterial genera in the spittlebug-derived sam-
ples, Bacillus, Streptomyces, Nocardia, and Sphingomonas
were the most prevalent genera in foam, while Nitrospira
was the most prevalent in gut samples (P < 0.05) (Fig. 3c¢).

Discussion

The successful dissemination of insects worldwide has been
strongly influenced by their associations with microorganisms
[14]. While symbiotic microorganisms are well known to play a
key role in providing nutrients in many insects, several studies
have shown that they can also be important in protecting the
host against pathogen attack [17, 18, 40]. Here, we examined
the bacterial community present in the foam of M. fimbriolata
nymphs, by comparing its abundance and composition with the
bacterial communities in the soil, foam, and spittlebug gut. The
complete pathway of foam production by cercopids so far is not
totally understood. The glands of Batelli were the organs pre-
viously believed to produce this substance [1], however some
species of the Cercopidae family were able to produce foam
without having these organs [41]. Besides, there is evidence of
foam production on the food channel [42]. Because of all these
contradictory evidences, we decided to evaluate the complete
gut of M. fimbriolata, and its bacterial associated community.
Our results revealed the presence of a large number of
bacteria in the foam of M. fimbriolata, as previously reported
for other spittlebugs [43]. The complexity of the bacterial
community present in the foam and its similarity to that in
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the insect gut suggests that these symbionts are incorporated
actively into the spittle. The presence of lipids, carbohydrates,
and proteins can make the foam a favorable and beneficial
environment with satisfactory nutritional requirements for
bacterial growth [5, 6, 43].

Analysis of the bacterial community structure revealed a
clear differentiation between foam and soil samples. Also, the
similarity between the bacterial communities from the foam
and the nymph gut reinforces the supposition that most micro-
organisms in the foam are not contaminants from the air or
soil. The access to food-associated microbial cells, the avail-
ability of nutrients, and the protection from various stresses of
the external environment are some attributes that make the
insect gut favorable for colonization by microorganisms [14].

The means by which insects transmit their symbionts from
one generation to another vary widely across different taxo-
nomic groups and individual behavior. In Hemiptera, post-
hatch transmission is the most common mechanism of trans-
fer, with symbiont acquisition resulting from ingestion of
adult fecal droplets [44], probing capsules containing symbi-
onts deposited close to the eggs [45], or by egg-surface con-
tamination and further probing of symbionts by the nymphs
[46].

Our results showed that the foam produced by the nymphs
of M. fimbriolata harbors a complex community of microor-
ganisms. We identified 257 specific OTUs in the spittle, in-
cluding some that were previously reported as defensive sym-
bionts of insects (Figs. 2 and 3). The diversity in the foam was
similar to the other microenvironments examined, such as the
288 OTUs in the soil and the 291 OTUs in the insect gut.
Actinobacteria was present predominantly in the foam and
nymph gut, whereas Proteobacteria was found in all environ-
ments, but with higher frequency in the foam than in the gut
and soil (Fig. 3a).

Class
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represented by more than 2% of the sequences. ¢ Differential relative
abundance (%) of bacterial genera in the foam (All genera differed
statistically in abundance among the sites sampled, according to
analyses using the “edgeR” software package, P &It 0.05)

The presence of Actinobacteria in the foam and gut of
nymphs may be connected to the capacity of these bacteria
to exploit a wide range of nutrient sources and their ability to
inhabit the intestinal tract of several insects [24, 47, 48]. The
ubiquity of this phylum in the environment and their capacity
to produce substances with antimicrobial activity has proba-
bly predisposed them to be involved in defensive symbioses
with soil-dwelling insects [17]. For instance, Streptomyces
spp. were found to produce streptochlorin and a complex of
eight piericidin derivatives that provide a potent antimicro-
bial defense for the larval cocoon of P. triangulum wasps in
the presence of noxious pathogens [40]. There is also evi-
dence that Proteobacteria promote resistance of insects to
certain natural enemies. The Alphaproteobacteria
Wolbachia protects Drosophila melanogaster against vari-
ous viruses [49], and the Betaproteobacteria Regiella
insecticola reduces the mortality of pea aphids infected with
entomopathogenic fungi [18]. In both cases, the underlying
mechanisms are not known.

Since the members of Actinobacteria seem to be rarely
involved in nutritional symbiosis with insects [17, 24, 25],
we hypothesized that the presence of these bacteria in the
foam may aid in protecting against entomopathogenic micro-
organisms of spittlebug nymphs. However, our current find-
ings do not address this hypothesis, since we did not evaluate
the antimicrobial compounds in the foam.

Elucidating the contribution of the resident symbiotic com-
munity in the foam to the development of M. fimbriolata
nymphs expands our understanding of the ecology of this
spittlebug, which is a serious agricultural pest in Brazilian
sugarcane crops, and suggests possibilities for biological con-
trol by manipulation of the host’s microbiome. Here, we dem-
onstrated that the foam produced by nymphs of M. fimbriolata
harbors a diversity of bacteria that were previously reported as

@ Springer



Braz J Microbiol

protective symbionts of insects. Further investigations on the
isolation and identification of substances in the foam can help
to understand the possible protective mechanism(s) involved
and the presence of antibiotics in the foam.
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