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Insect-symbiont interactions are receiving much attention in the last years. Symbiotic
communities have been found to influence a variety of parameters regarding their host
physiology and fitness. Gut symbiotic communities can be dynamic, changing through
time and developmental stage. Whether these changes represent real differential needs
and preferential relationships has not been addressed yet. In this study, we characterized
the structure of symbiotic communities of five laboratory populations that represent
five Tephritidae species that are targets for pest control management through the
sterile insect technique (SIT), namely Bactrocera oleae, Anastrepha grandis, Anastrepha
ludens, and two morphotypes of Anastrepha fraterculus (sp.1 and the Andean lineage).
These populations are under artificial or semi artificial rearing conditions and their
characterization was performed for different developmental stages and age. Our results
demonstrate the presence of a symbiotic community comprising mainly from different
Enterobacteriaceae genera. These communities are dynamic across developmental
stages, although not highly variable, and appear to have a species-specific profile.
Additional factors may contribute to the observed structuring, including diet, rearing
practices, and the degree of domestication. Comparison of these results with those
derived from natural populations could shed light to changes occurring in the symbiotic
level during domestication of Tephritidae populations. Further studies will elucidate
whether the changes are associated with modification of the behavior in laboratory
strains and assess their effects in the quality of the mass rearing insects. This could be
beneficial for improving environmentally friendly, species-specific, pest control methods,
such as the SIT.

Keywords: Anastrepha, Bactrocera, sterile insect technique, pest control, laboratory domestication, 16S rRNA,
amplicon sequencing
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Gut-Associated Bacterial Communities in Tephritids

INTRODUCTION

Tephritidae is a family of Diptera harboring more than 500
genera and 4600 species (Norrbom, 2004; Virgilio et al., 2009,
2014). Among tephritid genera, Anastrepha, Bactrocera, Ceratitis,
Dacus, Rhagoletis, and Zeugodacus include frugivorous species,
with around 100 of them being agricultural pests of economic
importance (White and Elson-Harris, 1992; Norrbom, 2004;
Virgilio et al,, 2009, 2014). Economic damage is due to the
oviposition of eggs in the mesocarp, the subsequent reduction
of quality of the fruit due to the punctures made during
oviposition, and the loss of production due to larval feeding
(White and Elson-Harris, 1992).

Among the methods wused against insect pests,
environmentally friendly control methods have received
attention in the last decades, enhanced by the documented
environmental and health concerns associated with the extensive
use of pesticides. In this respect, area-wide integrated pest
management (AW-IPM) utilizes different approaches that
synergistically can drastically suppress or locally eliminate the
pest population. A major component of IPM for a variety of pests
is the sterile insect technique (SIT). SIT is based on the release of
sterile insects, preferentially only males, that can mate with the
female flies of the natural population, leading to infertile crosses
and, ultimately, reduction in population size (Dyck et al., 2005).

One of the previously underestimated factors that can affect
the behavior of laboratory strains is their symbiotic communities.
Recent studies have shown that symbionts, especially gut
microbiota, can affect different parameters that are important
for the insects’ physiology and life history traits (Bourtzis and
Miller, 2003, 2006, 2009; Ben-Yosef et al., 2008, 2014; Douglas,
2009, 2015; Zchori-Fein and Bourtzis, 2011; Engel and Moran,
2013; Minard et al., 2013). Within Tephritidae, many studies
have been performed in the Mediterranean fruit fly, Ceratitis
capitata, providing evidence for the structure of the gut symbiotic
community of both natural and laboratory populations (Behar
et al., 2008; Lauzon et al., 2009; Ben Ami et al., 2010; Aharon
et al., 2012; Augustinos et al., 2015; Malacrino et al., 2018) and
the impact of specific bacteria used as probiotics or alternative
protein sources (Niyazi et al., 2004; Behar et al., 2008; Ben-Yosef
et al., 2008; Ben Ami et al., 2010; Gavriel et al., 2011; Aharon
et al,, 2012; Hamden et al., 2013; Augustinos et al., 2015; Kyritsis
et al., 2017). Besides medfly, studies have been performed in the
olive fruit fly, Bactrocera oleae (Capuzzo, 2005; Sacchetti et al.,
2008; Estes et al., 2012b; Savio et al.,, 2012; Ben-Yosef et al.,
2014; Koskinioti et al., 2019) and to a few other tephritid species,
mainly Bactrocera (Wang et al., 2011; Prabhakar et al., 2013;
Thaochan et al., 2013; Pramanik et al., 2014; Wang A. et al,
2014; Wang H. et al, 2014; Andongma et al., 2015; Hadapad
et al,, 2015; Deutscher et al., 2017, 2018; Gujjar et al., 2017; Yong
et al., 2017; Akami et al., 2019). Fewer studies are available in
Anastrepha species, focusing on A. ludens (Kuzina et al., 2001)
and more recently, in wild samples of four different species
(Ventura et al., 2018).

The primary target of the insect pest control laboratory
(IPCL) of the Joint FAO/TAEA Division of Nuclear Techniques
in Food and Agriculture (Seibersdorf, Austria) is to develop

the SIT as a component of AW-IPM projects against different
insect pest species. Many problems arise from the suboptimal
conditions regarding the initial steps of laboratory domestication
as well as mass rearing, including artificial diet and artificial
substrates for oviposition. In some cases, such constraints can
modify the behavior of laboratory strains, affecting therefore
the efficiency of SIT (Dyck et al, 2005; Estes et al., 2012b;
Rempoulakis et al., 2018). The changes that can happen in
the symbiotic communities of laboratory populations due to
long established domestication and artificial conditions are
worth investigating.

In this study, the gut symbiotic communities of five selected
tephritid laboratory populations were analyzed using 16S rRNA
gene-based NGS approaches: two populations representing two
morphotypes of the Anastrepha fraterculus species complex,
Anastrepha ludens, Anastrepha grandis, and Bactrocera oleae.
A. fraterculus and A. ludens are well adapted in artificial
conditions, while a totally artificial diet has not yet been achieved
for A. grandis. Regarding B. oleae, its artificial rearing can
be considered far from optimal, since many laboratories are
either suffering from occasional collapses of their colonies or
must follow a semi-artificial rearing, using olive fruit as an
oviposition substrate. Whether differences in the performance
among laboratory-adapted populations of a given species
could be attributed, at least partially, to the changes of the
structure of their symbiotic communities has not yet been
addressed. Aiming to “dissect” factors that may contribute
to the structuring of gut symbiotic communities, samples
representing different developmental stages, age, and sex, were
collected and analyzed.

MATERIALS AND METHODS

Rearing Conditions, Sample Collection,

and Preparation

The laboratory populations studied are currently colonized in
IPCL and include A. fraterculus sp. 1 (Vera et al, 2006),
A. fraterculus (Andean lineage) (Hernandez-Ortiz et al., 2015),
Anastrepha grandis (Hallman et al, 2017), A. ludens (Eskafi,
1988), and B. oleae (Ahmad et al., 2016). The full description of
these strains, along with their rearing conditions is summarized
in Table 1.

Gut Collections and Dissections

Guts were collected for each of the strains from 3rd instar larvae
(L), 1-day-old males (1D_M) and females (1D_F) that had not
been fed, 5-10-days old males (10D_M) and females (10D_F),
and 15-20-days old males (15D_M) and females (15D_F).
Samples of guts were collected in batches of five individuals
in three biological replicates (a total of 15 individuals). Prior
to dissections, flies were immobilized/anesthetized at 4°C and
disinfected (surface-sterilized) through dipping in 70% ethanol
and subsequently were kept in sterile phosphate-buffered saline
of 1(x) concentration (1x PBS). Dissections were also performed
in sterile 1x PBS under aseptic conditions. Samples were stored in
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TABLE 1 | Strains used, their origin, and rearing conditions.

Species Symbol Generations in IPCL Adult diet Larval diet? Humidity (%) Temperature (°C) Photoperiod

Anastrepha fraterculus sp. 1 Af1 84 1:3 (yeast: sugar) Carrot 65 25 14 light: 10 dark
Anastrepha fraterculus (Andean lineage) AfA 10 1:3 (yeast: sugar) Carrot 65 25 14 light: 10 dark
Anastrepha grandis Agr 7 1:3 (yeast: sugar) Specialized® 65 25 14 light: 1 dark
Anastrepha ludens Alu 7 1:3 (yeast: sugar) Carrot 65 25 14 light: 10 dark
Bactrocera oleae Bol 117 Specialized' Specialized* 65 25 14 light: 10 dark

" The specialized adult diet for B. oleae consists of 75% sugar, 19% hydrolyzed yeast, and 6% egg yolk powder without antibiotics. °The typical carrot diet consists of 7%
brewer’s yeast, 0.25% sodium benzoate, 0.2% methylparaben, 0.8% (v/w) HCI, 15% carrot powder, and all dissolved in water. 3Anastrepha grandis larvae diet is semi-
artificial, since young larvae are transferred and reared in zucchini. *B. oleae larvae diet consists of 52.08 ml water, 2.08 mi virgin olive oil, 0.78 ml Tween 80 (emulsifier),
0.05 gr potassium sorbate, 0.21 gr methylparaben, 2.08 gr sugar, 7.81 gr brewer’s yeast, 3.13 gr soy hydrolyzed, 3.13 ml HCI (2N) and 28.65 gr cellulose powder.

—20°C until DNA extraction. The sampling scheme is presented
in Supplementary Table S1.

DNA Extraction and 16S rRNA Gene
Amplicon Library Preparation and

Sequencing

Prior to extraction, guts were homogenized in liquid nitrogen
using sterile polypropylene pestles. Subsequently, DNA was
extracted using the DNeasy Blood and Tissue kit (Qiagen)
following manufacturer’s instructions for total DNA purification
from animal tissues. Negative controls were included in DNA
extraction. DNA quality and quantity were measured using
the NanoDrop 1000 Spectrophotometer (Thermo scientific).
A total of 105 samples were analyzed using 454 NGS for the
16S rRNA gene with the following primers, targeting the V6-
V8 hypervariable region: 926F (AAA CTY AAA KGA ATT
GAC GRC GG) and 1392R (ACG GGC GGT GTG TRC)
(Rinke et al., 2013). PCRs were performed by Macrogen', after
linking the primer with decamer multiplex identifier (MID)
sequences and adaptors for the GS FLX Titanium Chemistry
to facilitate library multiplexing in the 454-sequencing system.
In brief PCR was performed under the following conditions:
94°C for 3 min followed by 32 cycles of 94°C for 30 s; 55°C
for 40 s and 72°C for 1 min; and a final elongation step
at 72°C for 5 min. Following PCR, all amplicon products
from different samples were mixed in equal concentrations and
purified using Agencourt Ampure beads (Agencourt Bioscience
Corporation, United States). Samples were sequenced utilizing
Roche 454 FLX titanium instruments and reagents and following
manufacturer’s guidelines.

Bioinformatics and Data Analysis

Sequences were analyzed and processed using the QIIME package
(Caporaso et al., 2010). Briefly, the QIIME pipeline takes all
sequences from a single pyrosequencing run and assigns sample
IDs using a mapping file and the barcode assigned to each
sample. Sequences were excluded from the analysis if they were
<200 bp in length, had a quality score of <25, contained
ambiguous characters or did not contain the primer sequence.
Sickle version 1.200 was used to trim reads based on quality:
any reads with a window quality score of less than 20, or which

Thttps://dna.macrogen.com/eng/

were less than 10 bp long after trimming, were discarded (Joshi
and Fass, 2011). BayesHammer was used to correct reads based
on quality (Nikolenko et al., 2013). Chimeras were detected
and omitted using the program UCHIME with the QIIME-
compatible version of the SILVA111 release database (Quast et al.,
2013). The 16S rRNA gene sequences were clustered using the
usearch algorithm (Edgar, 2010) and assigned to operational
taxonomic units (OTUs) with 97% similarity. Representative
sequences from each OTU were aligned with Pynast (Caporaso
et al., 2010) against the Greengenes core reference alignment
(version gg_12_10). Taxonomy was assigned using the SILVA 16S
rRNA gene database. The 16S rRNA gene sequences reported
in this study have been deposited in NCBI under Bioproject
number PRJNA525967.

a-diversity indices, as well as indices depicting the population
structure, were calculated with the QIIME pipeline (Caporaso
et al., 2010) based on the rarefied OTU table at a depth of 5,000
sequences/sample (observed species, PD whole tree, chaol and
simpson reciprocal). Variation between replicates was low since
all replicates were a pool of 5 tissues. Inter-sample diversity was
calculated using Bray-Curtis distances, and principal coordinate
analysis (PCoA) was performed on the resulting distance matrix.
These calculations and those for alpha diversity were performed
in QIIME version 1.9.1. ANOVA and Tukey-Kramer post hoc
tests were employed to detect statistical differences (Edgar,
2010). Overall similarities in bacterial community structures were
shown using the unconstrained ordination technique, principal
coordinate analysis, multidimensional scaling (MDS) analysis,
and the multidimensional plots as implemented in PRIMER
version 6+ (Anderson, 2001). Permutational multivariate
analysis of variance (PERMANOVA) analyses were applied to
Bray-Curtis similarity matrices to compute similarities between
groups. Differences in community structure were viewed using
the constrained ordination technique CAP (canonical analysis
of principal coordinates), using the CAP classification success
rate and CAP traceq m'HQ m statistics, and were performed with
9999 permutations within PRIMER version 6+ (Anderson and
Willis, 2003). CAP analysis was performed using the Bray-Curtis
similarity matrices.

Checking for Missing Tenants
Curated 16S rRNA gene sequences from the Greengenes and
SILVA databases were retrieved, corresponding to genera known
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to be part of tephritid symbiotic communities. Sequences were
aligned, and the respective fragment amplified with 926F - 1392R
primers was selected in silico. These sequences were incorporated
in our data set and were analyzed through the QIIME pipeline as
described before.

RESULTS

16S rRNA Gene Pyrosequencing

A total of 2,254,978 raw reads were obtained from the 454
processing; 1,544,398 reads passed the filters applied through
QIIME for non-eukaryotic sequences, with an average of 14,890

reads/sample. After grouping the three replicates, number of
reads per sample ranged from 1351 to 93543 (see Table 2).
Analysis of alpha diversity measures and respective rarefaction
curves show that library coverage was adequate to capture the
whole diversity of the gut symbiotic communities for almost all
samples (Supplementary Figure S1).

Structure of the Gut-Associated
Bacterial Communities of the Five

Laboratory Populations

The Anastrepha fraterculus Afl laboratory population was
mainly dominated by Proteobacteria in all samples, followed by
Firmicutes, Actinobacteria, Bacteroidetes, and Cyanobacteria

TABLE 2 | Number of reads and bacterial diversity indices of all samples.

Sample! Number of reads? Number of OTUs Species richness indices Species diversity indices
Chao1 Menhinick Shannon Simpson

Af1 L G 450.33 23,33 + 7.69 28.61 + 10.76 1.266 + 0.07 3.154 +£ 0.33 0.823 + 0.02
Af1_1D_M_G 997.33 33.33 £+ 6.06 35.86 + 5.32 1.225 + 0.21 4.040 £ 0.23 0.910 £ 0.02
Af1_1D_F_G 1608 18.00 +1.73 29.53 +£9.70 1.223 £ 0.54 2.292 +£0.80 0.633 £ 0.19
Af_5D_M_G 10904 26.00 + 9.45 34.66 + 11.89 0.251 +£0.08 1.877 £0.37 0.602 + 0.05
Af1_8D_F_G 7260.67 16.66 + 4.37 19.16 + 5.80 0.204 £+ 0.06 1.903 + 0.64 0.575 + 017
Af1_16D_M_G 13555.33 9.33 £0.33 9.66 £ 0.33 0.094 £+ 0.02 1.621 £ 0.34 0.556 £+ 0.11
Af1_15D_F G 24513.33 10.00 + 0.58 10.6 + 0.66 0.066 + 0.01 0.896 + 0.29 0.280 £+ 0.11
AfA_L G 4614.33 18.00 + 6.60 19.77 £ 7.80 0.333 +£0.10 1.108 £ 0.17 0.374 +£ 0.05
AfA_1D_M_G 2677.67 34.33 £ 6.43 39.68 + 4.04 0.881 +£ 0.30 2.930 £ 0.61 0.742 £ 0.09
AfA_1D_F G 11633.67 27.33 + 6.08 29.58 + 6.69 0.409 + 0.17 1.604 + 0.50 0.490 + 0.12
AfA_5D_M_G 12361.33 15.66 + 5.86 16.77 £ 6.76 0.135 + 0.03 0.970 +£ 0.24 0.288 + 0.10
AfA_5D_F_G 7634.33 18.33 £ 3.57 19.33 £ 3.34 0.211 £ 0.02 1.797 £ 0.28 0.583 £+ 0.06
AfA_15D_M_G 16545.00 24.33 + 6.06 26.44 + 6.58 0.208 + 0.02 1.303 + 0.10 0.404 £+ 0.01
AfA_15D_F G 6400.33 12.33 + 1.09 16.33 + 3.54 0.631 + 0.39 2.029 + 0.93 0.519+0.18
Au_L G 18153.67 14.33 £ 0.98 16.16 £ 0.49 0.103 £+ 0.01 0.546 + 0.26 0.206 + 0.13
Alu_1D_M_G 30594.67 28.33 +£2.99 33.66 + 3.14 0.531 +£0.20 1.716 + 0.81 0.421 +£0.18
Au_1D_F G 30072.67 31.66 +5.19 39.40 + 7.65 0.760 + 0.24 2135+ 0.75 0.545 + 0.19
Alu_5D_M_G 18493.67 18.00 + 2.87 20.08 + 2.42 0.132 £ 0.04 0.957 + 0.55 0.282 £ 0.17
Alu_5D_F_G 22066.67 15.66 + 1.08 16.05 + 1.05 0.088 + 0.01 0.437 + 0.06 0.111 £ 0.01
Alu_15D_M_G 16340 20.00 + 0.94 22.64 + 2.65 0.291 +£ 0.06 1.273 £ 0.39 0.391 £ 0.13
Alu_15D_F_G 20527.67 29.33 +£ 0.27 32.44 4+ 2.81 0.276 + 0.08 2.341 £ 0.27 0.679 £+ 0.07
Agr L G 19733.33 39.66 + 5.82 48.50 + 9.57 0.294 + 0.03 1.515 £+ 0.39 0.430 £ 0.13
Agr_1D_M_G 11965.33 14.33 £6.43 17.00 + 7.07 0.098 + 0.05 0.247 +£0.19 0.062 £+ 0.05
Agr_1D_F_G 8712.33 9.00 +£1.70 11.33 £ 2.84 0.053 + 0.01 0.219+0.16 0.088 + 0.07
Agr_5D_M_G 23014.33 30.66 + 1.65 31.77 £ 2.45 0.240 + 0.03 1.699 + 0.25 0.459 £+ 0.07
Agr_5D_F_G 31314.33 39.33 + 1.44 47.04 + 4.48 0.291 + 0.03 1.512 £ 0.49 0.394 + 0.13
Agr_15D_M_G 7764.67 29.66 + 1.66 33.83 + 3.89 0.242 £ 0.02 2.081 £ 0.12 0.605 £+ 0.04
Agr_15D_F_G 12023.33 30.00 + 1.63 31.44 +1.69 0.219 +£ 0.03 1.943 + 0.59 0.537 £ 0.15
Bol L G 15181.33 5.00 £1.70 7.00 +2.94 0.147 £ 0.07 0.146 +£ 0.10 0.043 + 0.03
Bol_1D_M_G 11604 9.33 £ 0.27 12.50 + 1.08 0.305 £ 0.10 0.739 £ 0.18 0.228 £ 0.05
Bol_1D_F_G 22276.67 10.66 + 2.13 10.50 + 1.65 0.047 + 0.01 0.013 £ 0.01 0.002 £ 0.01
Bol_5D_M_G 26805 12.66 + 3.57 14.27 £ 4.20 0.081 +£ 0.02 0.227 +£ 0.05 0.057 £+ 0.01
Bol_5D_F_G 22400.67 14.00 + 2.36 14.33 + 2.37 0.095 + 0.02 0.697 £ 0.27 0.219 £ 0.08
Bol_15D_M_G 649.67 3.33 £ 1.09 3.66 £ 1.36 0.143 +£ 0.05 0.724 £ 0.12 0.311 £ 0.08
Bol_15D_F_G 23949.67 8.33 £ 3.67 9.50 £ 4.42 0.069 + 0.01 0.933 £+ 0.41 0.378 £ 0.16

Af1, A. fraterculus sp. 1; AfA, A. fraterculus (Andean lineage); Agr, A. grandis; Alu, A. ludens; Bol, B. oleae; L, larvae; M: males; F, females; 1D, 1-day old, unfed; 5D,
5-10-days old; 15D, 156-20-days old; G, gut.
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which were present at a low relative abundance (RA)
(Supplementary Excel S1 and Supplementary Figure S2A). The
most dominant class of Proteobacteria was Gammaproteobacteria
with a RA up to 100% in some samples (Supplementary Excel S1
and Supplementary Figure S2B) with all abundant OTUs
present in all replicates. It's worth noting that the symbiotic
community was rather dynamic with fluctuations in the
species richness and the RA of different genera (Table 2,
Supplementary Excel S1, and Supplementary Figure S2C).
PCoA analysis indicated the formation of three clusters with
the first two axes accounting for the 62.7% of the total variation
(Supplementary Figure S3A), although intra-sample variability
was also evident (Supplementary Figure S3B). Permanova
analysis indicated that the clusters observed were statistically
significant (p < 0.001) with the 3rd instar larvae constituting
the first cluster, the 1-day old adults forming the second
cluster, and the 5-10 day and 15-20 days old adults forming
the third cluster.

Proteobacteria was the prevailing Phylum in all samples
of the A. fraterculus (AfA) laboratory population followed by
Firmicutes, Actinobacteria, Bacteroidetes, Deinococcus-Thermus,
Actinobacteria, and Aquificae (Supplementary Excel S1 and
Supplementary Figure S4A). Among Proteobacteria, the
majority belonged to Gammaproteobacteria (Supplementary
Excel S1 and Supplementary Figure S4B). The symbiotic
community of this population was also dynamic with
fluctuations in the species richness and the RA of different
genera (Table 2, Supplementary Excel S1, and Supplementary
Figure $4C). Interestingly, two members of the dominant family
of Enterobacteriaceae, Morganella and Enterobacter, seem to
have completely different patterns, with the first one being a
major component of the symbiotic communities of larvae and
1-day old adults and almost undetectable in the older adult
stages, while the second one being almost undetectable in L
and 1-day old females and becoming the most (or nearly the
most) abundant genus in older flies (Supplementary Excel S1
and Supplementary Figure S4C). PCoA analysis indicated
the presence of two distinct clusters, with the first two axes
describing the 65.4% of the total variation (Supplementary
Figure S5). Permanova analysis verified that the 3rd instar larvae
and the 1-day old flies formed a distinct group, separate from
the 5 to 10 days and 15 to 20 days old flies forming the second
group (p < 0.001).

Proteobacteria dominated all samples of the Anastrepha
ludens (Alu) laboratory population, followed by Firmicutes
1-day old males (Supplementary Excel S1 and Supplementary
Figure S6A). Gammaproteobacteria was the most dominant
class with Bacilli being also an abundant component of
the symbiotic community, which was characterized by
fluctuations in species richness and RA during development
(Table 2, Supplementary Excel S1, and Supplementary
Figure S6B). In Gammaproteobacteria, members of the family
Enterobacteriaceae, such as Providencia, Enterobacter, and
Klebsiella, were the most abundant (Supplementary Excel S1
and Supplementary Figure S6C). The first two axes of the
PCoA accounted for the 57.6% of the observed variance
(Supplementary Figure S7A). Permanova analysis indicated

that the developmental stage and age of the adults had a
significant role in the formation of the bacterial profile of the
gastrointestinal tract (p < 0.002) (Supplementary Figure S7B).
More specifically, the A. ludens larval gut bacterial profile was
statistically different only from the 1-day and 15 days old flies
(p < 0.033, and p < 0.01, respectively). All other combinations
were not statistically different.

Proteobacteria the prevailing phylum in the
laboratory  population of Anastrepha  grandis  (Agr),
followed by Bacteroidetes, Firmicutes, and Actinobacteria,
although not present in RA higher than 1% in all samples
(Supplementary Excel S1 and Supplementary Figure S8A).
Gammaproteobacteria was the dominant class in this symbiotic
community, which was characterized by changes in the species
richness and RA during development (Table 2, Supplementary
Excel S1, and Supplementary Figure S8B). Members of the
family Enterobacteriaceae seemed to play a major role with
Providencia being quite abundant followed, in some stages,
by Klebsiella, Morganella, and Enterobacter (Supplementary
Excel S1 and Supplementary Figure S8C). These differences
are displayed in PCoA analysis, which captured 71.9% of the
observed variance (Supplementary Figure S9A). Permanova
analysis indicated that developmental stage and age of adults
were significant factors affecting the bacterial profile in the
gastrointestinal tract (p < 0.002) (Supplementary Figure S9B).
The 1-day old flies formed a group distinct from the 10 to 15 days
and 15 to 20 days old flies but also from the 3rd instar larvae
(p <0.003, p <0.002, and p < 0.011, respectively).

The Bactrocera oleae (Bol) laboratory population was also
dominated by Proteobacteria ranging between RA 85% and
100% in the different stages. Bacteroidetes, Firmicutes, and
Actinobacteria followed at rather low RA (less than 1%
in the majority of the samples) (Supplementary Excel S1
and Supplementary Figure S10A). The great majority of
Proteobacteria belonged to Gammaproteobacteria (reaching up
to 100% in some of the samples) (Supplementary Excel S1
and Supplementary Figure S10B). Interestingly, Morganella
was a major component in all samples, since it ranged from
62 to 98%, while Providencia, Acinetobacter, Enterobacter, and
Klebsiella were also present at low RA (Supplementary Excel S1
and Supplementary Figure S10C). PCoA failed to provide a
clear clustering of the samples based either on developmental
stage, sex or age, although it captures 79.5% of the observed
variance (Supplementary Figure S11). Based on Permanova
analysis, adult age and the developmental stage of B. oleae did
not play a significant role in the formation of the gut bacterial
profile (p < 0.115), however, the 1-day old females were quite
differentiated from all other samples.

was

Comparison of the Gut-Associated
Bacterial Communities of the Different
Developmental Stages of the Five

Laboratory Populations

Trying to “dissect” consistent similarities and differences among
the laboratory populations of the different species, we excluded
the differences that could derive from changes happening during
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development. To do so, samples of the same developmental stages
of the different laboratory populations were compared.

During the larval stage, the five populations exhibited different
levels of bacterial OTU diversity with Agr having the highest
one (Table 2). PCoA analysis demonstrated that there was
a significant difference among the symbiotic communities of
the larval guts of the five laboratory populations, consistent
with their taxonomy (p < 0.001) (Supplementary Figure S12).
The gut symbiotic communities of the three Bol replicates
cluster together, apart from other samples (p < 0.001). No
statistically significant differences are evident among the larval
stages of the Anastrepha species, although there is a tendency
for clustering per species. The larval bacterial profile of the
Afl colony is not statistically different from that of the
AfA colony (p < 0.104). Alu samples cluster together, and
close to the remaining Agr and AfA samples (p < 0.09 and
p < 0.099, respectively).

The symbiotic communities of 1-day old flies of Afl, AfA,
and Alu, were more diverse than those of Agr and Bol (Table 2).
PCoA analysis demonstrates that there are significant differences
among the symbiotic communities of the 1-day old guts of
the five colonies that can be attributed to their different origin
(species, geographic origin) (Supplementary Figures S13A,B)
(p < 0.001). Samples representing the gut symbiotic communities
of Bol and Agr (p < 0.002) are clearly differentiated from
each other and all other samples, while samples from the three
remaining populations (Alu, AfA, and Afl) are not clearly
differentiated from each other (p < 0.085).

The symbiotic communities of 5-10 days old flies of
Agr were more diverse than those of all other populations
(Table 2). Morganella was the most abundant symbiont in
the Bol population but was either undetected or in RA
<2% in all other samples. Klebsiella (Enterobacteriaceae) and
Streptococcus (Streptococcaceae) were the main components
of the Alu gut symbiotic community contributing together
99% and 65% of the RA for the females and males of this
population, respectively. However, these genera were either
undetected or found at very low RAs (less than 0.1%) in all
other populations (Supplementary Excel S1). PCoA analysis
demonstrates that there are significant differences among the
symbiotic communities of the 5-10 days old adult guts of the five
colonies that can be attributed to their different origin (species
and geographic origin) and/or to the different rearing practices
followed (p < 0.001) (Supplementary Figures S14A,B). The gut
symbiotic communities of Bol and Alu are clearly differentiated
from each other (p < 0.005) and from all others (p < 0.006
Bol/AfA, p < 0.005 Bol/Agr, p < 0.005 Bol/Afl, p < 0.01 Alu/AfA,
p < 0.005 Alu/Agr, p < 0.004 Alu/Afl) while, Agr, AfA and Afl
samples cluster together (p < 0.412 AfA/Afl, p < 0.056 AfA/Agr,
p < 0.076 Af1/Agr).

The overall symbiotic diversity of the 15-20 days old fly
samples was low (Table 2). Clustering of the 15-20 days old
samples is not as clear as in the previous developmental stages
and ages. PCoA analysis demonstrated that the gut symbiotic
communities of Bol cluster apart from all Anastrepha samples
(Permanova; p < 0.001), while no obvious clustering was evident
within Anastrepha samples (Supplementary Figures S15A,B).

Analysis of Possible Factors Influencing
the Structure of the Gut Microbiome

Species Effect Plus Phylogenetic Distance and/or
Rearing Conditions

As evident from CAP analysis (Figure 1A) there was a
clear clustering of olive fruit fly samples against all others
[tr(Q_m'HQ_m): 2.41921 P: 0.0001] and, after the removal
of olive fruit fly from the analysis, A. grandis samples
clustered together, although not very well separated from the
remaining Anastrepha samples [tr(Q_m'HQ_m): 1.89387 P:
0.0001] (Figure 1B). After the removal of the Agr samples from
the analysis, the remaining three Anastrepha colonies highly
overlapped, although a tendency of the Alu samples to form a
different cluster was observed (Figure 1C). When all populations
were tested together, the Permanova analysis performed pointed
to the statistically significant contribution of host species in the
observed clustering (p = 0.001, F = 4.86, df: 4), which remained
statistically significant after the removal of the Bol samples
species (p = 0.014, F = 2.46, df: 3).

Developmental Stage and Age

An obvious clustering in almost all laboratory populations was
that of larvae and 1-day old flies (unfed) against older fed flies
(Permanova; p < 0.001 1d/Larvae, Permanova; p < 0.001 1-
day/10-day, Permanova; p < 0.001 1-day/15-day). A second level
of clustering was that of the bacterial profile of the 5-10-days
with the 15-20-days old flies (Permanova; p < 0.483). This was
clear in Afl (Supplementary Figure S3), AfA (Supplementary
Figure S5), and Agr (Supplementary Figure S9) but not so
in Alu (Supplementary Figure S7) and Bol (Supplementary
Figure S11). CAP analysis of the different groups based on
developmental stage and age indeed verified the separation of
larvae and 1-day old adults from the 5 to 10 and 15 to 20 days-old
adults [tr(Q_m'HQ_m): 0.7546 P: 0.0057] (Figure 2).

Fly Sex

Another factor that can contribute to differences among
symbiotic communities is the fly sex. Our data were not in
favour of this hypothesis. An MDS analysis was performed,
assuming two different groups: males and females. As evident in
Figure 3, there was no obvious clustering based on the sex and
the Permanova analysis gave no statistical support (Permanova;
p < 0.984). Therefore, at least for the laboratory populations
studied, sex cannot be considered as a factor contributing to the
differences observed among the gut symbiotic communities.

Key Players Constituting the Gut
Symbiotic Communities of the

Laboratory Populations

Although five different laboratory populations were tested,
representing five different species from two different genera, with
samples across life cycle, only a limited number of bacterial
OTUs displayed high RAs, as shown in the heat map of the
OTUs (Figures 4A-C). Despite the presence of more than 400
different OTUs, only 53 had a RA of >1% in the different
samples (Figure 4A). The 13 most abundant OTUs accounted
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FIGURE 1 | Continued

FIGURE 1 | CAP was used to find axes that best discriminate the groups of
interest. In this analysis, clustering at insect species level was examined.

(A) All samples representing the five laboratory populations are included

(B) Only the four Anastrepha laboratory populations (Anastrepha grandis,
Anastrepha ludens, and Anastrepha fraterculus) are included. (C) Only the
three laboratory populations from the A. fraterculus intergeneric group

(A. ludens and A. fraterculus) are included. Af1, A. fraterculus sp. 1; AfA,

A. fraterculus (Andean lineage); Agr, A. grandis; Alu, A. ludens; Bol, B. oleae.

for the 90% of the overall sequences detected, ranging from
64 to 100% per sample (Figure 4B). Unambiguously, the most
abundant OTUs are Providencia, Enterobacter, and Morganella
(Figure 4C), which account for the 32%, 20%, and 16% of the
total sequences, respectively. However, Morganella’s abundance
is mainly restricted to all olive fruit fly samples, where it can
reach up to 100%, while Providencia and Enterobacter have
a more “universal” distribution, present in high RAs in all
species analyzed.

Did We Miss Somebody? the Mock

Experiment of “Expected” Tenants

Available sequences representing 28 different bacterial genera
previously reported to be present in the gut symbiotic
communities of different Tephritidae were downloaded and
incorporated in our data set. QIIME was used to assign them to
respective OTUs (Supplementary Table S2). In most of the taxa,
all sequences were assigned to the correct OTU (Supplementary
Figures S16A,B).

DISCUSSION

The present analysis indicates that the laboratory populations of
the five targeted taxa harbored a varying degree of gut bacterial
community diversity. Although the major “players” belonged to
Enterobacteriaceae and the overall diversity can be considered
rather low, compared to available data from natural populations
of some of the species, there were clear differences among our
samples. The structure of the communities can be considered
as “dynamic,” since there were clear intra-population differences,
based on the developmental stage and age. Moreover, there were
clear inter-population differences, which can be attributed to
a variety of factors, such as the original microbiome of the
wild populations at the moment of colonization, the degree of
adaptation and rearing conditions, but not sex.

Key Players Constituting the Gut
Symbiotic Communities of Tephritids

The data presented above are in line with previous studies in
laboratory and natural populations of different tephritids. Up
to now, the tephritid species model for such studies is the
medfly, followed by the olive fruit fly and other Bactrocera
spp. Previous studies have addressed several questions regarding
laboratory and natural populations of the Mediterranean fruit fly.
Marchini et al. (2002), using culture dependent approaches and
classical microbiological techniques, suggested that K. oxytoca
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is dominating natural populations while Enterobacter sp. is
dominating laboratory populations of the species. Several studies
from another research team (Behar et al., 2005, 2008; Ben-
Yosef et al., 2008; Ben Ami et al, 2010; Gavriel et al., 2011;
Aharon et al, 2012) provided interesting findings that can
be summarized as: (a) Enterobacteriaceae was shown to be
the dominant community in the medfly gut, with relatively
few genera being present in varying RAs, (b) Klebsiella is
believed to be a key genus, important for the fitness of
medfly and is mainly found in the wild populations of the
species, (c) gut symbiotic community is dynamic, depending
mainly on the developmental stage and age of adults and, (d)

wild populations seem to harbor more polymorphic symbiotic
communities than long adapted laboratory strains, although
no direct comparison has been performed. More recently, it
has been shown that plant host and instar stage are among
the factors that shape gut symbiotic communities of natural
populations (Malacrino et al,, 2018). The reduced diversity
of the gut symbiotic communities of laboratory populations
of the Mediterranean fruit fly has been addressed by other
groups, especially for the VIENNA 7 and VIENNA 8 genetic
sexing strains (GSS) (Hamden et al., 2013; Augustinos et al,
2015). As an extreme example of reduced symbiotic diversity,
Morrow et al. (2015) managed to retrieve only Enterobacter

Frontiers in Microbiology | www.frontiersin.org

14 August 2019 | Volume 10 | Article 2004


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Augustinos et al.

Gut-Associated Bacterial Communities in Tephritids

Tansform: Square root
[Resemblance: 517 Bra

2D Stress: 0.08 Sex
A Male
'¥ Female
A
v
r' v
A 9
- v
v
i & v A
A
v
A
v A
Av A
v
v
v v
Ay 4

FIGURE 3 | Multidimensional scaling (MDS) plot for a graphical illustration of
changes in the bacterial community structure. Green triangles represent males
while inverted blue triangles represent females. Similarities in ribotype profiles
were calculated by the Brey-Curtis algorithm.

sp. from the VIENNA 7 GSS (a line reared in a mass rearing
facility in Australia), even though high throughput 454 NGS
sequencing was used.

In the olive fruit fly, all published data suggest that
the diversity of the symbiotic community of this species is
relatively low, with Candidatus Erwinia dacicola dominating wild
populations, although other bacterial species, such as Providencia
sp., Enterobacter sp. and Acetobacter tropicalis can be detected
(Kounatidis et al., 2008; Sacchetti et al., 2008, 2014; Crotti et al.,
2010; Estes et al., 2012a; Ben-Yosef et al, 2014; Koskinioti
et al., 2019). At the same time, some of these studies presented
important findings for the laboratory adaptation of the species,
including the loss of Candidatus E. dacicola when olive fruit fly
is reared on a totally artificial diet (Kounatidis et al., 2009; Estes
et al.,, 2012a) and the increase of Morganella sp. in some of the
olive fruit fly laboratory populations, which may be pathogenic
and is considered as a negative symptom for artificially rearing
(Estes et al., 2012b). Our data agree with what is expected for
domesticated populations reared on totally artificial diet, since
we did not retrieve Candidatus Erwinia dacicola sequences and
Morganella sp. was dominating all samples of our olive fruit fly
laboratory population (Supplementary Figure S10).

Studies regarding gut symbiotic communities in Anastrepha
species are limited. The analysis of new and old laboratory
populations of A. ludens, using culture dependent approaches,
gave a total of 18 bacterial species belonging mainly to
Enterobacteriaceae, with Enterobacter, Providencia, Serratia, and
Staphylococcus being the most abundant genera (Kuzina et al,
2001). More recently a study in four Anastrepha species,
namely A. ludens, A. obliqua, A. serpetina, and A. striata, using
454 pyrosequencing and samples collected from the nature,
provided further insight in the symbiotic communities of this
genus (Ventura et al, 2018). Four phyla were identified, with
Proteobacteria being the dominant phylum. A total of 27
bacterial genera were identified, with Citrobacter, Enterobacter,
Escherichia, Klebsiella, and Raoultella, being the most abundant.

Our data are in line with previous studies, at least regarding the
“key” players, which seem to be mainly few genera belonging
mainly to Gammaproteobacteria.

Besides these, the structure of the gut symbiotic communities
has been addressed in few other Bactrocera species (Wang
et al,, 2011; Prabhakar et al.,, 2013; Khan et al., 2014; Pramanik
et al,, 2014; Reddy et al., 2014; Wang A. et al., 2014; Wang H.
et al, 2014; Andongma et al, 2015; Deutscher et al., 2017,
2018), suggesting that few genera are present in their gut
symbiotic communities.

Factors Shaping the Symbiotic Profile of

Domesticated Populations

If phylogenetic distances of the species are responsible (to
a certain extent) for the observed differences, one major
clustering should be the one of Anastrephas against samples
from the olive fruit fly, since they belong to different
tephritid genera. Moreover, they have a completely different
geographic distribution (Anastrepha species derive from Latin
America, while the olive fruit fly derives from Europe). On
a second level, after the removal of olive fruit fly from the
analysis, A. grandis should cluster apart from the remaining
Anastrephas, since this species belongs to a different intrageneric
group, while both A. fraterculus and A. ludens belong to
the A. fraterculus intrageneric group. Although our data are
in line with this scenario, interpretation of these results is
not easy and straightforward, since different factors highly
overlap with each other (for example, phylogenetic differences
overlap with different rearing practices). Olive fruit fly that
had the most divergent symbiotic community is indeed the
most distant phylogenetically and its rearing protocol is again
different from all others. Finally, we must keep in mind
that olive fruit fly is the only one of these species that is
considered as strictly monophagous at the larval stage, while
all others are polyphagous (with A. grandis having preference
for cucurbitaceous fruits), which may influence the “build-up”
of preferential symbiotic relationships in nature and through
this, the original symbiotic “load” that was transferred in the
laboratory and the potentially any novel symbiotic relationships
established thereafter. The same applies for the remaining
samples after the removal of the olive fruit fly from the
analysis. A. grandis, which is phylogenetically distant from
the other three Anastrepha colonies, also had a differentiated
symbiotic community profile. However, larval stage diet of this
species is still semi-artificial, differing from the other Anastrepha
populations. Finally, the other three laboratory populations
share phylogenetic proximity, long established adaptation, and
common rearing practices.

Our analysis showed that developmental stage and age are
important factors shaping symbiotic communities. Larvae and
1-day old adults have a different profile from older flies (5-
10 and 15-20 days old). This has been previously shown in
other studies dealing with the changes of symbiotic communities
during development and/or age in the medfly (Ben Ami et al,
2010; Hamden et al., 2013; Augustinos et al., 2015; Malacrino
etal,, 2018). On the other hand, our data do not support a possible

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 2004


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Augustinos et al.

Gut-Associated Bacterial Communities in Tephritids

A Soeke

Vae

B Color Key

00z o8 1
Valuo

FEEE
Sazly
F28%

por)
e
prréon
Sos
| 8oL Misa
s 00883 523038 ¢ g oo
g 2 = B s ¥ 5 2 g 3 &
g2 H s § ¢ &
5 2
]
I I

z

Providencia I

8 ] o)
) 3 S
§ 8 3
2 ° s
o 1] 5]
= € <

w <2

FIGURE 4 | Continued

FIGURE 4 | Heat maps showing the RA of the different OTUs, at genus level.
(A) OTUs with a RA >1% (B) the thirteen most relative abundant OTUs (C)
the four most relative abundant OTUs. Af1, A. fraterculus sp. 1; AfA,

A. fraterculus (Andean lineage); Agr, A. grandis; Alu, A. ludens; Bol, B. oleae;
L, larvae; M, males; F, females; 1D, 1-day old, unfed; 5D, 5-10-days old; 15D,
156-20-days old; G, gut.

effect of the sex on gut symbionts, and there is still lack of studies
addressing this factor in tephritids.

Laboratory vs. Natural Populations -
Who to Trust?

Laboratory populations have certain limitations regarding the
deduction of generalized conclusions. High selective pressure,
bottleneck effects, genetic drift and inbreeding are known to
affect the genetic structure of population in the laboratory,
mainly through reducing diversity. Although not tested directly
yet, this could be the case for the symbiotic communities as
well. Moreover, the limited “resources” for acquiring bacteria
and the specific rearing practices (both in larvae and adult
diet but also in oviposition) can lead to a laboratory symbiotic
community much different than the one of the wild populations.
Preferential adaptation of specific members of the symbiotic
community, abundance of specific taxa in the restricted diet and
redundancy of previously important symbionts in these new,
stringent conditions could also lead to significant changes in the
symbiotic status. An extreme example, also pointed out in this
study (and previous ones), is the relationship of the olive fruit fly
with Candidatus E. dacicola. All studies up to now suggest that
this bacterium is necessary in natural populations or laboratory
populations reared on olive fruits but becomes “unnecessary” in
a totally artificial diet and gradually disappears (Capuzzo, 2005;
Kounatidis et al., 2009; Estes et al., 2012a; Ben-Yosef et al., 2014;
Koskinioti et al., 2019).

On the other hand, data collected from flies in nature could
be considered as a “snapshot” of the symbiotic community, and
we cannot be sure whether they correctly represent the “core”
symbiotic needs of the different species. The random acquisition
of bacteria from the different hosts, even if they are not essential,
can also compromise the final conclusions. Colonized material
enables organizing exact collections schemes, generating the
replicates necessary for robust conclusions and allows “revisiting”
in the future. Unfortunately, such experiments cannot be easily
performed on natural populations. A combination of different
approaches, starting from well characterized “wild” material and
follow up for many generations in the laboratory will provide a
more complete picture of the changes occurring in the symbiotic
communities during laboratory domestication.

Comparing Apples and Oranges: How to
Correlate With Previous Findings?

As discussed above, there are several studies addressing the
structure of gut symbiotic communities in different tephritids.
However, a direct comparison is very difficult to be done, since
there are many methodological differences among them, as
explained in the Introduction. Apart from those, there are other
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factors that make comparison even more difficult. The first is the
material being used: there are studies using material derived from
the wild, others are using populations colonized in semi-artificial
conditions and others, like ours, are using laboratory populations
adapted in totally and semi-artificial rearing. A second factor
that should be considered is the samples used for these studies.
Samples can be larvae, pupae, emerging flies or flies of specific age
and specific sex. In cases where adult flies were collected directly
from the field, age could not be accurately specified. Our data are
in line and, to some extent, directly verify some of the previous
reported findings for laboratory populations. More specifically,
our analysis shows that: (a) members of the Enterobacteriaceae
are dominating the gut symbiotic communities of the studied
colonies, (b) only few key players are present, (c) although of
relatively low diversity, gut symbiotic communities are dynamic,
since we observed clear changes in the RA of the different
bacterial genera, evident mainly after young flies start to feed
and, (d) the profile of these communities and the profile of their
change through time can be influenced by a variety of parameters,
such as insect host (species, its geographic origin, host plant,
etc.) and rearing practices (both diet and oviposition substrates).
However, other suspected parameters, such as sex were not found
important in our study.

CONCLUSION

The present study clearly indicates that insect species, including
those which are under artificial or semi-artificial laboratory
rearing conditions, can establish in their gut sophisticated
symbiotic associations with diverse bacterial species. Most of the
gut-associated bacterial species in all five-insect species studied
were members of Enterobacteriaceae. The overall bacterial
diversity observed in our samples was low when compared
to the diversity observed in natural populations. Taxonomy,
diet, and developmental stage were found to be key factors
influencing the structure of the symbiotic communities. The role
of rearing conditions, the degree of laboratory adaptation, and
the original microbiome of the wild populations at the moment of
colonization may also be critical. These potential factors deserve
additional investigation to assess the potential improvement in

REFERENCES

Aharon, Y., Pasternak, Z., Ben Yosef, M., Behar, A, Lauzon, C., Yuval,
B., et al. (2012). Phylogenetic, metabolic, and taxonomic diversities shape
Mediterranean fruit fly microbiotas during ontogeny. Appl. Environ. Microbiol.
79, 303-313. doi: 10.1128/AEM.02761-12

Ahmad, S., ul Haq, I, Rempoulakis, P., Orozco, D., Jessup, A., Caceres, C,,
et al. (2016). Artificial rearing of the olive fruit fly Bactrocera oleae (Rossi)
(Diptera: Tephritidae) for use in the sterile insect technique: improvements of
the egg collection system. Int. J. Ind. Entomol. 33, 15-23. doi: 10.7852/IJIE.2016.
33.1.15

Akami, M., Andongma, A. A., Zhengzhong, C., Nan, J., Khaeso, K., Jurkevitch, E.,
et al. (2019). Intestinal bacteria modulate the foraging behavior of the oriental
fruit fly Bactrocera dorsalis (Diptera: Tephritidae). PLoS One 14:€0210109. doi:
10.1371/journal.pone.0210109

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 26, 32-46. doi: 10.1046/j.1442-9993.2001.01070.x

a cost-effective manner the rearing efficiency and the biological
quality of mass reared insect species, which may be the target of
AW-IPM strategies with a SIT component.

DATA AVAILABILITY

The datasets generated for this study can be found in
NCBI, PRJNA525967.

AUTHOR CONTRIBUTIONS

AA designed and performed the experiments, analyzed the data,
and drafted part of the manuscript. GT analyzed the data and
drafted part of the manuscript. CC interpreted the data and
critically revised the manuscript. AMA designed the experiments,
interpreted the data, and critically revised the manuscript. KB
conceived and designed the experiments, interpreted the data,
and drafted part of the manuscript. All authors approved the
final version of the manuscript and agreed to be accountable for
all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved.

FUNDING

This study was partially supported by the International Atomic
Energy Agency research contact number 17011 as part of the
Coordinated Research Project “Use of Symbiotic Bacteria to
Reduce Mass-Rearing Costs and Increase Mating Success in
Selected Fruit Pests in Support of SIT Application” and by
intramural funds of the University of Patras to GT.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02004/full#supplementary- material

Anderson, M. J., and Willis, T. J. (2003). Canonical analysis of principal
coordinates: a useful method of constrained ordination for ecology. Ecology 84,
511-525. doi: 10.1890/0012-9658(2003)084%5B0511:caopca%5D2.0.co;2

Andongma, A. A, Wan, L., Dong, Y.-C,, Li, P, Desneux, N., White, J. A, et al.
(2015). Pyrosequencing reveals a shift in symbiotic bacteria populations across
life stages of Bactrocera dorsalis. Sci. Rep. 5:9470. doi: 10.1038/srep09470

Augustinos, A. A., Kyritsis, G. A., Papadopoulos, N. T., Abd-Alla, A. M. M.,
Céceres, C., and Bourtzis, K. (2015). Exploitation of the medfly gut microbiota
for the enhancement of sterile insect technique: use of Enterobacter sp. in larval
diet-based probiotic applications. PLoS One 10:0136459. doi: 10.1371/journal.
pone.0136459

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

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

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 2004


https://www.frontiersin.org/articles/10.3389/fmicb.2019.02004/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02004/full#supplementary-material
https://doi.org/10.1128/AEM.02761-12
https://doi.org/10.7852/IJIE.2016.33.1.15
https://doi.org/10.7852/IJIE.2016.33.1.15
https://doi.org/10.1371/journal.pone.0210109
https://doi.org/10.1371/journal.pone.0210109
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://doi.org/10.1890/0012-9658(2003)084%5B0511:caopca%5D2.0.co;2
https://doi.org/10.1038/srep09470
https://doi.org/10.1371/journal.pone.0136459
https://doi.org/10.1371/journal.pone.0136459
https://doi.org/10.1111/j.1365-294X.2005.02615.x
https://doi.org/10.1016/j.jinsphys.2008.07.011
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Augustinos et al.

Gut-Associated Bacterial Communities in Tephritids

Ben Ami, E., Yuval, B., and Jurkevitch, E. (2010). Manipulation of the microbiota of
mass-reared Mediterranean fruit flies Ceratitis capitata (Diptera: Tephritidae)
improves sterile male sexual performance. ISME J. 4, 28-37. doi: 10.1038/isme;.
2009.82

Ben-Yosef, M., Behar, A., Jurkevitch, E., and Yuval, B. (2008). Bacteria-diet
interactions affect longevity in the medfly - Ceratitis capitata. J. Appl. Entomol.
132, 690-694. doi: 10.1111/j.1439-0418.2008.01330.x

Ben-Yosef, M., Pasternak, Z., Jurkevitch, E., and Yuval, B. (2014). Symbiotic
bacteria enable olive flies (Bactrocera oleae) to exploit intractable sources of
nitrogen. J. Evol. Biol. 27, 2695-2705. doi: 10.1111/jeb.12527

Bourtzis, K., and Miller, T. (eds) (2003). Insect Symbiosis. Boca Raton, FL: CRC
Press.

Bourtzis, K., and Miller, T. (eds) (2006). Insect Symbiosis 2. Boca Raton, FL: CRC
Press.

Bourtzis, K., and Miller, T. (eds) (2009). Insect Symbiosis 3. Boca Raton, FL: CRC
Press.

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.
£303

Capuzzo, C. (2005). “Candidatus Erwinia dacicola”, a coevolved symbiotic
bacterium of the olive fly Bactrocera oleae (Gmelin). Int. ]. Syst. Evol. Microbiol.
55, 1641-1647. doi: 10.1099/ijs.0.63653-0

Crotti, E., Rizzi, A., Chouaia, B., Ricci, 1., Favia, G., Alma, A., et al. (2010). Acetic
acid bacteria, newly emerging symbionts of insects. Appl. Environ. Microbiol.
76, 6963-6970. doi: 10.1128/AEM.01336-10

Deutscher, A. T., Burke, C. M., Darling, A. E., Riegler, M., Reynolds, O. L.,
and Chapman, T. A. (2018). Near full-length 16S rRNA gene next-generation
sequencing revealed Asaia as a common midgut bacterium of wild and
domesticated Queensland fruit fly larvae. Microbiome 6:85. doi: 10.1186/
540168-018-0463-y

Deutscher, A. T., Reynolds, O. L., and Chapman, T. A. (2017). Yeast: an overlooked
component of Bactrocera tryoni (Diptera: Tephritidae) larval gut microbiota.
J. Econ. Entomol. 110, 298-300. doi: 10.1093/jee/tow262

Douglas, A. E. (2009). The microbial dimension in insect nutritional ecology.
Funct. Ecol. 23, 38-47. doi: 10.1111/j.1365-2435.2008.01442.x

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

Dyck, V. A., Hendrichs, J. P., and Robinson, A. S. (eds) (2005). Sterile Insect
Technique: Principles and Practice in Area-Wide Integrated Pest Management.
Dordrecht: Springer.

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Engel, P., and Moran, N. A. (2013). The gut microbiota of insects - diversity in
structure and function. FEMS Microbiol. Rev. 37, 699-735. doi: 10.1111/1574-
6976.12025

Eskafi, F. M. (1988). Infestation of Citrus by Anastrepha spp. and Ceratitis capitata
(Diptera: Tephritidae) in high coastal plains of guatemala. Environ. Entomol.
17, 52-58. doi: 10.1093/ee/17.1.52

Estes, A. M., Hearn, D. J., Burrack, H. J., Rempoulakis, P., and Pierson, E. A.
(2012a). Prevalence of Candidatus Erwinia dacicola in wild and laboratory olive
fruit fly populations and across developmental stages. Environ. Entomol. 41,
265-274. doi: 10.1603/EN11245

Estes, A. M., Nestel, D., Belcari, A. Jessup, A., Rempoulakis, P., and
Economopoulos, A. P. (2012b). A basis for the renewal of sterile insect
technique for the olive fly, Bactrocera oleae (Rossi). J. Appl. Entomol. 136, 1-16.
doi: 10.1111/j.1439-0418.2011.01620.x

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

Gujjar, N. R,, Govindan, S., Verghese, A., Subramaniam, S., and More, R. (2017).
Diversity of the cultivable gut bacterial communities associated with the
fruit flies Bactrocera dorsalis and Bactrocera cucurbitae (Diptera: Tephritidae).
Phytoparasitica 45, 453-460. doi: 10.1007/s12600-017-0604-z

Hadapad, A. B., Prabhakar, C. S., Chandekar, S. C., Tripathi, J., and Hire,
R. S. (2015). Diversity of bacterial communities in the midgut of Bactrocera

cucurbitae (Diptera: Tephritidae) populations and their potential use as
attractants. Pest Manag. Sci. 72, 1222-1230. doi: 10.1002/ps.4102

Hallman, G. J., Maset, B. A., Martinez, E. I. C., Céceres Barrios, C. E., Vreysen,
M. J. B,, Myers, S. W,, et al. (2017). Phytosanitary cold treatment against
Anastrepha grandis (Diptera: Tephritidae). Fla. Entomol. 100, 29-31. doi: 10.
1653/024.100.0106

Hamden, H., Guerfali, M. M., Fadhl, S., Saidi, M., and Chevrier, C. (2013). Fitness
improvement of mass-reared sterile males of Ceratitis capitata (Vienna 8 strain)
(Diptera: Tephritidae) after gut enrichment with probiotics. J. Econ. Entomol.
106, 641-647. doi: 10.1603/EC12362

Hernadndez-Ortiz, V., Canal, N. A, Salas, J. O. T., Ruiz-Hurtado, F. M., and Dzul-
Cauich, J. F. (2015). Taxonomy and phenotypic relationships of the Anastrepha
fraterculus complex in the Mesoamerican and Pacific Neotropical dominions
(Diptera, Tephritidae). ZooKeys 2015, 95-124. doi: 10.3897/zookeys.540.6027

Joshi, N. A., and Fass, J. N. (2011). Sickle: A Sliding-Window, Adaptive, Quality-
Based Trimming Tool for FastQ files (Version 1.33).

Khan, M., Mahin, A. A., Pramanik, M. K., and Akter, H. (2014). Identification
of gut bacterial community and their effect on the fecundity of pumpkin fly,
Bactrocera tau (Walker). J. Entomol. 11, 68-77. doi: 10.3923/je.2014.68.77

Koskinioti, P., Ras, E., Augustinos, A. A., Tsiamis, G., Beukeboom, L. W., Caceres,
C., et al. (2019). The effects of geographic origin and antibiotic treatment on
the gut symbiotic communities of Bactrocera oleae populations. Entomol. Exp.
Appl. 167, 197-208. doi: 10.1111/eea.12764

Kounatidis, I., Crotti, E., Sapountzis, P., Sacchi, L., Rizzi, A., Chouaia, B,
et al. (2009). Acetobacter tropicalis is a major symbiont of the olive fruit fly
(Bactrocera oleae). Appl. Environ. Microbiol. 75, 3281-3288. doi: 10.1128/ AEM.
02933-8

Kounatidis, I., Papadopoulos, N., Bourtzis, K., and Mavragani-Tsipidou, P. (2008).
Genetic and cytogenetic analysis of the fruit fly Rhagoletis cerasi (Diptera:
Tephritidae). Genome 51, 479-491. doi: 10.1139/G08-032

Kuzina, L. V. L. V. V., Peloquin, J. J. J. ], Vacek, D. C. D. C., and Miller, T. A. T. A.
(2001). Isolation and identification of bacteria associated with adult laboratory
Mexican fruit flies, Anastrepha ludens (Diptera: Tephritidae). Curr. Microbiol.
42, 290-294. doi: 10.1007/s002840010219

Kyritsis, G. A., Augustinos, A. A., Céceres, C., and Bourtzis, K. (2017). 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. doi: 10.3389/fmicb.2017.02064

Lauzon, C. R, McCombs, S. D., Potter, S. E., and Peabody, N. C. (2009).
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. doi: 10.1603/008.
102.0109

Malacrino, A., Campolo, O., Medina, R. F., and Palmeri, V. (2018). Instar- and
host-associated differentiation of bacterial communities in the Mediterranean
fruit fly Ceratitis capitata. PLoS One 13:e0194131. doi: 10.1371/journal.pone.
0194131

Marchini, D., Rosetto, M., Dallai, R., and Marri, L. (2002). Bacteria associated
with the oesophageal bulb of the medfly Ceratitis capitata (Diptera:Tephritidae).
Curr. Microbiol. 44, 120-124. doi: 10.1007/s00284-001-0061-1

Minard, G., Mavingui, P., and Moro, C. V. (2013). Diversity and function of
bacterial microbiota in the mosquito holobiont. Parasit. Vectors 6:146. doi:
10.1186/1756-3305-6-146

Morrow, J. L., Frommer, M., Shearman, D. C. A., and Riegler, M. (2015). The
microbiome of field-caught and laboratory-adapted Australian Tephritid fruit
fly species with different host plant use and specialisation. Microbial. Ecol. 70,
1-11. doi: 10.1007/s00248-015-0571-1

Nikolenko, S. I, Korobeynikov, A. I., and Alekseyev, M. A. (2013). BayesHammer:
bayesian clustering for error correction in single-cell sequencing. BMC
Genomics 14:S7. doi: 10.1186/1471-2164-14-S1-S7

Niyazi, N., Lauzon, C. R., and Shelly, T. E. (2004). Effect of probiotic adult
diets on fitness components of sterile male Mediterranean fruit flies (Diptera:
Tephritidae) under laboratory and field cage conditions. J. Econ. Entomol. 97,
1570-1580. doi: 10.1603/0022-0493-97.5.1570

Norrbom, A. L. (2004). Updates to biosystematic database of world diptera for
tephritidae through 1999. Diptera Data Dissemination Disk. (CD-ROM), 2

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 2004


https://doi.org/10.1038/ismej.2009.82
https://doi.org/10.1038/ismej.2009.82
https://doi.org/10.1111/j.1439-0418.2008.01330.x
https://doi.org/10.1111/jeb.12527
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1099/ijs.0.63653-0
https://doi.org/10.1128/AEM.01336-10
https://doi.org/10.1186/s40168-018-0463-y
https://doi.org/10.1186/s40168-018-0463-y
https://doi.org/10.1093/jee/tow262
https://doi.org/10.1111/j.1365-2435.2008.01442.x
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1146/annurev-ento-010814-020822
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1093/ee/17.1.52
https://doi.org/10.1603/EN11245
https://doi.org/10.1111/j.1439-0418.2011.01620.x
https://doi.org/10.1111/j.1439-0418.2010.01605.x
https://doi.org/10.1007/s12600-017-0604-z
https://doi.org/10.1002/ps.4102
https://doi.org/10.1653/024.100.0106
https://doi.org/10.1653/024.100.0106
https://doi.org/10.1603/EC12362
https://doi.org/10.3897/zookeys.540.6027
https://doi.org/10.3923/je.2014.68.77
https://doi.org/10.1111/eea.12764
https://doi.org/10.1128/AEM.02933-8
https://doi.org/10.1128/AEM.02933-8
https://doi.org/10.1139/G08-032
https://doi.org/10.1007/s002840010219
https://doi.org/10.3389/fmicb.2017.02064
https://doi.org/10.1603/008.102.0109
https://doi.org/10.1603/008.102.0109
https://doi.org/10.1371/journal.pone.0194131
https://doi.org/10.1371/journal.pone.0194131
https://doi.org/10.1007/s00284-001-0061-1
https://doi.org/10.1186/1756-3305-6-146
https://doi.org/10.1186/1756-3305-6-146
https://doi.org/10.1007/s00248-015-0571-1
https://doi.org/10.1186/1471-2164-14-S1-S7
https://doi.org/10.1603/0022-0493-97.5.1570
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Augustinos et al.

Gut-Associated Bacterial Communities in Tephritids

Prabhakar, C. S., Sood, P., Kanwar, S. S., Sharma, P. N., Kumar, A., and Mehta,
P. K. (2013). Isolation and characterization of gut bacteria of fruit fly,
Bactrocera tau (Walker). Phytoparasitica 41, 193-201. doi: 10.1007/s12600-012-
0278-5

Pramanik, K., Mahin, A.-A., Khan, M., and Miah, A. B. (2014). Isolation and
identification of mid-gut bacterial community of Bactrocera dorsalis (Hendel)
(Diptera: Tephritidae). Res. J. Microbiol. 9, 278-286. doi: 10.3923/jm.2014.278.
286

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Reddy, K., Sharma, K., and Singh, S. (2014). Attractancy potential of culturable
bacteria from the gut of peach fruit fly, Bactrocera zonata (Saunders).
Phytoparasitica 42, 691-698. doi: 10.1007/s12600-014-0410-9

Rempoulakis, P., Sela, S., Nemny-Lavy, E., Pinto, R., Birke, A., and Nestel, D.
(2018). Microbial composition affects the performance of an artificial Tephritid
larval diet. Bull. Entomol. Res. 108, 434-441. doi: 10.1017/S00074853170
00943

Rinke, C., Schwientek, P., Sczyrba, A., Ivanova, N. N., Anderson, I. J., Cheng, J.-F.,
etal. (2013). Insights into the phylogeny and coding potential of microbial dark
matter. Nature 499, 431-437. doi: 10.1038/nature12352

Sacchetti, P., Ghiardi, B., Granchietti, A., Stefanini, F. M. M., and Belcari, A. (2014).
Development of probiotic diets for the olive fly: evaluation of their effects on fly
longevity and fecundity. Ann. Appl. Biol. 164, 138-150. doi: 10.1111/aab.12088

Sacchetti, P., Granchietti, A., Landini, S., Viti, C., Giovannetti, L., and Belcari, A.
(2008). Relationships between the olive fly and bacteria. J. Appl. Entomol. 132,
682-689. doi: 10.1111/§.1439-0418.2008.01334.x

Savio, C., Mazzon, L., Martinez-Sanudo, I, Simonato, M., Squartini, A., and
Girolami, V. (2012). Evidence of two lineages of the symbiont ‘Candidatus
Erwinia dacicold’ in Italian populations of Bactrocera oleae (Rossi) based on 16S
rRNA gene sequences. Int. J. Syst. Evol. Microbiol. 62, 179-187. doi: 10.1099/ijs.
0.030668-0

Thaochan, N., Sittichaya, W., Sausa-ard, W., and Chinajariyawong, A. (2013).
Incidence of Enterobacteriaceae in the larvae of the Polyphagous Insect
Bactrocera papayae Drew & Hancock (Diptera: Tephritidae) infesting different
host fruits. Philipp. Agric. Sci. 96, 384-391.

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

Vera, M. T., Ciceres, C., Wornoayporn, V., Islam, A., Robinson, A. S., De La
Vega, M. H,, et al. (2006). Mating incompatibility among populations of the

south American fruit fly Anastrepha fraterculus (Diptera: Tephritidae). Ann.
Entomol. Soc. Am. 99, 387-397. doi: 10.1603/0013-8746(2006)099%5B0387:
miapot%5D2.0.co;2

Virgilio, M., De Meyer, M., White, I. M., and Backeljau, T. (2009). African
Dacus (Diptera: Tephritidae: molecular data and host plant associations do
not corroborate morphology based classifications. Mol. Phylogenet. Evol. 51,
531-539. doi: 10.1016/j.ympev.2009.01.003

Virgilio, M., White, L., and De Meyer, M. (2014). A set of multi-entry identification
keys to African frugivorous flies (Diptera, Tephritidae). ZooKeys 428, 97-108.
doi: 10.3897/zookeys.428.7366

Wang, A., Yao, Z., Zheng, W., and Zhang, H. (2014). Bacterial communities in
the gut and reproductive organs of Bactrocera minax (Diptera: Tephritidae)
based on 454 pyrosequencing. PLoS One 9:e106988. doi: 10.1371/journal.pone.
0106988

Wang, H., Jin, L., Peng, T., Zhang, H., Chen, Q., and Hua, Y. (2014). Identification
of cultivable bacteria in the intestinal tract of Bactrocera dorsalis from three
different populations and determination of their attractive potential. Pest
Manag. Sci. 70, 80-87. doi: 10.1002/ps.3528

Wang, H,, Jin, L., and Zhang, H. (2011). Comparison of the diversity of the bacterial
communities in the intestinal tract of adult Bactrocera dorsalis from three
different populations. J. Appl. Microbiol. 110, 1390-1401. doi: 10.1111/j.1365-
2672.2011.05001.x

White, I. M., and Elson-Harris, M. M. (1992). Fruit Flies of Economic Significance:
Their Identification and Bionomics. Wallingford: CAB International.

Yong, H. S., Song, S. L., Chua, K. O., and Lim, P. E. (2017). Microbiota associated
with Bactrocera carambolae and B. dorsalis (Insecta: Tephritidae) revealed by
next-generation sequencing of 16S rRNA gene. Meta Gene 11, 189-196. doi:
10.1016/j.mgene.2016.10.009

Zchori-Fein, E., and Bourtzis, K. (eds) (2011). Manipulative Tenants: Bacteria
Associated with Arthropods. Boca Raton, FL: CRC Press.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Augustinos, Tsiamis, Cdceres, Abd-Alla and Bourtzis. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

19

August 2019 | Volume 10 | Article 2004


https://doi.org/10.1007/s12600-012-0278-5
https://doi.org/10.1007/s12600-012-0278-5
https://doi.org/10.3923/jm.2014.278.286
https://doi.org/10.3923/jm.2014.278.286
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1007/s12600-014-0410-9
https://doi.org/10.1017/S0007485317000943
https://doi.org/10.1017/S0007485317000943
https://doi.org/10.1038/nature12352
https://doi.org/10.1111/aab.12088
https://doi.org/10.1111/j.1439-0418.2008.01334.x
https://doi.org/10.1099/ijs.0.030668-0
https://doi.org/10.1099/ijs.0.030668-0
https://doi.org/10.1007/s00284-018-1473-5
https://doi.org/10.1603/0013-8746(2006)099%5B0387:miapot%5D2.0.co;2
https://doi.org/10.1603/0013-8746(2006)099%5B0387:miapot%5D2.0.co;2
https://doi.org/10.1016/j.ympev.2009.01.003
https://doi.org/10.3897/zookeys.428.7366
https://doi.org/10.1371/journal.pone.0106988
https://doi.org/10.1371/journal.pone.0106988
https://doi.org/10.1002/ps.3528
https://doi.org/10.1111/j.1365-2672.2011.05001.x
https://doi.org/10.1111/j.1365-2672.2011.05001.x
https://doi.org/10.1016/j.mgene.2016.10.009
https://doi.org/10.1016/j.mgene.2016.10.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 13 December 2019
doi: 10.3389/fmicb.2019.02833

OPEN ACCESS

Edited by:
Brian Weiss,
Yale University, United States

Reviewed by:

Polychronis Rempoulakis,
NSW Government, Australia
Panagiota Stathopoulou,
University of Patras, Greece

*Correspondence:
Maarten De Cock
maarten_de_cock@hotmail.com

Specialty section:

This article was submitted to
Systems Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 18 March 2019
Accepted: 22 November 2019
Published: 13 December 2019

Citation:

De Cock M, Virgilio M,

Vandamme B, Augustinos A,
Bourtzis K, Willems A and

De Meyer M (2019) Impact of Sample
Preservation and Manipulation on
Insect Gut Microbiome Profiling.

A Test Case With Fruit Flies (Diptera,
Tephritidae).

Front. Microbiol. 10:2833.

doi: 10.3389/fmicb.2019.02833

Check for
updates

Impact of Sample Preservation and
Manipulation on Insect Gut
Microbiome Profiling. A Test Case
With Fruit Flies (Diptera, Tephritidae)

Maarten De Cock?2*, Massimiliano Virgilio?, Peter Vandamme?, Antonios Augustinos?,
Kostas Bourtzis*, Anne Willems? and Marc De Meyer’

" Department of Biology and Joint Experimental Molecular Unit, Royal Museum for Central Africa, Tervuren, Belgium,

2 Laboratory of Microbiology, Faculty of Sciences, Ghent University, Ghent, Belgium, ° Department of Plant Protection,
Institute of Industrial and Forage Crops, Hellenic Agricultural Organization — Demeter, Patras, Greece, * Insect Pest Control
Laboratory, Joint FAO/IAEA Programme of Nuclear Techniques in Food and Agriculture, Vienna, Austria

High-throughput sequencing (HTS) techniques are of great value for the investigation of
microbial communities, and have been extensively used to study the gut microbiome.
While most studies focus on the human gut, many others have investigated insects.
However, because of the rapid spread of HTS techniques, a lot of variation exists in
the protocols for sample preparation. In the present study, we investigated the impact
of two widely adopted sample-processing procedures preceding library preparation,
i.e., preservation of insect tissue in 70% ethanol (EtOH) and sample dissection. We
used the fruit fly Ceratitis capitata (Diptera: Tephritidae) as a model organism and set up
two experiments, one comparing the effects of sample manipulation and preservation
across life stages and the other across fruit samples from different sources. The results
of this study showed no major effects of dissection on the outcome of HTS. However,
EtOH preservation did have effects on the recovered gut microbiome, the main effect
being a significant reduction of the dominant genus, Providencia, in EtOH-preserved
samples. Less abundant bacterial groups were also affected resulting in altered microbial
profiles obtained from samples preserved in 70% EtOH. These results have important
implications for the planning of future studies and when comparing studies that used
different sample preparation protocols.

Keywords: amplicon sequencing, gut microbiome, methodology, Tephritidae, Ceratitis capitata

INTRODUCTION

Microbial communities are an integral part of the functioning and survival of all ecosystems and all
living organisms (Holguin et al., 2001; Rosenberg et al., 2007; Zilber-Rosenberg and Rosenberg,
2008). In recent decades, the emergence of high-throughput sequencing (HTS) techniques has
revolutionized the study of these communities (Metzker, 2010; Morey et al., 2013). These methods
allow large amounts of information about microbiological communities to be collected in a
relatively short time, without the need of specialized microbiological techniques. However, the fast
emergence of this technique led to a large diversity of protocols applied.
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Using HTS techniques, increasing amounts of information
have been collected describing the gut microbiome and its
potential benefits to the host fitness. While a lot of this research
has been focused on the human gut microbiome (NIH HMP
Working Group et al., 2009; Kinross et al., 2011), several studies
have addressed other organisms, including insects (Dillon and
Dillon, 2004; Alma, 2008; Engel and Moran, 2013; Raymann
and Moran, 2018). These studies have linked microbiological
activity to improved digestion of indigestible components,
including toxins, increased reproductive output, and many
other factors benefiting the host. However, recent studies have
indicated potential large effects of different sample preparation
protocols in the study of microbiological communities (Hale
et al., 2015; Hammer et al., 2015; Song et al., 2016). In fecal
samples, one of the most crucial aspect emerging from these
studies is preservation, as multiple studies have reported large
effects of different preservation protocols on the microbiological
community (VIckova et al., 2012; Hale et al., 2015; Song et al.,
2016). Therefore, the use of a strictly standardized protocol for
sample processing is of utmost importance.

Tephritid fruit flies (Diptera: Tephritidae) are well-known
pests in agricultural- and horticultural crops. Worldwide there
are more than 4600 species of fruit flies (White and Elson-
Harris, 1992; Uchoa, 2014), of which a large part utilizes fruits
for larval development, as suggested by their name. This causes
enormous losses, both directly, by damaging the fruit tissue, and
indirectly, by accelerating the rotting process and infestation by
other insects, fungi, and bacteria. Because of this, infestations by
fruit flies can have huge economic impacts on the agricultural
sector. The Mediterranean fruit fly (Medfly), Ceratitis capitata, is
one of the most wide spread and notorious fruit fly species (De
Meyer et al., 2008; Dominiak and Daniels, 2012). While native to
sub-Saharan Africa, it has spread throughout the Mediterranean
region, Latin-America, and Western Australia, with occasional
records from North-America (De Meyer et al, 2008). One
of the main reasons behind this widespread occurrence is its
highly polyphagous nature, enabling it to exploit a wide variety
of plant species. The host species can thus vary depending
on the available plant species in a particular region or time.
Currently, C. capitata infestations have been found in more than
260 plant species. Many of these host species are agricultural
crops, and therefore the control of these species is of uttermost
importance. The gut microbiome of tephritid fruit flies has
increasingly been studied in the recent years, revealing the
presence and role of many microorganisms. Examples include
bacteria helping to overcome pesticides (Cheng et al., 2017) and
host defenses (Ben-yosef et al., 2015) or generally increasing
longevity of fruit flies (Behar et al., 2008b). Nevertheless, the
overall knowledge of the fruit fly microbiome is still very
fragmented and lacking in many areas.

In the study of the insect gut microbiome variation in the
preparation protocol has only been studied to a limited extent.
Although, as for fecal samples, we can suspect effects of the
choice of preparation protocol in this kind of samples, empirical
evidence for this is still lacking. In the present study, we set out to
analyze two aspects of sample processing for HT'S study of the gut
microbiome of insects, using C. capitata (Diptera: Tephritidae)

as a model organism. The first aspect of the sample processing
protocol that was analyzed is the effect of dissection of the gut
from the insect body. The removal of the gut (or other insect
organs) is a well-established part of the protocol of many gut
microbiome studies (Husseneder and Grace, 2005; Ami et al.,
2010; Gavriel et al., 2011; Colman et al, 2012; Augustinos
et al., 2015; Clarke, 2016; Zhang et al., 2016). However, since
dissecting the gut from bodies of tiny insects, such as fruit flies,
is challenging and time consuming, this step is often omitted
from the sample preparation protocol (Wong et al., 2011; Ceja-
Navarro et al., 2015; Garofalo et al., 2017). Although dissection
might have a large impact on the gut microbiome assemblage
recovered, to our knowledge, no studies have previously assessed
this effect. Our hypothesis is that dissection in fruit flies, and in
particular larvae, has no significant effect on the gut microbiome
profiles recovered through HTS and can therefore be omitted
from the protocol. The second aspect that was studied is the
effect of storing individual insects in 70% ethanol (EtOH). As
EtOH is a product that is easily acquired and transported,
it is ideal for the collection and storage of fruit flies, even
in countries where fast cooling is less evident. Additionally,
preserving insects in 70% EtOH has the benefit of keeping insects
flexible enough to make manipulations, such as removal of the
gut, feasible, while this is not actually possible with specimens
preserved in 100% EtOH, which become more fragile and tend
to break during dissection. In fecal samples, 70% EtOH has
been reported to have some effect on the microbiome recovered
and its use is advised against (VIckova et al., 2012; Hale et al,,
2015; Song et al., 2016). Therefore, identifying and quantifying
how EtOH preservation affects the gut microbiome in insect
bodies should provide valuable information. Our hypothesis is
that preserving insect samples in 70% EtOH for long periods
will have no major effects on the gut microbiota and major
patterns in microbiome composition will still emerge even
after preservation.

Like many insects, tephritid fruit flies go through a significant
metamorphosis during their development to adults. It has been
shown in previous studies that this metamorphosis in insects,
including tephritid fruit flies, can have major effects on the gut
microbiome (Morales-Jiménez et al., 2012; Aharon et al., 2013;
Andongma et al., 2015). Additionally, recent studies have shown
that there are major differences in the gut microbiome between
different populations within the same fruit fly species (Wang
et al,, 2011, 2014). In the present study, we aim at verifying if
widely adopted insect preservation and manipulation procedures
might significantly bias the HTS profiling of their gut microbial
communities. This will provide important baseline information
to interpret and compare data from different studies.

MATERIALS AND METHODS

Experimental Setup

In a first experiment, we investigated the effects of gut
dissection and sample preservation across different life stages
of C. capitata. Reared specimens were provided by the Insect
Pest Control Laboratory (IPCL) of the Joint FAO/IAEA
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Division of Nuclear Techniques in Food and Agriculture,
International Atomic Energy Agency (IAEA). We sampled third-
instar larvae, tenerals (i.e., newly emerged adults) and mature
adults from a long-established laboratory colony population
(>30 years; >400 generations) of Greek origin. More than 60
individuals were collected for each life stage, 30 of which were
processed immediately (see below) and the remaining individuals
were stored in 70% EtOH at —20°C for a period varying
from 12 to 18 weeks.

In a second experiment we evaluated the effects of sample
dissection across EtOH-preserved third-instar larvae from
different sources. We sampled three different laboratory colonies
of C. capitata, provided by the IPCL. This included the long-
established colony population (>30 years; >400 generations)
of Greek origin, an intermediate established colony population
(eight generations) of Australian origin and a newly established
colony population (one generation) of Argentinian origin. Larvae
collected from a wild population from Italy were also included in
the experimental setup. Before processing the wild population,
the identity of each larva was confirmed via DNA barcoding
(see Supplementary Table S1) as described in Virgilio et al.
(2012). Each sample was composed of more than 30 larvae
that were immediately stored in 70% EtOH (see Supplementary
Tables S2, S3 for details on the experimental design and
sample collection).

Laboratory Procedures

Before sample processing, the body surface of all insect specimens
was sterilized in 70% EtOH for 30 s and then rinsed once
in phosphate-buffered saline (PBS) water. Guts were dissected
by removing, with sterilized tools, the whole gut from crop
to anus. Undissected, full bodies were directly crushed with
a sterilized pestle. In order to minimize biases due to inter-
individual variability, five dissected guts or crushed bodies
were pooled per sample and DNA was extracted from each
pool using the Qiagen DNAEasy extraction kit as per the
manufacturer’s protocol. Before genomic library preparation,
DNA concentrations of samples were determined using a Qubit
Fluorometer (Thermofisher). Samples with DNA concentration
<1 ng/nl were discarded and DNA extraction repeated on
a novel set of specimens. The genomic library preparation
targeted the V3-V4 region of the 16S ribosomal RNA gene
[rRNA, insert size 465 bp, 341 F, and 806R primers (Takahashi
et al, 2014)] and relied on the Nextera XT kit (including
Mlumina sequencing adapters, and dual-index barcodes) as
per the manufacturer’s protocol. DNA was amplified in two
steps and, for most samples, the second amplification was
repeated to increase DNA yield. A final quality check of
fragment size distributions was performed using an Agilent 2100
Bioanalyzer system. A mock community including DNA of 18
bacterial strains from the BCCM/LMG Bacteria Collection' and
a blank were also included in the Illumina run as positive and
negative controls, respectively. Libraries were sequenced on an
Mlumina MiqSeq platform [300 bp paired end (PE) sequencing,
performed by Macrogen].

Uhttp://beem.belspo.be/

Analysis of Data

Read quality was preliminarily assessed in FastQC (Andrews,
2014) and data filtering implemented via the DADA?2 pipeline
(Callahan et al., 2016) in R. This pipeline is based on a self-
learning algorithm that compiles a parametric error model
fitting the raw data, which is then used to infer sequencing
errors. After trimming, demultiplexing, and filtering, paired
reads were assigned to operational Taxonomic Units (OTUs)
according to the Bayesian classifier method implemented by
DADA2 (Wang et al,, 2007). Results for the mock community
and blanks were used to determine quality of the analysis. The
Silva reference database v132 (Pruesse et al., 2012) was used for
taxonomic assignment of OTUs (percentage of identity = 97%
similarity, p-min-consensus = 0.51) and the robustness of
taxonomic assignment was double-checked using the RDP
(Cole et al., 2014) and Greengenes databases (DeSantis et al.,
2006; data not shown). The complete analytical pipeline is
detailed in Supplementary Table S4. Before further analysis
singletons and double tons were removed from the data
and OTUs with a significant presence in the blanks were
deleted. For comparison between samples data scaling, based
on the median sample number of reads, was implemented
(de Cércer et al., 2011).

Downstream analyses were done in R, using the Phyloseq
(McMurdie and Holmes, 2013) and Vegan (Oksanen et al., 2017)
packages. Differences in univariate patterns of alpha diversity
[as estimated by the Reverse Simpson index (Lande, 2016)],
calculated from OTU data, were tested via analysis of variance
(ANOVA), with life stage (larva, teneral, and adult), preservation
(fresh vs. EtOH preserved), and dissection (dissected gut vs.
full body) as fixed, orthogonal factors for the first experiment
and dissection (dissected gut vs. full body) and sample
origin (colony strain Greece, colony strain Australia, colony
strain Argentina, wild population Italy) as fixed, and random
orthogonal factors, respectively, for the second experiment.
A posteriori pairwise comparisons of significant factors were
implemented via Tukey’s honestly significant difference (HSD)
test (Abdi and Williams, 2010).

Multivariate differences in OTU abundance and composition
were tested using permutational multivariate analysis of
variance (PERMANOVA; Anderson, 2017) and permutational
multivariate analysis of dispersion (PERMDISP; Anderson, 2006)
on scaled data as implemented by the programs PERMANOVA
and PERMDISP. For PERMANOVA we relied on the same three-
way factorial setup described above for univariate analyses, while
for PERMDISP, which only applies to two-ways experimental
designs, we tested the effects of life stage and preservation. A
posteriori pairwise comparisons of multivariate significant factors
were then implemented using the permutational ¢-statistics of
PERMANOVA and PERMDISP. Probability values of repeated
a posteriori tests were corrected for Type I errors using the
false discovery rate procedure (Benjamini and Hochberg, 1995)
with experiment-wise probability p = 0.05. Multivariate patterns
were visually interpreted via scaled and centered principal
coordinates analyses (PCoAs) based on Bray-Curtis distance
(Bray and Curtis, 1957) as implemented by the R package ggplot2
(Wickham, 2009).
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RESULTS

Overall Bacterial Diversity Associated

With C. capitata

The Tllumina Miseq run yielded more than 13 x 10° PE
reads across the 54 samples considered. After assessing the
quality of the reads in FastQC (Andrews, 2014), forward and
reverse reads were trimmed to 230 and 200 bp, respectively.
Based on read quality, a strict error rate (max Ns = 0, max
error rate = 1, see Supplementary Table S4) was applied.
After quality control, demultiplexing, pairing, and filtering, we
obtained a total of 3.6 x 10° reads, corresponding to a total
of 848 unique OTUs. Taxonomic assignment of OTUs yielded
155 genera from 13 phyla (Supplementary Table S6). The
phylum Proteobacteria was by far the most dominant (91.64%
of reads) and comprised a few dominant genera: Acinetobacter
(19.03%), Pluralibacter (11.31%), Morganella (7.40%), Klebsiella
(3.36%), Serratia (2.06%), and Enterobacter (1.44%). The second
most important phylum, Firmicutes (8.21%), included different
genera from the orders Bacillales [mainly represented by Bacillus
(2.15%), Staphylococcus (1.77%), and Salinicoccus (1.19%)],
and Lactobacillales [mainly including Lactococcus (1.08%) and
Lactobacillus (0.78%)]. Genera from the phyla Bacteroidetes
(0.44%) and Actinobacteria (0.22%) could also be identified.
The remaining phyla represented <0.01% of the total reads.
A full overview of the OTU composition can be found in
Supplementary Table S5. Comparison between samples used not
the total read output as described above but a scaled dataset.

Impact of Sample Preservation and

Manipulation Across Life Stages

On average, samples from the first experiment had 47.26 OTUs
(SD = 28.30) and a reverse Simpson index of 0.43 (SD = 0.26).
ANOVA on the reverse Simpson index obtained from the OTU
data showed no effects of dissection or life stage on diversity
(Table 1A and Supplementary Table S7a). However, a highly
significant effect of preservation, with lower diversity in fresh
compared to EtOH-preserved samples was found (Figure 1).

Permutational multivariate analysis of variance revealed a
highly significant interaction of preservation and life stage (at
P < 0.001) as well as a significant interaction of preservation
and dissection (at P = 0.047) (Table 1A and Supplementary
Table S8a). The a posteriori comparisons showed that EtOH
preservation always had a significant effect on the multivariate
patterns of microbial assemblages. Interestingly, significant
differences across life stages were detected across all EtOH-
preserved specimens, while in the microbial assemblages of
fresh specimens, significant variations were only observed when
comparing tenerals to adults (Supplementary Table S8a). Effects
of dissection were only detected in fresh samples (P = 0.040)
(Supplementary Table S8a).

Permutational multivariate analysis of dispersion showed a
significant interaction of life stage and preservation (Table 1A
and Supplementary Table S9a). Pairwise a posteriori tests
(Supplementary Table S9a) revealed that the multivariate
patterns of dispersion of fresh samples were comparable

TABLE 1 | Summary table for ANOVA, PERMANOVA, and PERMDISP testing for
differences in patterns of alpha diversity (as estimated by the Reverse Simpson
index calculated from OTU data) across (A) dissection procedures, sample
preservation methods, and life stages of C. capitata and (B) dissection
procedures on different populations of C. capitata.

ANOVA PERMANOVA PERMDISP
(A)
Life stage (li) n.s. * ok ok n.s
Preservation (pr) * % % * k% n.s.
Dissection (di) n.s. n.s.
Li x pr n.s. * k% Kk %
Li x di n.s. n.s.
Pr x di n.s. *
Li x pr x di n.s. n.s.
(B)
Origin (or) n.s. * ok ok *
Dissection (di) n.s. n.s. n.s.
Or x di n.s. n.s. n.s.

Full tables available in Supplementary Table S7. n.s., not significant; *, significant
at P < 0.05, *** at P < 0.001.

(with average within group dissimilarities ranging from 14.717 to
26.374) and not significantly different, while in EtOH-preserved
samples the multivariate dispersion of tenerals, adults, and larvae
significantly differed with average within group dissimilarities of,
respectively, 58.335, 31.031, and 2.091.

Overall, the first two axes of the PCOA (Figure 2) explained
71.9% of variation (47.7 and 23.8% for PCl1 and PC2,
respectively). The visual inspection of graphs again suggested
a lack of major differences between full body and dissected
gut samples. EtOH preservation showed distinct differences
where fresh individuals of all life stages combined, while
EtOH-preserved samples form distinct groups corresponding
to their life stage. Fresh samples of tenerals and adults were
markedly less dispersed around their group centroid compared
to their EtOH-preserved counterparts. Interestingly, fresh larvae
have a remarkably higher dispersion compared to EtOH-
preserved larvae.

The relative abundance of the most common taxa across
treatments did not suggest any obvious effect of dissection
in either fresh or EtOH-preserved samples (Supplementary
Table S$10). However, as indicated by PERMANOVA there
were some effects of dissection within fresh samples. In taxon
composition this was apparent as a lower dominance of
Providencia in full body samples (gut: 93.84%, SD: 7.00%;
full: 78.46%, SD: 18.66%). Conversely, there was a slightly
higher relative abundance of many other genera in full body
samples. However, there were only two genera, Serratia and
Klebsiella, where this difference exceeded 1% relative abundance.
Conversely, EtOH preservation heavily affected the composition
of the gut microbiome with not consistent effects from life
stage to life stage (Figure 3). Overall, we could observe a
general trend from dominance of Providencia in fresh samples
(larvae: 92.57%, SD: 12.81%; tenerals: 80.66%, SD: 19.27%; adults:
85.22%, SD: 15.04%) to a strong decline of Providencia (larvae:
0.14%, SD: 0.19%; tenerals: 35.83%, SD: 35.82%; adults: 0.90%,
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SD: 0.96%) and dominance of one or more other genera
in EtOH-preserved samples. In EtOH-preserved larvae, we
observed Acinetobacter as the dominant genus (fresh: 0.05%, SD:
0.05%; EtOH: 98.63%, SD: 1.11%). In EtOH-preserved tenerals,
Providencia (fresh: 80.66%, 19.27%; EtOH: 35.83%, SD: 35.83%),
Salinicoccus (fresh: 1.35%, SD: 1.1%; EtOH: 32.60%, SD: 27.23%),
and Staphylococcus (fresh: 1.92%, SD: 1.74%; EtOH: 23.29%,
SD: 35.59%) are the most abundant taxa. In EtOH-preserved
adults, Pluralibacter (fresh: 0.15%, SD: 0.2%; EtOH: 61.41%, SD:
11.45%) was dominant, followed by Acinetobacter (fresh: 0.60%,
SD: 1.03%; EtOH: 14.63%, SD: 21.2%), Serratia (fresh: 3.43%,
SD: 5.9%; EtOH: 6.52%, SD: 7.02%), Klebsiella (fresh: 3.01%, SD:
6.36%; EtOH: 3.73%, SD: 1.87%), Cronobacter (fresh: 0.02%,
SD: 0.03%; EtOH: 3.28%, SD: 2.14%), and Enterobacter (fresh:
0.01%, SD: 0.01%, EtOH: 2.96%, SD: 2.18%). Additionally,
even if the qualitative composition of within group replicates
was remarkably similar (particularly for the dominant groups,
see Supplementary Table S10), quantitative differences and
differences of low abundant genera could also be observed

(see error bars of Figure 3). Details about the taxa relative abun-
dance and variability are provided in Supplementary Table S10.

Impact of Sample Manipulation Across

Fruit Fly Samples From Different Sources
For the second experiment, we observed an average diversity
per sample of 44.42 OTUs (SD = 19.62) and an average reverse
Simpson index of 0.57 (SD = 0.20). ANOVA (Table 1B and
Supplementary Table S7b) did not show significant differences
in species diversity between dissection methods or across
populations (Figure 4).

However, PERMANOVA (Table 1B and Supplementary
Table S8b) did reveal significant variability across populations
from different origin, with significant differences in all pairwise
comparisons, while it did not detect differences between the
multivariate patterns of dissected and non-dissected samples.

Similarly, PERMDISP (Table 1B and Supplementary
Table S9b) showed highly significant differences across
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FIGURE 2 | Multivariate ordination (PCOA) of gut microbial assemblages in fresh and ethanol preserved specimens of larvae, teneral, and adults of C. capitata. For
clarity, the same PCOA is represented twice, either with full body (left) or gut-dissected samples (right) indicated. Colors refer to preservation (blue: ethanol
preserved and red: fresh) and shapes to life stage (circle: adult, triangle: larvae, square: teneral).

populations, with average within group dissimilarities ranging
from 16.824 (Greece) to 76.975 (Argentina). Significant
differences occurred in comparisons between all populations,
except between the Italian and Argentinian population.
PERMDISP also did not detect significant differences between
dissected guts or full bodies.

Opverall, the first two axes of the PCOA (Figure 5) explained
54.3% of variation (30.1 and 24.1% for PCl1 and PC2,
respectively). The visual analysis of Figure 5 further suggested
the lack of relevant differences between the microbial assemblages
obtained from full body and gut-dissected samples. Populations
from Greece (with remarkably low dispersion around the
corresponding group centroid) and Australia formed separate
groups while the Argentinian and Italian populations grouped
closer together.

Analyzing the taxon compositions across populations
(Figure 6) further confirmed minor differences related to
the dissection protocol. The microbiome compositions of
abundant genera were remarkably similar in full body and
gut samples with only some genera having major quantitative
differences. The most notable of these are the genera Lactococcus
(gut: 54.71%, SD: 47.32%; full body: 1.56%, SD: 2.58%) and
Providencia (gut: 39.35%, SD: 48.34%; full body: 77.51%, SD:
41.41%) in the Argentinian population and Lysinibacillus
(gut: 1.77%, SD: 1.08%; full body: 12.46%, SD: 7.7%) in the

Australian population. Beside this, there are only differences in
low abundance genera (details are provided in Supplementary
Table S11). Conversely, we observed considerable variation
across populations. Argentina samples were dominated by
Providencia (58.43%) and Lactobacillus (28.13%) complemented
with a number of genera in low abundance. Australian samples
are dominated by Bacillus (71.91%) followed by Staphylococcus
(11.94%) and Lysinibacillus (7.11%). Samples from Greece
were dominated by Acinetobacter (98.63%). Italian samples
had the most even spread, dominated by Morganella (46.59%),
and Klebsiella (18.58%) but having multiple genera with a
significant presence [Providencia (5.27%), Enterobacter (4.36%),
Lactobacillus (3.30%), etc.]. Only a few genera, Providencia,
Acinetobacter, Morganella, and Klebsiella, were presented across
all populations. Details about the taxa relative abundance and
variability are provided in Supplementary Table S11.

DISCUSSION

This study explored the effects of commonly used sample
processing protocols on the gut microbiome of C. capitata
recovered by amplicon sequencing of 16S rRNA genes across life
stages and samples from different sources. Our results showed
that the gut microbiome of the target C. capitata colonies
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Gre_Larvae_EtOH

Genus
T T T T T T T T T | .Providencia (1)
.Acinetobacter (2)
. Pluralibacter (3)
. Salinicoccus (4)
. Staphylococcus (5)
. Serratia (6)

. Klebsiella (7)
. Nesterenkonia (8)

. Cronobacter (9)

. Enterobacter (10)

. Sphingobacterium (11)
. Siccibacter (12)

. Leuconostoc (13)

. Erwinia (14)

I nasothers (15)

Gre_Teneral_EtOH

wlm

b

Gre_Adult_EtOH

mainly consisted of members of the Proteobacteria (>91% of
reads) and Firmicutes, and to a lesser extent, Bacteroidetes
and Actinobacteria. The phylum of Proteobacteria was mainly
composed of members of the Enterobacteriaceae family. This
composition is compatible with other studies done in C. capitata
and other tephritid fruit flies (Behar et al., 2008b; Prabhakar
etal,, 2013; Andongma et al., 2015; Yong et al., 2016). Comparing
microbiome composition at genus level, we find that most
samples studied in this experiment are dominated by only
one or two genera. Although there is considerable variation
across samples, one of the most dominant bacterial genera was
Providencia (Supplementary Table S2). This genus has been
commonly detected as a part of the gut microbiome of C. capitata
and other fruit fly species (Allwood and Drew, 1996; Behar
et al., 2008a; Ami et al., 2010; Wang et al., 2011; Augustinos
et al., 2015; TAEA, 2016). In contrast to many other members
from the Enterobacteriaceae family, this genus consists mainly
of opportunistic pathogenic species (Boemare et al., 1996; Juneja
and Lazzaro, 2009; Galac and Lazzaro, 2011), so it would
be interesting to investigate the potential role of Providencia
in medfly and find out if it acts as a beneficial or parasitic

partner. Other dominant genera included Bacillus, Acinetobacter,
Staphylococcus, and Morganella. All of these genera have been
recorded in multiple earlier studies of the fruit fly gut microbiome
(Kuzina et al., 2001; Alma, 2008; Thaochan et al., 2010; Wang
et al,, 2011; Yuval et al., 2013; Hadapad et al., 2015; IAEA, 2016;
Liu et al.,, 2016; Yong et al., 2016).

From our comparison of different sample treatment and
preservation protocols, we can draw multiple conclusions
regarding the microbiome composition. First of all, we found
that dissection of the gut seems to have little impact on the
microbiome profiling. Across all methods used to compare
gut dissection against the use of full bodies (e.g., diversity
indexes, PERMANOVA, PERMDISP, PCOA, and taxonomic
composition), we only found a significant differences between
gut and full body microbiome profiles in fresh samples from
Experiment 1 (see Supplementary Table S8a). However, analysis
of the PCOA (Figure 2) and visual inspection of taxon
composition (see Supplementary Table S10) suggested that this
difference was related to a lower relative abundance of the most
dominant genus, Providencia, in full body samples. While there
were only minor differences in relative abundance in many
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other genera. This results in similar patterns of composition to
be found between gut dissection and use of full bodies. This
relatively little difference observed between gut and full body
microbiome profiles suggests that the gut bacterial community
is predominant or outnumber bacteria occurring in the rest
of the body and/or that bacterial communities end up mixing
during dissection.

In contrast to the limited effect of dissection, preserving fruit
flies in 70% EtOH strongly affected the microbiota composition
as revealed through 16S rRNA gene amplicon sequencing. This is
consistent with recent studies of the effects of EtOH preservation
of different fecal samples (Hale et al., 2015; Sinha et al., 2016; Song
et al,, 2016). To our knowledge this is the first time the effects
of 70% EtOH preservation have been shown in insect tissue.
The most prominent effect found in this experiment was an
increase in the evenness of EtOH-preserved samples, as indicated
by the Simpson index, through the decrease in abundance of
Providencia, i.e., the most dominant genus observed in fresh
specimens. This was consistently observed in all different life

stages and is reflected in the comparison of the reverse Simpson
index (see Table 1A and Figure 1). Seeing we encountered
Providencia in much lower relative abundance in all EtOH-
preserved samples, we detected other genera with higher relative
abundances. Staphylococcus, Salinicoccus, Acinetobacter, Serratia,
and Klebsiella. All had a low abundance in fresh samples but
dominate EtOH-preserved samples. Beside these major changes,
we also found minor changes for many genera. For some, this
was a small decrease in relative abundance for EtOH-preserved
samples, while for others there was a small increase. For a
number of genera, with a very low abundance, these small
changes made the difference between being detected or not. It
is likely that genera that have a decreased relative abundance
in EtOH-preserved samples, such as Providencia, are negatively
affected by EtOH preservation more than the other genera, while
this decrease makes it easier for other genera to be detected.
Hale et al. (2015) reported that in fecal samples preservation
methods could exhibit this kind of bias toward or against certain
microbiological groups. EtOH preservation does not only affect
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microbiome composition but also affects the variation between
replicate samples.

In general, comparison of the different life stages showed that
the gut microbiota of larvae is not only different in composition,
but also have a lower diversity and variation when compared
to adults and tenerals. This is not unexpected when taking in
account the different feeding, lower mobility, and interaction
with the environment of larvae in comparison with adults.
However in larvae, we found that the multivariate dispersion in
EtOH-preserved samples was much lower than in fresh samples.
This is in contrast to what was found in tenerals and adults
where fresh samples showed a lower dispersion. It is likely
that this is linked to the complexity of the gut microbiome.
In larvae, we found that after EtOH preservation samples are
again completely dominated by one genus, Acinetobacter, while
in tenerals and adults there is a more even spread with multiple
genera being dominant. Additionally, in all EtOH-preserved
samples differences in the relative abundances of a number of taxa
could also be observed. The non-consistent patterns observed
suggest that the use of 70% EtOH as preservative might produce
unpredictable effects on the microbiome profiles of samples,
including not consistent shifts in the relative proportion of
the less abundant bacterial taxa. However, further experimental
validation is necessary to verify this hypothesis.

In all fresh samples we found comparable microbiome
compositions even across life stages, which were all consistently
dominated by members of the genus Providencia. As expected,
many differences can be found when looking at the less abundant
bacterial taxa and this seems the reason of the difference
in microbial profiles between fresh tenerals and adults (see
Supplementary Table S8a). Conversely, in EtOH-preserved
samples we detected major differences across the different life
stages. We hypothesize that the reduced abundance Providencia
after EtOH preservation allows less abundant taxa to dominate
or become detectable in the gut microbiome profiles from EtOH-
preserved samples. This, and the added unpredictability, might
magnify the differences between life stages, and showing no
consistent differences in gut microbiome composition. Therefore,
our tests on EtOH-preserved specimens seem to confirm earlier
studies that shifts in the gut microbiome profiles occur across
fruit fly development stages (Aharon et al, 2013; Andongma
et al, 2015). These results should be taken cautiously as
compositional changes observed in fresh specimens seem to be
far less impressive.

The second experiment allowed us to verify the consistency of
patterns observed for the first experiments on an heterogeneous
group of fruit fly samples from different sources. In this
experiment we observed high variability in both diversity and
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composition of microbiome profiles (Table 1B). Even the Greek,
Australian, and Argentinian laboratory populations, which
were reared with an identical diet and similar environmental
conditions, still had very distinct gut microbiome compositions.
It is however difficult to speculate about the combination of
processes responsible for the observed patterns. The geographical
origin of samples seems to have a very strong effect on the
gut microbiome composition; however, there also seemed that
there is a correspondence between the colony age and the
diversity within/variation between samples. The larvae from the
(long established) Greek colony populations showed the lowest
variation, followed by the (intermediately established) Australian
colony population. The variation in the Italian (wild) population
and (recently established) Argentinian colony population was
much higher (see Supplementary Table S9b). This result seemed
to be in line with results of previous studies comparing diversity
and composition of the gut microbiome from colony and wild
fruit fly populations (Tsiropoulos, 1983; Konstantopoulou et al.,
1999; Ben-yosef et al., 2015; Morrow et al., 2015; Deutscher
et al., 2018; Malacrino et al.,, 2018). To adequately disentangle
the effects of colony age and colony origin, targeted experiments
with adequately replicated samples of similar ages and/or
origins are needed.

CONCLUSION

In conclusion, we found that differences in gut microbial profiles
obtained from gut dissected and non-dissected samples were
only minor with patterns that were stable across all life stage
and samples from different sources. In contrast, preservation of
samples in 70% EtOH had a major effect on the resulting gut
microbiome profiles and was associated to higher inter-replicate
variability and not consistent changes across life stages. These
results shed new light on how samples preparation protocols can
affect the results of HTS experiments and will help us interpreting
and cross-compare the results of future and past studies. This
study suggests that standardizing wet-lab procedures will increase
the consistency, reliability, and repeatability of microbiomic
research. A recommendation could be made against the use of
70% EtOH, a widely used preservatives in entomology, as the
proportion of water is still probably too high to guarantee efficient
gut microbiome fixation and preservation. When possible, fresh
material or of more efficient preservative approaches (tentatively
including deep freezing and absolute EtOH) should be preferred.
Further experiments comparing different sample preparation
protocols, different preservation techniques, on different model
organisms, might give more insight in the use alternative sample
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preparation and preservation protocols. These studies will help
us to further identify the effects of variations in the sample
preparation and help pave the way a more comprehensive
understanding of the insect gut microbiome.
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Life Stages

Tijs J. M. van den Bosch and Cornelia U. Welte*

Department of Microbiology, Institute for Water and Wetland Research, Radboud University, Nijmegen, Netherlands

The cabbage root fly Delia radicum is a worldwide pest that causes yield losses of
many common cabbage crops. The bacteria associated with D. radicum are suggested
to influence the pest status of their host. In this study, we characterized insect-
associated bacteria of D. radicum across multiple life stages and of their diet plant
(turnip, Brassica rapa subsp. rapa) by sequencing the V3-V4 region of 16S rRNA
genes using the lllumina MiSeq platform. In total, over 1.2M paired-end reads were
obtained, identifying 1006 bacterial amplicon sequence variants (ASVs) in samples
obtained from the eggs, larvae, pupae and adults of D. radicum, as well as turnips
that were either fresh or infested with D. radicum larvae. The microbial community
in D. radicum was dominated by Wolbachia, a common endosymbiont of arthropods
which we found in all of the investigated insect samples, with the pupal stage having
the highest relative abundance. Moderate amounts of Firmicutes were found only in
adult D. radicum flies, but not in previous life stages. Actinobacteria were mostly found
on the eggs and on the skin of fresh plants on which the eggs were deposited. These
plants also harbored a large amount of Pseudomonas. The bacterial diversity of the
healthy turnip was low, whereas the microbial community of decaying turnips that were
heavily infested by D. radicum larvae and showing symptoms of advanced soft rot was
characterized by a high bacterial diversity. Taken together, this work provides insights
into the bacterial communities associated with the cabbage pest D. radicum and its
associated disease symptoms.

Keywords: 16S rRNA sequencing, microbial diversity, cabbage root fly, Delia radicum, community profiling,
DADA2, phyloseq

INTRODUCTION

Studies that characterize the microbial community profiles of different insect species are gaining
increasing attention, yet not much is known about the microbiome of the cabbage root fly Delia
radicum. This crop pest can cause devastating yield losses on many popular vegetable crops,
e.g., cabbage, kohlrabi or rapeseed (Soroka et al., 2004; Dosdall et al., 2012). The females of this
species deposit their eggs onto or near the stem of cruciferous plants and emerging larvae bore
into root tissue. The larvae generally stay inside the plant tissue, only to move into the soil just
before pupation and to subsequently emerge as adults (Smith, 1927). Metamorphosis causes drastic
changes in the anatomy and physiology of the insects, and studies on other insects are reporting
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it can also have drastic effects on the associated
2009; Hammer et al, 2014;

that
microbiome (Geib et al,
Hammer and Moran, 2019).

The importance of symbiotic bacteria has long been well
established in a multitude of Eukaryotic models. Also in insects,
symbionts have been shown to have important functions in host
physiology, e.g., by supplying essential amino acids, conferring
resistance against insecticides, or even preventing predation by
other insects (Buchner, 1965; Oliver et al., 2005; Kikuchi et al.,
2012). The majority of the associations between insect guts and
bacteria are of a facultative nature and appear to perform context-
dependent functions (Mason et al., 2018). Gut microbes are thus
suggested to mediate insect interactions with plant defensive
compounds, effectively improving herbivore performance in real
time, and between generations (Mason et al., 2018). Diet is an
important factor in determining the fitness of any insect, and is
a factor that can easily be manipulated in laboratory cultures.
A near-aseptic laboratory culture of the diamondback moth
(Plutella xylostella) showed increased fitness after being treated
with antibiotics and then inoculated with symbiotic bacteria that
were resistant to that antibiotic (Somerville et al., 2019). Although
this study showed that certain gut symbionts of P. xylostella
can have significant impact on fitness, the intestinal tracts of
caterpillars are typically characterized by short transit times and
a high pH which make microbial colonization difficult, and wild
Lepidoptera (caterpillars) have been suggested to typically lack
resident gut symbionts (Hammer et al., 2017).

Regarding the microbiome of D. radicum, a comprehensive
analysis of the gut-associated microbial community associated
to different developmental life stages compared to the healthy
and invaded feed plant is lacking. A 2006 study by Lukwinski
and co-workers (Lukwinski et al., 2006) was the first to analyze
the gut microbial community of eggs, larval midgut and feces
using a culturing approach. They found that the culturable
midgut microbial community was primarily composed of
Gammaproteobacteria. The microbial communities of eggs and
fecal material were only analyzed regarding their colony forming
units, and no further identification was performed. Subsequently,
Welte et al. (2016a) performed a metagenome analysis of
the larval gut microbial community which provided a more
detailed view, largely congruent with the findings by Lukwinski
et al. (2006), showing Gammaproteobacteria as the most
abundant group of gut-associated microorganisms and several
others (Wolbachia, Bacteroidetes, Firmicutes, Actinobacteria,
Betaproteobacteria) in lower abundance. Bili et al. (2016)
analyzed the microbial communities associated to adult flies of
two different populations of D. radicum. They found that both
D. radicum populations showed Wolbachia as most dominant
associated microbial group. Both populations also harbored a
low amount of Firmicutes (<1% abundance), and one of the
two populations’ microbiomes showed an abundant fraction of
Gluconacetobacter (18% abundance).

In this study, our objective was to compare the microbial
communities associated to the different life stages of D. radicum
as well as healthy and invaded food sources. We profiled the
microbial community of the eggs, larvae, pupae and adults. We
also identified the major differences of bacterial communities that

were associated with healthy the feed plants Brassica rapa subsp.
rapa pre-predation, compared to plants that were macerated after
being invaded by D. radicum larvae. This rot only developed in
turnips that were used as egg laying substrate by D. radicum,
suggesting that it is an effect caused either directly by the larvae
or by larva-associated bacteria, which is a mechanism that is well
described in Drosophila (Blum et al., 2013). Bacterial isolates from
D. radicum have already shown the potential for metabolizing
secondary metabolites that are associated with the diet plant
of D. radicum (Welte et al., 2016a). Our results lead to the
description of the microbial communities of multiple life stages
of D. radicum as well as that of the environment that is created in
the diet plant of the larvae. This work provides novel data for the
research of symbioses in largely unstudied holometabolous insect
groups, and may ultimately even aid in identifying transmission
routes of insect and plant-associated bacteria as well as potential
novel targets in microbial pest control.

MATERIALS AND METHODS

Delia radicum Rearing

The eggs that formed the starting colony of D. radicum
were obtained from Wageningen University (Laboratory of
Entomology, Prof. Joop van Loon). Flies were kept in an
entomology cage (60 x 60 x 120 cm) with ad libitum access
to water and a 1:1:1 mixture of dry food consisting of yeast
extract, skim milk powder and sucrose. Cages were kept in a
laboratory without humidity control at room temperature and
under natural lighting. For breeding purposes, a small plastic
container (12 x 12 x 6 cm, now referred to as egg box) was
filled with 1 cm of wetted river sand upon which a turnip (B. rapa
subsp. rapa) was placed to facilitate egg deposition. Egg boxes
were moved out of the entomology cage after a week and the
larvae were left to feed on the supplied turnip for approximately
4 weeks until pupation. Pupae were then separated from the river
sand by flooding the egg box and sieving the water, after which the
pupae were placed back into an entomology cage until eclosion,
marking the beginning of a new generation.

Sample Acquisition

Turnip (TURN1-5)

Skin of turnips (B. rapa subsp. rapa) was cut superficially with
a surface-sterilized razor blade, approximately 2 mm thick.
Approximately 5 g of this material was homogenized in liquid
nitrogen by the use of mortar and pestle. Approximately 0.25 g
of homogenous material was used downstream with PowerSoil
DNA extraction.

Decaying Turnip Tissue (PULP1-5)

Approximately 200 mg samples of macerated tissue from a
D. radicum maggot-infested turnip were transferred directly to
a PowerSoil tube with a surface-sterile spatula.

Eggs (EGGS1-5)
Approximately 200 D. radicum eggs were collected by flooding
the egg boxes with (non-sterilized) demiwater, and collecting the
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runoff in a thin-necked volumetric flask in order to concentrate
the floating eggs at the top of the flask. They were then collected
with a Whatman filter, and placed in a filter holder. Another
Whatman filter was placed on top and the eggs were washed
with 5 mL of the following solutions using a syringe: milliQ
water, 6.5% bleach, 70% ethanol, and milliQ water. Subsequently,
the Whatman filters containing the eggs were homogenized by
freezing in liquid nitrogen and then crushing by mortar and
pestle. The homogenate was used downstream in DNA extraction
using the PowerSoil kit.

Larvae (MAGG1-10)

Twenty larvae were collected with sterile forceps and stored at
—20°C until DNA extraction. Prior to DNA extraction, all were
washed in 5 mL sterile MQ water, then in 5 mL 70% ethanol,
then in 5.5-7.5% active chlorine bleach, and lastly rinsed in 5 mL
MQ again. Subsequently, all whole larvae were homogenized by
mortar and pestle in liquid nitrogen.

Pupae (PUPA1-5)

40-100 pupae were collected by flooding an egg box with
tap water, and running the top liquid containing the pupae
through a generic sieve. Prior to DNA extraction, all pupae were
surface-sterilized in an identical fashion to the larval samples.
Subsequently, all whole pupae were homogenized by mortar and
pestle in liquid nitrogen.

Flies

30-40 flies were collected from entomology cages with an
aspirator and subsequently killed with chloroform. Flies were
sexed based on the morphology of the abdomen; flies with
swollen abdomens that are characteristic for gravid females
(FLYF1-5) were designated as females and flies with shriveled
abdomens (FLYM1-5) were designated as males. Individuals
with inconclusive exteriors were discarded. Flies were surface-
sterilized in an identical fashion to the larval samples and
subsequently homogenized by mortar and pestle in liquid
nitrogen. For detailed descriptions on corresponding origins and
amounts of biological material that was used per sample, as
well as the DNA concentrations after extraction, we refer to the
metadata table (Supplementary Table 1).

Sequencing and Analysis of the 16S
rRNA Gene V3-V4 Region

After sample preparation, all 40 samples were weighed and
DNA was extracted using the DNeasy PowerSoil kit (Qiagen)
according to the manufacturer’s protocol. Due to low DNA
concentrations, the samples were concentrated using a
SpeedVac Vacuum concentrator. Samples were submitted
to BaseClear (Leiden, the Netherlands) for paired-end
sequencing of the V3-V4 region on the Illumina MiSeq
system, where the primers CCTACGGGNGGCWGCAG and
GACTACHVGGGTATCTAATCC were used for the generation
of the V3-V4 region amplicon (Klindworth et al., 2013). 80
paired-end FASTQ read sequence files (two per sample) were
generated using bcl2fastq2 version 2.18 and initial quality
assessment was based on data passing the Illumina Chastity

filtering. Reads containing PhiX control signal were removed
using an in-house filtering protocol by BaseClear. Second quality
assessment was based on the remaining reads using the FASTQC
quality control tool version 0.11.5. Raw reads were delivered
demultiplexed and without non-biological nucleotides (i.e.,
sequencing primers, adapters, linkers), and the primers used
for amplification of the V3-V4 region were manually removed
by deleting the first 17 N'Ts from forward reads and the first 21
NTs from reverse reads using simple unix commands prior to
preprocessing. Preprocessing of the sequencing data was done
using the DADA?2 pipeline (Callahan et al., 2016). Taxonomic
assignment of the reads was done up to the species level with
DADA?2 using the Silva non-redundant database version 128
(Yilmaz et al,, 2014). A phylogenetic tree of the 1006 ASVs
that were resolved by the DADA2 pipeline was created by
RAxML (Stamatakis, 2006). Data visualization and analysis were
performed using the phyloseq package (McMurdie and Holmes,
2013). Chaol was used for a measure of estimated richness,
whereas the Shannon-Weaver index provides more information
about community composition and evenness by considering
relative abundances (Kim et al., 2017). In order to compare
sample groups and test the null hypothesis that the dispersion
of the groups as defined by measure space are equivalent for
all groups, we performed permutational multivariate analysis
of variance (PERMANOVA) using adonis from the ‘vegan’
package in R (Oksanen et al., 2019). Distance matrices were built
with the Bray-Curtis method of vegdist and multilevel pairwise
comparisons were performed in 999 permuations with a wrapper
for adonis (Martinez Arbizu, 2019).

RESULTS

Preprocessing

Paired-end sequencing of the V3-V4 region of the 16S rRNA
gene resulted in a total of 1,249,018 reads from 40 samples.
Quality score profiles were typical for MiSeq sequencing, with
high quality scores for >250 cycles in the forward direction
and ~200 cycles in the reverse direction (Supplementary
Figure 1). Rarefaction curves indicated that the coverage of the
bacterial diversity was sufficient and we therefore chose not to
subsample to an equal depth per sample. Recently developed
methods allowed us to resolve amplicon sequence variants
(ASVs) instead of resorting to the more classical construction
of molecular operational taxonomic units (OTUs). The benefits
of this method include higher resolution and reproducibility,
and allows for simple merging between independently processed
datasets (Callahan et al., 2017). Unless stated otherwise, the
data and analyzes of this manuscript excludes reads that were
taxonomically assigned to mitochondria, chloroplast, or where
the taxonomic assignment was not resolved at the phylum level.

Bacterial Community Composition

A total of 1006 amplicon sequence variants (ASVs) were
identified in the entire dataset. Filtering ASVs with a relative
abundance mean smaller than 5e-5 left a total of 357 abundant
ASVs across ten phyla (Figure 1A). All D. radicum samples,
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FIGURE 1 | (A) All reads represented as relative abundance, after filtering of low-abundance reads (mean(x) > 5e-5). (B) Bar plot after removal of reads where Class
was designated as “Chloroplast” or “Unidentified,” or where Family was designated as “Mitochondria.” Note that over 80% of reads were removed from samples in
the “turnip” sample group, which can be explained by the high number of chloroplasts within the tissue. (C) Relative reads of Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria in all samples, faceted by phylum. EGGS, Delia radicum eggs; MAGG, Delia radicum larvae; PUPA, D. radicum pupae; FLYF, Gravid
female adults of D. radicum; FLYM, Male adults of D. radicum; TURN, Skin of fresh, non-infested Brassica rapa subsp. rapa; PULP, Macerated tissue of a

D. radicum-infested individual of B. rapa subsp. rapa.

regardless of life stage, were largely dominated by Proteobacteria. ~ chloroplasts and were thus not suitable for the determination of
Most of the sequence data gathered from the samples of its microbiome (Figure 1B). Moderate amounts of Firmicutes
intact turnips (~90%) consisted of ASVs that came from appeared in adult D. radicum flies, but not in previous life
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stages (Figure 1C). The remaining turnip ASVs were mostly
classified as Proteobacteria and Actinobacteria. Samples of
decaying turnip tissue contained high numbers of Bacteroidetes
as well as Proteobacteria (Figure 1C), and uniquely harbored
Verrucomicrobia ASVs (not shown). Contamination from

chloroplast was not apparent in these samples. An overview of
the 20 most abundant genera across all samples is presented
in Figure 2A, and a heatmap depicting the relative abundances
of different bacterial families across sample groups can be seen
in Figure 2B.
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FIGURE 2 | (A) Overview of the 20 most abundant genera associated with a laboratory culture of Delia radicum including samples from multiple life stages, and from
fresh and decayed turnips. Data was first agglomerated at the genus level, then merged per sample. (B) Heatmap that shows the relative abundance of reads per
sample groups, where abundances were merged at the Family level. EGGS, D. radicum eggs; MAGG, D. radicum larvae; PUPA, D. radicum pupae; FLYF, Gravid
female adults of D. radicum; FLYM, Male adults of D. radicum; TURN, Skin of fresh, non-infested Brassica rapa subsp. rapa; PULP, Macerated tissue of a

D. radicum-infested individual of B. rapa subsp. rapa.
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FIGURE 3 | (A) Relative abundance of reads in the class of Gammaproteobacteria, agglomerated by sample group. (B) Gammaproteobacterial strains that could be
identified to the species level based on sequencing of the V3-V4 region. MAGG, Delia radicum larvae; PUPA, D. radicum pupae; FLYF, Gravid female adults of
D. radicum; FLYM, Male adults of D. radicum; TURN, Skin of fresh, non-infested Brassica rapa subsp. rapa; PULP, Macerated tissue of a D. radicum-infested
individual of B. rapa subsp. rapa.

Gammaproteobacteria

Gammaproteobacterial reads made up 31% of the reads in

the dataset and we decided to use this

analysis (Figure 3A). We found that almost all adult fly ASVs

subset for a deeper

in the Gammaproteobacteria class were affiliated with the family
Enterobacteriaceae, whereas larvae and pupae also contained
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considerable amounts (30-62%) of Pseudomonas reads. High
relative abundances (>75%) of ASVs in the Pseudomonas
genus were found in D. radicum egg samples and in fresh
turnip skin samples. The Gammaproteobacterial ASVs found
in the decayed turnip tissue represented all five families. One
of the advantages of generating amplicon sequence variants
with the DADA2 pipeline rather than 97%-identity-based OTU
clustering is that this higher-resolution method allows for the
taxonomic assignment of species-level and sometimes even
strain-level variants. Strain-level variants can be a source of
functional diversity and can represent specialists adapted to
particular hosts or environments, the identification of which
would otherwise be obscured by OTU clustering (Kwong et al.,
2017). The taxonomy of 34 ASVs could be determined to the
species level, of which 22 were Gammaproteobacteria, and 8 of
these were categorized as abundant (relative abundance > 5e-
4) (Figure 3B). Morganella morganii was found primarily in the
adult flies and in small amounts in larvae and pupae. Morganella
sp. were also found among the 20 most abundant genera
(Figure 2A), so it can be concluded that different species of
this genus were present in all samples, among which Morganella
morganii. The genus Rahnella was also detected among the 20
most abundant genera (Figure 2A) found in all life stages of
D. radicum apart from eggs. One ASV identified down to the
species level was Rahnella aquatilis that was primarily found
in the decayed turnip tissue, but was previously also reported
inside the gut of certain species of longicorn beetles in Korea
(Park et al., 2007). Three Pseudomonas species (P. endophytica,
P. migulae, P. koreensis) and two species of Serratia (S. fonticola
and S. plymuthica) could be identified in larvae, pupae and
decayed turnip tissue. Representatives of both genera were also
found to be very abundant in all life stages of D. radicum
(Figure 2A) but the methods employed in this study did not
allow for deeper taxonomic identification. Although sequencing
of the V3-V4 region did not allow strain-level resolution, it is
interesting to note that the strain Serratia plymuthica 3Rp8 was
previously isolated from the rhizosphere of Brassica napus L.
(Adam et al., 2016).

Wolbachia

The genus Wolbachia comprises endosymbiotic bacteria and is
known to infect a wide variety of arthropods and nematodes
(Serbus et al., 2008). In our dataset, ASV's that were taxonomically
assigned to the genus Wolbachia made up 52% of the total
reads, which includes ten non-insect samples, nine of which
were devoid of Wolbachia reads. Since we extracted the DNA of
multiple individuals for every D. radicum sample, the infection
rates of the culture cannot be determined with this data and it
is possible that not 100% of individuals carry Wolbachia. One
out of five samples of decaying turnip (“PULP4”) yielded 34
reads of Wolbachia, which is most likely due to the accidental
inclusion of larval tissue during sampling. A total of nine different
ASVs were designated as Wolbachia, one being represented by
478723 reads, whereas the other eight contained only between
2 and 25 reads. In all likelihood, the detection of the latter
variants was the result of sequencing errors and/or artifacts in the
ASV-calling algorithm of DADA2. Between-sample variation of

B
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Relative abundance of Wolbachia reads
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FIGURE 4 | Relative abundance of reads assigned to the genus of Wolbachia
in Delia radicum samples. MAGG, D. radicum larvae; PUPA, D. radicum
pupae; FLYF, Gravid female adults of D. radicum; FLYM, Male adults of

D. radicum; TURN, Skin of fresh, non-infested Brassica rapa subsp. rapa;
PULP, Macerated tissue of a D. radicum-infested individual of B. rapa subsp.
rapa.

relative abundance of Wolbachia reads in D. radicum life stages is
presented in Figure 4.

Sample Diversity

The complexity within samples (alpha diversity) was analyzed by
two diversity metrics (Chaol and Shannon-Weaver) (Figure 5A).
Low-abundance reads were included in these analyzes in
order to obtain a better indication of sample complexity.
The macerated tissue of D. radicum-infested turnip showed
particularly high complexity by both Chaol and Shannon-
Weaver indices. Bacterial species richness in the microbiome of
D. radicum is highest in the larval stage, most likely due to the
presence of a gut that is filled with decaying plant matter that
is, as we show here, characterized by a highly complex bacterial
community. The Shannon diversity of pupae was particularly
low and can be explained by the high abundance of Wolbachia
that decreases the evenness of the bacterial community in
these samples. The between-sample diversity was visualized
by performing principal coordinate analysis (multidimensional
scaling), using both weighted and unweighted UniFrac distances
(Figure 5B). Assuming a cut-off p-value of 0.05, we found
significant differences that explained between 25% and 71% of the
variation between all sample groups except between the female
and male adult fly groups (Table 1). From these results we
can conclude that each of the life stages of D. radicum has an
identifiably unique microbiome. We did not observe significant
differences between the microbiome of male and female flies.

DISCUSSION

In this study we explored the diversity of the microbial
community that is associated with the eggs, larvae, pupae
and adult life stages of the cabbage root fly D. radicum.
All developmental life stages contained considerable amounts
of Wolbachia reads, but also contained a diverse microbial
community of other bacteria. Since diet and environment are
also factors that influence the microbiome, we included the
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FIGURE 5 | (A) Dot plots of the alpha diversity (Chao1 and Shannon-Weaver indices) of Delia radicum-associated microbiota and their diet substrates pre feeding
(turnip_skin) and post feeding by D. radicum larvae (turnip_pulp). (B) Principle coordinate analysis of 30 D. radicum and 10 Brassica rapa samples, based on
unweighted and weighted UniFrac distances. MAGG, D. radicum larvae; PUPA, D. radicum pupae; FLYF, Gravid female adults of D. radicum; FLYM, Male adults of
D. radicum; TURN, Skin of fresh, non-infested B. rapa subsp. rapa; PULP, Macerated tissue of a D. radicum-infested individual of B. rapa subsp. rapa.

microbial diversity of the host plant (turnip), and of decayed host
plant material that had been infested with D. radicum larvae.
The decayed plant material was characterized by a very high
alpha diversity.

Fresh and macerated turnip samples were furthermore
considerably different from the microbial communities of
D. radicum in structure and composition, but also shared
a number of taxa that are possibly transferred between the
environment and the host, or vice versa.

Brassica rapa subsp. rapa is a member of the Brassicaceae
family of plants which employ a method of defense against

herbivores and pathogenic bacteria by producing the secondary
metabolite isothiocyanate (Tierens et al, 2001). Our initial
expectation was that the high concentration of isothiocyanates
within damaged turnip tissue would only allow isothiocyanate-
resistant bacteria to thrive in this environment. Furthermore,
many isothiocyanate-resistant strains are within genera that are
also shown to have cell wall degrading properties (Basset et al.,
2000; Welte et al., 2016b). Instead of a low diversity of strains that
are typical cell wall degraders such as Erwinia, Pectobacterium,
or Pantoea, these samples contained a flourishing community
of Bacteroidetes and Gammaproteobacteria from all different
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TABLE 1 | Pairwise multilevel comparisons using adonis with 999 permutations.

Pr(>F) D. radicum D. radicum D. radicum D. radicum D. radicum Macerated
Eggs Larvae Pupae Adult females Adult males turnip

D. radicum Larvae 0.002**

D. radicum Pupae 0.009** 0.001***

D. radicum Adult females 0.010* 0.007** 0.010**

D. radicum Adult males 0.016* 0.001** 0.012* 0.206

Macerated turnip 0.009** 0.001*** 0.012* 0.007** 0.011*

Fresh turnip 0.008** 0.003** 0.010** 0.010** 0.011* 0.009**

The levels compared are the sample groups that distinguish the Delia radicum life stages. p-values denoted as (0.010-0.05)%, (0.007-0.010)**, or (0-0.001)***.

families. Isothiocyanates are volatile and the bioavailability can
be expected to differ significantly between the initial moment
of D. radicum attack and the late-stage infestation marked by
complete maceration of the turnip tissue. It is possible that
early colonizers are capable of overcoming isothiocyanate-based
defenses of the plant, and that a multitude of opportunistic
taxa colonize the tissue after the plant defenses have sufficiently
diminished over time. The Serratia and Pseudomonas species
that were identified in larval samples could potentially be of
great nutritional aid for their hosts. Serratia plymuthica 3Rp8,
isolated from the rhizosphere of Brassica napus L. (Adam et al.,
2016), for example, contains two copies of the saxA gene (Van
den Bosch et al,, 2018) that has been implied in overcoming
isothiocyanate-based plant defenses in plant pathogenic bacteria
(van den Bosch et al., 2019).

All life stages of D. radicum were characterized by high
abundances of Proteobacterial symbionts, but each was shown to
have unique characteristics that could be resolved by comparing
various diversity metrics.

Comparisons with other studies that sequenced the 16S rRNA
gene of insect-associated gut bacteria show some interesting
parallels, as well as dissimilarities.

Bili et al. (2016) previously analyzed the bacterial community
of D. radicum adults of three different geographic locations in
France using 454 pyrosequencing of the V4-V5 region of the
bacterial 16S rRNA gene (2016). They reported a relatively low-
complexity microbiome dominated by Wolbachia or Wolbachia
and Gluconacetobacter, depending on the geographical origin
of the flies. The abundance of Firmicutes was low in the fly
samples of their study, aligning well with the data presented
here. In contrast to the study performed by Bili et al. (2016),
we found high abundances of Enterobacteriaceae and we were
able to identify multiple Gammaproteobacterial reads which
had not been reported previously. Morganella morganii is
found as a resident of the gut microbiome of the common
house fly Musca domestica (Gupta et al, 2012) and in the
microbiome of healthy bees (Erban et al, 2017) but is also
designated as a lethal pathogen in Mexican fruit flies [Anastrepha
ludens (Loew)] and sand flies [Lutzomyia longipalpis (Lutz
and Neiva)] (Salas et al., 2017). In our dataset, Morganella
sp. were abundant in all life stages of D. radicum, most of
which could not be assigned to a specific species due to the
limitation of the sequencing method. In the oriental fruit fly
Bactrocera dorsalis, it was shown that Proteobacteria dominated
immature stages, whereas adult stages were dominated by

Firmicutes (Andongma et al., 2015). Although Firmicutes did not
quite dominate in D. radicum adults, this life stage was the
only one where moderate amounts of Firmicute reads were
present. In the house fly M. domestica, Gammaproteobacteria
are dominating larval and adult microbiomes (Gupta et al,
2012; Zhao et al., 2017). Also the microbiomes of other flies
harbor a high amount of Gammaproteobacteria, e.g., as found
in Drosophila melanogaster (Corby-Harris et al., 2007; Cox
and Gilmore, 2007). Furthermore, the genus Comamonas was
reported to be the most abundant in pupae and completely absent
in adults of B. dorsalis (Andongma et al., 2015). This trend was
also observed in the D. radicum dataset. 4-6% of non-Wolbachia
reads in all pupae samples were Comamonas, but fly samples
contained at most 1%.

For future studies it might be interesting to combine
sequencing results from a different laboratory-reared insect
species to see whether the variance of microbial diversity is
larger between different life stages of one insect, or between two
insect species at the same life stage. Studies on house flies have
shown that geographical origin and laboratory rearing can have a
considerable impact on the microbiome (Park et al., 2019).

The presence of Wolbachia has been shown to play a role
in determining the microbiome composition in Drosophila
(Simhadri et al., 2017).

We observed Wolbachia reads in all D. radicum samples
regardless of life stage. In the adult stages, the number of
reads assigned to this genus ranged from 25 to 65%, which
is markedly lower than the 97% and 80% reported previously
(Bili et al., 2016). The vertical transmission rate of Wolbachia
is 100%, and there is no evidence of reproductive manipulation
phenotypes such as feminization, parthenogenesis, male-killing
or cytoplasmic incompatibility in D. radicum (Lopez et al., 2018).
We found particularly high relative abundances of Wolbachia in
the pupal samples. One possible explanation for this is that larvae
shed their gut lining before pupation, evacuating a large part
of the gut-associated bacteria (Hammer and Moran, 2019). The
distribution of reads over the nine Wolbachia ASV's suggests that
the presence of multiple genotypes of Wolbachia seems unlikely.
The artificial OTU richness may stem from technical artifacts
such as PCR and/or sequencing errors, or to the limitation
of the 16S rRNA gene for taxonomically resolving Wolbachia
specifically (Ellegaard et al., 2013). The age-dependency of the
relative abundance of Wolbachia in the gut of the termite
Nasutitermes arborum was recently described for the first time
(Diouf et al, 2018). The relative abundance of Wolbachia
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was shown to be negatively correlated with alpha diversity,
suggesting a mutual exclusion from the same environment.
Although our sampling methods included homogenization of
whole insects, previous studies have indicated that communities
from such samples can closely resemble communities that
were sampled from the gut alone (Hammer et al, 2014). We
therefore suggest that the removal of Wolbachia reads in silico
resulted in a dataset that is a closer representation of the
gut lumen of D. radicum. For future microbiome analyzes of
Wolbachia-positive D. radicum samples one should consider
a more cost-effective approach for reducing the number of
Wolbachia reads in a sample by specific restriction digestion of
the Wolbachia 16S rRNA gene, as was recently done in Drosophila
(Simhadri et al., 2017).

Whether the taxa reported in this study are transient or
resident, or even dead or alive, cannot be resolved by the
methods presented in this work. Future studies could elucidate
the potential of nutritional mutualisms between D. radicum and
resident microbes.

This work has enabled a deeper understanding of the bacterial
players associated with D. radicum at different life stages, and
of the bacterial nature of the plant rot that is associated with
D. radicum infestation. As such, it could potentially provide
new clues on symbiotic bacteria that could be exploited in
biocontrol programs. Elucidation of the transmission patterns
and the specific functions of these bacterial players species are
interesting platforms for further research.
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Insect symbionts are major manipulators of host’s behavior. Their effect on parameters
such as fecundity, male mating competitiveness, and biological quality in general, can
have a major influence on the effectiveness of the sterile insect technique (SIT). SIT is
currently being developed and applied against human disease vectors, including Ae.
albopictus, as an environment-friendly method of population suppression, therefore
there is a renewed interest on both the characterization of gut microbiota and their
exploitation in artificial rearing. In the present study, bacterial communities of eggs,
larvae, and adults (both males and females) of artificially reared Ae. albopictus, were
characterized using both culture-dependent and culture-independent approaches.
Mosquito-associated bacteria corresponding to thirteen and five bacteria genera
were isolated from the larval food and the sugar solution (adult food), respectively.
The symbiont community of the females was affected by the provision of a blood
meal. Pseudomonas and Enterobacter were either introduced or enhanced with
the blood meal, whereas Serratia were relatively stable during the adult stage of
females. Maintenance of these taxa in female guts is probably related with blood
digestion. Gut-associated microbiota of males and females were different, starting
early after emergence and continuing in older stages. Our results indicate that eggs
contained bacteria from more than fifteen genera including Bacillus, Chryseobacterium,
and Escherichia=Shigella, which were also main components of gut microbiota of
female adults before and after blood feeding, indicating potential transmission among
generations. Our results provided a thorough study of the egg- and gut-associated
bacteria of artificially reared Ae. albopictus, which can be important for further studies
using probiotic bacteria to improve the effectiveness of mosquito artificial rearing and
SIT applications.
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INTRODUCTION

The tiger mosquito, Aedes albopictus, is known to carry dengue,
chikungunya, and Zika viruses. Together with its closely related
species Aedes aegypti they represent, in addition to significant
biting nuisance, a serious health threat to more than three billion
people in over 120 countries (Brady et al.,, 2012; WHO, 2017).
The population control of these mosquito species is challenging
due to the inefficiency of current conventional control methods,
which are largely based on the removal of breeding sites and use
of insecticides (Bourtzis et al., 2016; Pang et al., 2017; Flores and
O’Neill, 2018). Several novel population suppression methods
have been developed against Aedes species and some of them,
including the sterile insect technique (SIT), the incompatible
insect technique (IIT), the combined SIT/IIT and the Release of
Insects carrying Dominant Lethals (RIDL), are currently being
tested in small scale pilot trials (Bourtzis et al., 2016; Flores and
O’Neill, 2018; Zheng et al., 2019).

All these methods should ideally be used as a component
in area-wide integrated pest management programs (AW-IPM)
(Bourtzis et al., 2016; Bouyer and Marois, 2018). They all depend
on the mass rearing, sex separation, sterilization (or lethality),
handling, packing, transportation and continuous release, at
overflooding ratios, of males in the field to suppress a target
population (Lees et al., 2015; Bourtzis et al., 2016). So, large
production of high-quality males is required since they should
be released at large numbers and should also be able to compete
with wild males for mating with wild females. However, the mass
rearing process, handling, packing, transportation and release
as well as the irradiation (SIT), the infection with a bacterial
symbiont such as Wolbachia (IIT or combined SIT/IIT) or the
insertion of a transgene (RIDL) may have a negative effect in
the life history traits of the mass reared insect strain and the
overall biological quality of the released males (Lees et al., 2015;
Bourtzis et al., 2016).

Many bacterial species have established long evolutionary
and intimate symbiotic associations with insects affecting many
aspects of their biology, ecology and evolution including
nutrition, metabolism, immune function, physiology as well as
reproduction and behavior (Dillon and Dillon, 2004; Bourtzis and
Miller, 2009; Zchori-Fein and Bourtzis, 2011; Engel and Moran,
2013). There have been several studies which have focused on
the characterization of the bacterial communities associated with
insects, their role in the host biology as well as their potential
exploitation to develop and/or enhance novel strategies to control
populations of pests and disease vectors including mosquitoes
(Douglas, 2015; Berasategui et al., 2016; Arora and Douglas, 2017;
Flores and O’Neill, 2018).

As previous studies in fruit flies have shown, the biological
quality and the overall ecological fitness of the insects highly
depends on their associated bacterial and other microbial
partners (Shelly and McInnis, 2003; Niyazi et al., 2004; Ben-Yosef
et al., 2008; Ben Ami et al., 2010; Gavriel et al., 2011; Storelli
et al,, 2011; Blum et al, 2013; Hamden et al.,, 2013; Sacchetti
et al., 2014; Augustinos et al., 2015; Kyritsis et al., 2017; Cai et al.,
2018; Khaeso et al., 2018; Akami et al., 2019). Therefore, insect
symbiotic bacterial species can be used as probiotics to improve

key parameters of population suppression strategies, including
the productivity of mass reared strains as well as the mating
performance and longevity of sterile males (Niyazi et al., 2004;
Ben Ami et al., 2010; Gavriel et al., 2010; Yuval et al., 2013;
Augustinos et al., 2015; Kyritsis et al., 2017; Cai et al., 2018).

There is an increasing interest in the structure of mosquito-
associated microbiota as well as the interactions between the host
and the microbes (for recent reviews see Guegan et al., 2018;
Strand, 2018; Scolari et al., 2019), due to the role of the associated
microbes in the biology of their hosts and the immunity and
pathogen interference. The latter is critical for the development
and application of novel population suppression and population
modification strategies against major mosquito vector species
(Flores and O’Neill, 2018; Guegan et al., 2018). Many studies
have investigated the role of the environment and the breeding
sites on microbial acquisition in Aedes, Anopheles, and Culex
mosquitoes and have shown that there is a clear overlap of
bacterial composition between mosquito species, developmental
stages, and habitats (for a recent review see Guegan et al,
2018). In addition, the concept of mosquito core- and pan-
microbiota has been investigated and recent data clearly indicate
that environmental factors and food resources play a major role in
the environmental bacterial acquisition and this may determine
key biological properties of the mosquito hosts (Pastoris et al.,
1989; Lindh et al,, 2005; Rani et al., 2009; Wang et al., 2011,
2018; Minard et al., 2013a,b; Guegan et al., 2018). Sex, female
size, and genetic diversity have been shown to affect the associated
microbiota in Ae. albopictus with the overall bacterial diversity of
both Ae. albopictus and Ae. koreicus being significantly lower in
recently invaded regions (Minard et al., 2018; Rosso et al., 2018).

Interestingly, some bacterial species (such as Wolbachia,
Asaia, and Elizabethkingia) may have interstadial transmission,
for example from pupae to adults or via maternal transmission
(Kittayapong et al., 2002; Favia et al., 2007; Akhouayri et al., 2013;
Ngwa et al., 2013). Differences in the bacterial diversity between
males and females have been partly attributed to differences in the
flight dispersal and blood feeding (Foster, 1995; Demaio et al.,
1996; Pumpuni et al.,, 1996; Zayed and Bream, 2003; Gusmao
et al,, 2010; Kumar et al., 2010; Benoit et al., 2011; Gaio et al,,
2011; Wang et al., 2011; Zouache et al, 2011). A number of
studies has also shown that mosquito-associated bacterial species
may affect both metabolism and life history traits including blood
and sugar digestion, supply of vitamins and amino acids, body
size, oviposition site choice and egg production, longevity, sex
ratio, larval development as well as virus dissemination (Chouaia
et al,, 2012; Mitraka et al., 2013; Sharma et al., 2013; Coon et al,,
2014, 2016a,b, 2017; Muturi et al., 2016; Dickson et al.,, 2017;
Guegan et al., 2018).

The Insect Pest Control Laboratory of the Joint FAO/TAEA
Division of Nuclear Applications in Food and Agriculture has
been developing the SIT-based approaches for the population
control of Ae. albopictus and guidelines for mass-rearing
laboratory populations of insects that are targets for SIT.
Given the importance of the gut-associated microbiota for the
rearing process and the overall biological quality of artificially
produced insects for SIT-based applications, the present study
focused on the characterization of the gut-associated bacterial
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species of a laboratory strain of Ae. albopictus under artificial
rearing conditions for potential SIT-based applications. The
characterization was performed using culture-dependent and
culture-independent approaches, throughout the mosquito
developmental stages (egg, larva and adult), at different adult
ages (both young and old males and females) and female
feeding regimes (sugar or blood). The density levels of key
bacterial partners were assessed, and the overall findings are
discussed from an applied perspective towards the use of SIT-
based approaches for the population suppression of this major
mosquito vector species.

MATERIALS AND METHODS

Mosquito Strains and Maintenance

The experiments were conducted at the Joint FAO/IAEA Insect
Pest Control Laboratory (hereafter IPCL), Seibersdorf, Austria.
Aedes albopictus wild type strain (Guangzhou, China), known
as GUA strain (Zhang et al., 2015) at F13 generation, was used
in these experiments. Egg hatching, larval rearing, and adult
maintenance were carried out as previously reported (Zhang
et al., 2015). Laboratory-reared cyclic colony was maintained
under at 26 £ 1°C, 60 + 10% RH with a photoperiod of
12: 12 h (L: D).

Sample Collection and Dissection

Blood meals were provided to the GUA females aged 7- to 9-days
post emergence. Two days after the blood meal, a plastic 250-
ml beaker containing 100 mL sterilized deionized water and a
strip of sterilized white filter paper (white creped papers IF C140,
Industrial Filtro S.r.l., Cologno Monzese, Italy) were placed in
the cage (30 x 30 x 30 cm, BugDorm 1, MegaView, Taichung,
Taiwan). Fresh eggs (less than 4 h) were collected and counted
(approximately 100 for each replicate) as materials for bacterial
culture. The rest of the eggs were maintained in the adult rearing
room for 7 days for maturation and then hatched as previously
described (Zhang et al., 2015). Larvae were fed on modified IAEA
liquid larvae diet (Balestrino et al., 2014). The whole gut of the
3rd instar larvae (L3) was dissected and was used as source for
the isolation of cultivable bacterial species. Pupae were collected
and separated using an improved Fay-Morlan separator (Dame
et al., 1974; Focks, 1980).

Male and female pupae were reared separately in sterilized
deionized water and placed in cage for emergence. Non-fed less
than 24 h old adults (both males and females) were collected and
were used for the dissection of whole guts. The rest of the adults
were supplied with 10% sucrose solution. Part of the females were
offered with defibrinated pig blood (Rupert Seethaler, Vienna,
Austria) in sausages (EDICAS, Girona, Spain) from 7th day to
9th day after emergence. Whole guts of blood-fed females were
dissected at the 14th day after emergence to allow full digestion of
blood. In parallel, whole guts of males and non-blood fed females
were also collected. Ventral diverticulum and Malpighian tubules
were removed from all gut samples.

Samples from seven groups, including eggs (EGG), dissected
guts of larvae (LAR), up to 1-day old non-fed males (1DM), up to

1-day old non-fed females (1DF), 14 days old sucrose-fed males
(14DM), 14 days old non-blood fed (sucrose-fed) females (NBF),
and 14 days old blood-fed females (BFF) were included in both
culture-dependent and culture-independent approaches. Fresh
eggs were collected with sterilized dissecting needles. Alive adults
which had been anesthetized at 4°C and alive larvae were surface
disinfected by dipping in 70% ethanol for 1 min, placed into
1 x PBS (phosphate buffer saline) for rinsing, and then dissected
in PBS under a binocular microscope with sterilized needles to
get whole guts under aseptic conditions. One hundred fresh eggs
or 5 whole guts were pooled to create one sample (replicate).

Culture-Dependent Approaches

For the isolation of cultivable gut bacteria, samples were collected
in 1.5 mL Eppendorf tubes with 200 pL sterile LB medium
(Invitrogen). Samples were mechanically crushed using sterile
pestles and 800 wL LB were added to make a total volume
of 1,000 wL. The homogenate was serially diluted (from 10°
to 10~%) and plated on three types of agar media, one non-
selective (LB Agar, Life technologies) and two types of selective
media, Chromocult Agar ES and XLD Agar (Merck Millipore).
Three replicates with 100 pL solution were used for each
medium. Plates were incubated in incubator (IPP110, Memmert,
United States) at 26°C for 16 h (or until bacterial colonies were
visible but incubation did not exceed 48 h). From the dilution
series, those plates with 10 to 300 bacterial colonies were used
and the number of colony-forming units (CFU) in the original
solution was calculated.

Appropriate controls were also prepared, including (a) EGG-
liquid: one hundred eggs were washed in 200 pL LB medium
by vortex and gently centrifuged to get 100 WL supernatant
as potential source of bacteria; (b) Larval food: this control
was prepared with larvae diet (30 mL/L) which was maintained
in a rearing room for 48 h and (c) Sugar solution: this was
collected from both females’ and males’ cages at the 14th day
post emergence.

Twenty bacterial isolates for each sample treatment and 12 for
each control sample (eggs, larval food or sugar solution) were
selected based on bacterial colony characteristics such as color,
size, shape, opacity, margin, elevation and viscosity. Three rounds
of streaking and isolation were performed on the corresponding
medium to ensure that the bacterial isolates were pure cultures.
Purified isolates were cultivated in LB medium at 26°C for
16-20 h, and then stored in 25% glycerol at —80°C.

Colony Characterization Using 16S rRNA

Gene-Based RFLP Assay

PCR was performed on 1 pL fresh culture liquid using
2 x Taq mix (Qiagen) and the universal 16S rRNA gene primers
27F/1492R (Edwards et al., 1989; Weisburg et al., 1991) with MJ
Research Tetrad PTC-225 Thermal Cycler (GMI, United States).
The PCR cycling conditions were template denaturation at 95°C
for 10 min followed by 35 cycles of denaturation at 95°C for
45 s, primer annealing at 55°C for 1 min, and primer extension
at 72°C for 2 min; a final extension step of 10 min at 72°C was
also included. In case that amplification failed, PCR was carried
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out again with DNA extracted using Dneasy Blood and Tissue
Kit (Qiagen) after lysozyme (SIGMA) digestion (resuspended in
the lysis buffer with 10 mg/mL lysozyme and digested at 37°C for
2 h). Part of each PCR reaction (5/50 nL) was electrophoresed
on 1.5% agarose gels, and all amplicons of the expected size
were individually digested with restriction endonucleases Tagl,
EcoR1, Haelll and Rsal (Thermo) according to manufacturer’s
suggestions. Specifically, 5-15 WL per amplicon were digested,
using 2 pL 10 x buffer and 3-5 pL enzyme, in a final volume of
20 pL. Reactions were kept for 3-4 h at 37°C, then inactivated
at 80°C and electrophoresed on 2% agarose gels. In case the
selected bacterial isolates with different colony morphology
characteristics were found to present quite similar RFLP patterns
for all 4 enzymes, digestion with an additional restriction enzyme
(Asull, Mfel or Hgal, Thermo) was included for its genotyping or
their 16S rRNA gene was sequenced double stranded (see below).

16S rRNA Gene Sequencing and Data
Analyzing

From each bacterial group and taking into consideration the
RFLP pattern and colony morphology, 2-7 bacterial isolates
were selected for sequencing of almost the entire 16S rRNA
gene. PCR products were purified using the High Pure PCR
product purification kit (Roche, Germany) and sequenced double
stranded (VBC, Austria by using the 27F-1492R initial primer
set and 4 internal primers: 519R, 596F 960R and 1114F
(Reed et al., 2002).

All 16S rRNA gene sequences were assembled in Sequencher
4.14, aligned with Clustal X 1.83 and BioEdit 7.01. Isolates with
identical sequences were recognized with a different number.
Sequences were examined for chimeras using the DECIPHER’s
web tool' and USEARCH 6.0°. Taxonomy assignment was
performed using BLASTN® and the closest relative was assigned
using RDP classifier*. Alignment of sequences was carried out
using MUSCLE (Edgar, 2004). A phylogenetic tree, based on
the distance matrix method, was constructed using the software
package Geneious 8. Evolutionary distances were calculated using
the Jukes-Cantor model, and topology was inferred using the
“neighbor-joining” method. A phylogenetic tree calculated by
maximum parsimony, using the PAUP phylogenetic package, was
also generated. Sequences with 1180 bp length were used for
tree constructions.

Culture-Independent Approaches-Next
Generation Sequencing (NGS) and
Statistical Analysis

Eggs and guts were mechanically crushed using sterile pestles
in liquid nitrogen. DNA was extracted following the protocol
of Dneasy Blood and Tissue Kit. If required, DNA was
concentrated into >15 ng/pL, and three replicates per sample
were prepared and sent for 16S rRNA gene sequencing using

Uhttp://www2.decipher.codes/index.html
Zhttp://fungene.cme.msu.edu/FunGenePipeline/chimera_check/form.spr
3http://www.ncbi.nlm.nih.gov/BLAST/
“http://rdp.cme.msu.edu/classifier/classifier.jsp

the MiSeq Illumina platform to the IMGM Laboratories
GmbH (Martinsried, Germany) targeting two different
regions with primers U341F (5'-CCTACGGGRSGCAGCAG-
3’) and 805R (5'-GTGCCAGCMGCCGCGGTAA-3') and
909F (5-ACTCAAAKGAATWGACGG-3') and 1391R (5'-
GACGGGCGGTGWGTRCA-3'). The 16S rRNA gene sequences
reported in this study have been deposited in NCBI under
Bioproject number PRJNA575054, while the Sanger generated
sequences have been deposited under accession numbers
MN540103 to MN540125.

De-multiplexing and conversion to FASTQ format was
performed using Qiime 1.9.1 (Caporaso et al., 2010b). Pair-
end reads were assembled, trimmed and corrected for error
using PandaSeq (Masella et al.,, 2012). Unassembled reads and
reads outside the range of 440 to 450 bp once assembled were
discarded. All subsequent analyses were conducted in QIIME
version 1.9.1 (Caporaso et al., 2010b). Sequences were clustered
into Operational Taxonomic Units (OTUs) using USEARCH
(Edgar, 2010) by open-reference OTU picking. Chimeras were
detected and omitted using the program UCHIME (Edgar
et al,, 2011) with the QIIME-compatible version of the SILVA
111 release database (Quast et al., 2013). The most abundant
sequence was chosen as the representative for each OTU.
Taxonomy was assigned to representative sequences by BLAST
(Altschul et al., 1990) against the SILVA 111 release database
(Quast et al,, 2013). Representative sequences were aligned
against the SILVA core reference alignment using PyNAST
(Caporaso et al., 2010a). Alpha-diversity indices, as well as indices
depicting the population structure, were calculated with the
QIIME pipeline (Caporaso et al., 2010b) based on the rarefied
OTU table at a depth of 15,000 sequences/sample (observed
species, PD whole tree, chaol and simpson reciprocal). Inter-
sample diversity was calculated using Bray-Curtis distances while
Principal Coordinate Analysis (PCoA) and multidimensional
scaling (MDS) plot (Anderson, 2001) was performed on the
resulting distance matrix. These calculations and those for alpha
diversity were performed in QIIME version 1.9.1. ANOVA
and Tukey-Kramer post hoc tests were employed to detect
statistical differences (Edgar, 2010). Permutational Multivariate
Analysis of Variance (PERMANOVA) analyses were applied to
Bray-Curtis similarity matrices to compute similarities between
groups (Anderson, 2001). Community structure differences
were viewed using the constrained ordination technique CAP
(Canonical Analysis of Principal Coordinates), using the CAP
classification success rate and CAP traceq m'HQ m Statistics, and
were performed with 9999 permutations within PRIMER version
6+ (Anderson and Willis, 2003).

Semi-Quantitative Analysis of Main Gut

Bacteria Groups

qPCR-based semi-quantitative analysis was performed for
some of the most relatively abundant genera (Aeromonas,
Asaia, Elizabethkingia and Chryseobacterium, Enterococcus, and
Wolbachia) detected by the 16S rRNA gene next generation
sequencing (NGS). The qPCR analysis was carried out in three
replicates on the same samples used for the NGS. It was difficult
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to design genus specific primers for Elizabethkingia, so this
genus was studied as a group together with Chryseobacterium.
The sequence of the primers and other relevant information for
the qPCRs are presented in Supplementary Table 1. The Ae.
albopictus ribosomal protein S6 (rps6) gene was used as control
(for calibration).

A gradient PCR was initially performed to standardize the
PCR conditions. PCR amplification was performed with an
initial denaturation at 95°C for 5 min, followed by 35 cycles of
denaturation at 95°C for 30 s, annealing at 57-64°C for 30 s, and
extension at 72°C for 45 s, and kept under 72°C for 10 min. PCR
products were analyzed on agarose gel electrophoresis to confirm
the presence of the specific amplicon. These conditions were then
used to perform qPCR analysis (Supplementary Table 1). The
amplification was performed using iQ™ SYBR® Green Supermix
(Bio-Rad, United States). The reaction mixture (15 L) consisted
of 5 ng DNA template, 2-5 pmol of each primer and 7.5 wL of
2 x Supermix. qPCR was performed with a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad, United States). Due to the
different annealing temperatures (Supplementary Table 1), the
reactions for the target genes and the housekeeping gene were
put on different plates. An initial denaturation at 95°C for 2 min
was followed by 40 cycles consisting of denaturation at 95°C for
10 s, at annealing temperature for 60 s. To check and confirm
the quality of amplification, a melting profile was generated for
the amplicon over a temperature range of 65°C to 95°C. Melting
curves for each sample were analyzed after each run to check the
specificity of amplification. Cq of products was calculated using
CFX ManagerTM Software (Bio-Rad Laboratories, Inc.). Relative
density of selected bacterial taxa was determined by using the
27AACT calculation method. Three biological replicates were
employed for each sample (with the exception of 14DM for which
only 2 replicates were used for the Asaia and Chryseobacterium-
Elizabethkingia group reactions), and 2 technical replicates of
qPCR were carried out for each reaction.

Statistical Analysis of Data

Statistical analysis were carried out with JMP 14.3.0 (2018, SAS,
Cary, NC, United States). The average of relative density of 2
technical replicates was used for each biological replicate. The
mean and standard error (SE) of relative density was calculated,
and comparisons of relative density of selected bacterial taxa
between sample groups were assessed using ANOVA followed by
Tukey-Kramer HSD.

RESULTS

Isolation and Characterization of
Cultivable Bacterial Species During the
Development of Aedes albopictus

Using three different microbiological media (LB Agar,
Chromocult Agar ES and XLD Agar), 462 bacterial isolates
were isolated in total including 73 isolates from the three
control samples. The selection of the colonies was mainly
based on colony morphology since our goal was to isolate

as many different bacterial species as possible for further
investigation. A 16S rRNA gene-based PCR-RFLP assay was
employed for the initial characterization and grouping of
the bacterial isolates. Restriction endonucleases EcoRI, Asull,
Mfel and Hgal exhibited up to maximum one recognition
site, whereas Taql, Haelll and Rsal displayed multiple ones
(Supplementary Table 2). According to the PCR-RFLP data,
the bacterial isolates were placed in 27 groups. Up to two
representatives from each group were selected for 16S rRNA
gene sequencing and the sequencing data revealed the presence
of 23 unique bacterial isolates, belonging to Proteobacteria
(mainly members of Gammaproteobacteria), Firmicutes
and Bacteroidetes (mainly members of Flavobacteriaceae)
(Table 1 and Figure 1). Members of the Acinetobacter, Bacillus,
Cedecea, Chryseobacterium, Comamonas, Elizabethkingia,
Enterobacter, Escherichia, Pseudomonas, Serratia, Staphylococcus,
and Stenotrophomonas genera, were retrieved from eggs and the
digestive track of adult mosquitoes. Members of the Raoultella
genus, as well as members of the Acinetobacter and Pseudomonas
(but different from the ones detected in the eggs and the digestive
track of adult mosquitoes), were isolated only in larval food, but
not in adult mosquitoes (Table 1).

Although the initial selection of colonies from all three
microbiological media was based on morphological criteria
and only up to 20 colonies per sample were selected, it’s
still worth noting the following: (a) representatives of
nine genera were isolated from LAR samples while only
one bacterial strain, Elizabethkingia sp., was isolated from
14DM; (b) some genera were represented by multiple
representatives (in some cases, they may represent different
species); (c) some bacterial isolates were recovered from just
a single developmental stage while others from multiple
ones and (d) representatives of several bacterial genera
were isolated from both mosquito and control samples
including  Acinetobacter ~sp., Bacillus sp., Cedecea sp.,
Elizabethkingia sp., Enterobacter sp., and Pseudomonas sp.
isolates (Table 1).

16S rRNA Gene-Based Taxonomic
Composition of Artificially Reared Aedes
albopictus

The sequence data obtained for the two targeted regions
of the 16S rRNA gene (amplified by the primer pairs
U341F/805R and 909F/1391R) were compared in selected
samples and no statistically significant differences were observed
(Supplementary Figures 1-5). For this reason, all results
presented below and in the respective figures and tables have
been prepared by combining the raw data of the two 16S rRNA
gene regions.

In total, seven samples (EGG, LAR, 1DM, 1DE 14DM,
NBE, and BFF with three replicates each) were sequenced
producing 546,136 reads for bioinformatic analysis with an
average of 78,014 reads per sample (Table 2). Based on alpha-
diversity indices, the larval samples were the most species
rich in Ae. albopictus (Table 2). Males and females fed
with sucrose and/or blood together with the teneral females
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FIGURE 1 | Phylogenetic relationships based on 16S rRNA gene sequence analysis of members of the bacterial communities associated with Aedes albopictus. In
the cases where no published mosquito-derived sequences belonging to the same bacterial species were available, the closest hit deriving from mosquitos and the
closest hit regardless of origin were included (to avoid misinterpretation of results). Evolutionary distances were calculated using the method of Jukes and Cantor and
the topology was inferred using the neighbor-joining method. A representative isolate per each phylotype with their taxonomy assigned is indicated in the outer circle
while the number of isolates is graphically represented. The 16S rRNA gene sequence of Chloroflexus aurantiacus was arbitrarily chosen as outgroup.

exhibited the lowest species richness and diversity indices dominant OTUs that were identified in the present study were
(Table 2). Interestingly, teneral mosquitoes exhibited a sex classified into 5 phyla, 8 classes, 17 orders, 23 families, and 29
specific differentiation (Table 2). Richness indices like Chaol genera (Table 3).

were within the range of the number of OTUs indicating, Our amplicon sequence analysis indicated that the
like the rarefaction analysis (Supplementary Figure 5), that EGG samples were dominated by Alphaproteobacteria
sampling of each treatment has reached saturation, which (89.5%), mainly by Wolbachia, followed by Firmicutes and
was supported by the Good’s coverage index (Table 2). The Bacteroidetes at 5.8% and 1% respectively (Figures 2A,B).
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TABLE 2 | Richness and diversity estimation of the 16S rRNA gene libraries of Aedes albopictus through the amplicon sequence analysis.

Samples Number Good’s Number Species richness indices Species diversity indices
of OTUs coverage of reads

Stage /Sex Age Diet Chao1 ACE Shannon Simpson
Eggs Eggs BFA 114.13 + 7.30° 0.998 111,107 138.37 + 9.612 137.74£9.382 257 +0.03  0.72 £ 0.0072
Larva Larva LLD 318.13 4 9.86° 0.995 62,223 362.61 + 9.45° 3639+ 9.41° 5214 0.15° 0.91 + 0.009°
Males 1 days Teneral 142,47 + 3.43° 0.998 54,555 157.50 + 3.68° 157.45 £ 4.09°  2.64 + 0.05° 0.64 + 0.021°
Females 1 days Teneral 61.20 + 2.69¢ 0.999 82,200 72.63 + 3.659 69.97 + 2,934 0.84 + 0.069 0.17 £ 0.0149
Males 14 days  Sucrose 67.17 + 7.619 0.999 101,620 76.74 + 8.109 76.61 + 7.479 222 +£0.16°  0.57 + 0.044°
Females 14 days  Sucrose 61.57 + 3.019 0.998 57,246 86.67 + 4.72° 81.43 + 3.15° 159 +0.13"  0.50 4 0.043°
Females 14 days Blood 61.70 + 2.294 0.998 77,145 81.27 + 3.54° 80.48 + 3.32° 1.02 + 0.029 0.30 + 0.002f

For each diversity index, ANOVAs followed by the Tukey HSD test, (o < 0.05) were performed. Significant differences are indicated by different letters.

In LAR samples, bacterial diversity was high and was evenly
distributed between Bacteroidetes (31%), Firmicutes (28.8%),
and Actinobacteria (20.8%), followed by Betaproteobacteria
(10.6%), Gammaproteobacteria (6.8%), and Alphaproteobacteria

(3.3%) (Figure 2A). The most dominant genera were
those of Chryseobacterium, and Clostridium and to a
lesser degree Microbacterium, Comamonas, Rhodococcus,

and Acinetobacter (Figure 2B). The 1DM samples were
dominated by Gammaproteobacteria (72%) followed by
Alphaproteobacteria (16.6%), Firmicutes (4.3%), Actinobacteria
(3%), Betaproteobacteria (2.2%), and Bacteroidetes (1%), while
the 1DF samples were displaying a more even distribution
between Gammaproteobacteria (31.1%), Firmicutes (32.2%), and
Bacteroidetes (33.2%) (Figure 2A). This clear differentiation
was also reflected at the genus level. The 1DM samples
were dominated by Aeromonas sp. followed by Wolbachia
and Serratia sp., while the 1DF samples were dominated
by Elizabethkingia sp., Enterococcus sp. and Aeromonas sp.
(Figure 2B). The 14DM samples, the bacterial diversity was
evenly distributed between Gammaproteobacteria (30.4%),
Alphaproteobacteria  (28.8%), and Bacteroidetes (32.5%),
followed by Firmicutes (5.1%) and Actinobacteria (2.6%)
while the NBF exhibited a similar diversity but with the
Gammaproteobacteria being abundant (62.4%) followed by
Alphaproteobactreria (22.6%), and Bacteroidetes (13.1%)
(Figure 2A). Interestingly, the BFF were almost exclusively
dominated by Bacteroidetes (96.4%) (Figure 2A). At the genus
level, the 14DM samples were characterized by the presence
of Elizabethkingia sp. followed by Asaia sp., Serratia sp.,
Enterobacter sp., Providencia sp., and Wolbachia sp., the NBF
samples were dominated by Serratia sp. and Asaia sp. followed
by Elizabethkingia sp., while the BFF samples were dominated by
Elizabethkingia sp., (95.4%) and Chryseobacterium sp. (0.94%)
(Figure 2B).

Non-metric multi-dimensional scaling (MDS) and principal
coordinates analysis (PCoA) indicated that the samples examined
were clustered mainly based on the developmental stage
and the diet used (Figures 3, 4). In more detail, the
clusters between eggs and larvae were statistically significant
(PERMANOVA, P < 0.001), as were those between the guts
of 1-day and 14-day old adults (PERMANOVA, P < 0.001).
Interestingly, there was a statistically significant difference
between the gut samples of 14-day old Ae. albopictus females

fed with sucrose (NBF) or blood (BFF) (PERMANOVA,
P < 0.001).

Relative Density of Selected Bacterial
Taxa During Aedes albopictus

Development

Based on the NGS data, we selected some of the most
abundant bacterial taxa, Aeromonas, Asaia, Chryseobacterium-
Elizabethkingia ~groups, Enterococcus and Wolbachia, to
investigate their relative density by qPCR (Figure 5 and
Supplementary Table 3). The data clearly indicated that: (a)
Wolbachia was dominant in the EGG samples and it could also
be detected at lower densities in 1DM, 14DM, NBF and BFF
samples (Tukey HSD, P < 0.0001); (b) Asaia was detected at
higher densities in the NBF samples and at much lower densities
in 14DM samples (Tukey HSD, P < 0.0001); (c) Aeromonas
was detected in the 1DM samples and in one of the biological
replicates of the 1DF samples (Tukey HSD, P = 0.0950); (d)
the Elizabethkingia-Chryseobacterium group was present in
high densities in BFF samples, and it was also detected in some
biological replicates of the LAR, 1DE 14DM as well as in the
NBF samples; however, there was no statistically significant
difference among the different groups (Tukey HSD, P = 0.0496).
It is worth noting that, based on the NGS data, Elizabethkingia-
Chryseobacterium was only detected in BFF, NBE, 14DM, 1DF
but not in LAR, and (e) Enterococcus was detected at higher
densities in one replicate of the 1DF samples and at lower
densities in one replicate of the NBF samples (Tukey HSD,
P =0.0950).

DISCUSSION

By employing a cultivation-dependent and a cultivation-

independent approach, significant information on the
composition of gut-associated microbiota of lab-reared
Ae. albopictus along developmental stages, sex and
feeding regimes was obtained. Although our study

provides useful information for a colonized population

of an SIT targeted species, the results can not be
generalized. However, this information can be used
to improve the effectiveness of mosquito population

control strategies such as SIT, IIT and others through, for
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FIGURE 2 | Heatmaps of bacterial taxa identified by 16S rRNA gene sequence analysis in Aedes albopictus eggs (EGG), guts of larvae (LAR), and guts of 1-day old
teneral males (1DM), 1-day old teneral females (1DF), 14-day old sugar-fed males (14DM), 14-day old sugar-fed females (NBF) and 14-day old blood-fed females
(BFF). Taxa were grouped at (A) phylum level, except Proteobacteria that were grouped at the class level and (B) genus level. Cells with a RA less than 1% they

example, the assessment of cultivable bacteria as potential
probiotics to enhance the rearing efficiency and quality of
mass-produced insects.

The Composition of Gut-Associated
Microbiota of Lab-Reared Aedes

albopictus

The cultivation-dependent approach resulted in the isolation of
mosquito-associated bacteria which were assigned to 13 different
genera (Table 1). The majority of them were Gram-negative,
and mainly Gammaproteobacteria of the Enterobacteriaceae
family, which have been previously described in other mosquito
species such as Ae. triseriatus, An. albimanus, An. gambiae, An.
stephensi, C. pipiens, C. quinquefasciatus, and C. tarsalis (Chao
and Wistreich, 1959; Demaio et al., 1996; Pumpuni et al., 1996;
Straif et al., 1998; Fouda et al., 2001; Gonzalez-Ceron et al,

2003; Pidiyar et al., 2004; Lindh et al., 2005), as well as in Ae.
albopictus (Zouache et al., 2011; Otta et al., 2012; Minard et al.,
2013b, 2014; Valiente Moro et al., 2013; Yadav et al., 2015),
suggesting that they are widespread and constantly associated
with mosquitoes.

Some gut-associated bacteria genera detected in the
present study have been related with host’s biological process.
Acinetobacter play a role in both blood digestion and nectar
assimilation of Ae. albopictus (Minard et al, 2013b). Asaia
may provide An. stephensi with vitamins (Crotti et al., 2010).
Asaia and Elizabethkingia have been considered as candidates
in paratransgenic approaches for mosquito control (Favia et al.,
2007; Chen et al., 2015). Serratia and Enterobacter contain
hemolytic enzymes and play a role in blood digestion of Ae.
aegypti (Gaio et al., 2011). Serratia also play a role in chitin
degradation of puparium (Iverson et al, 1984). However,
S. marcescens was reported as pathogen of artificial-reared insects
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FIGURE 3 | Non-metric multidimensional scaling (MDS) plot based on Bray-Curtis dissimilarities visualizes differences in bacterial community structures according to
age, developmental stage, sex and diet. Orange triangles inverted blue and cyan squares, red diamonds, pink circles, gray crosses, and green multiplication sign
represent Aedes albopictus eggs (EGG), guts of larvae (LAR), and guts of 1-day old teneral males (1DM), 1-day old teneral females (1DF), 14-day old sugar-fed
males (14DM), 14-day old sugar-fed females (NBF) and 14-day old blood-fed females (BFF), respectively.

(Grimont and Grimont, 2015). As strains of Enterobacter have  Ae. albopictus provide potential material for further probiotic
been proved candidates of probiotic for the Mediterranean fruit  studying. Asaia played a specific role in the larval development
fly (Augustinos et al., 2015), isolation of these bacteria from of An. stephensi and reduced the developmental time before
pupation (Crotti et al., 2010). It’s also worth noting that Cedecea
spp. have been reported in the midgut of Psorophora columbiae
(Demaio et al.,, 1996) and both field-collected and lab-reared

Rt Seay Gurts simiariy An. gambiae (Pumpuni et al., 1996; Straif et al., 1998) while
60 Stage Cedecea spp. was also detected in the midgut of Ae. aegypti
. 132’1 females (Gusmao et al., 2010). Interestingly, we isolated Cedecea
o ® 14DM spp. from larval guts as well from the egg surface of lab-reared
o o o Ig?,f Ae. albopictus suggesting a potential route for their inter-stadial
k] * EGG transmission and these isolates may also represent potential
g 204 N . SLAR probiotic candidates.
2 Previous studies in Anopheles showed lower diversity of
ﬁ\% ° gut-associated bacteria in lab-reared mosquitoes than wild
~ O * populations (Gonzalez-Ceron et al., 2003; Rani et al., 2009).
5 o * Klebsiella, which has been proven to be an effective probiotic
g 20l ’xx % of the Mediterranean fruit fly (Ben Ami et al, 2010; Gavriel
x et al, 2011; Kyritsis et al, 2017), has also been reported
as a component of gut-associated bacterial communities in
401, , , | ) , mosquitoes (Chao and Wistreich, 1960; Demaio et al., 1996; Straif
60 -40 -2|°° o 20 40 et al,, 1998; Terenius et al., 2012) including wild populations
FEET deSincliisivadeiont of Ae. albopictus (Crotti et al., 2009; Gusmao et al, 2010;
FIGURE 4 | Principal coordinate analysis (PCoA) of bacterial communities Zouache et al, 2011,; Valiente Moro et al,, 2013;. Yadav et al,,
based on the relative abundance of OTUs with ordinations from Aedes 2015). However, this group was not detected in our study
albopictus eggs (EGG), guts of larvae (LAR), and guts of 1-day old teneral through both the cultivation-dependent and the cultivation-
males (1DM), 1-day old teneral females (1DF), 14-day old sugar-fed males independent assays. Since there are documented differences
(14DM), 14-day old sugar-fed females (NBF) and 14-day old blood-fed among populations (Demaio et al., 1996; Zouache et al., 2011),
females (BFF). Variance explained by each PCOA axis is given in parentheses, this could be attributed to its absence from the original wild
while the main taxa that affect ordination clustering is presented.
population. However, it could also be a result of a domestication
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process and the continuous artificial rearing. Similar to genetic
changes, symbiotic changes may happen due to phenomena such
as bottlenecks and small effective population size. Moreover,
symbionts that are not crucial in the new environment may
disappear and new may emerge, depending on the new
rearing conditions.

Some of the bacterial isolates, such as Enterobacter, Cedecea
(Enterobacteriaceae), Stenotrophomonas (Xanthomonadaceae),
Pseudomonas  (Pseudomonadaceae), and  Staphylococcus
(Staphylococcaceae) were not very abundant groups in NGS.
It is well known that many factors including selectivity of
culture-medium for specific bacterial taxa, growth rate and
small colony number bias could influence the isolation process
(Jannasch and Jones, 1959; Amann et al., 1995). NGS based

culture-independent methods give relatively complete, albeit
semi-quantitative, profile of the bacteria community. However,
bias of Illumina could be induced too, for example, by PCR
amplification protocols, primer choice and short read lengths
(Claesson et al., 2010; Schloss et al., 2011; Pinto and Raskin, 2012;
Tremblay et al., 2015; Gohl et al., 2016). It is interesting to note,
however, that our NGS study provided similar Shannon diversity
indices with those of previous studies which investigated either
laboratory populations or populations of recent invasions and
clearly lower when compared with that observed in established
wild populations (Coon et al., 2016b; Hegde et al., 2018; Rosso
et al., 2018). The bacterial profiles including the Aeromonas and
Serratia co-occurrence pattern detected in the present study have
also been previously observed (Hegde et al., 2018).
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Impact of Sex, Age and Diet on

Gut-Associated Bacteria

Our study clearly shows that there are differences between
males and females, and age and diet may also contribute to
these differences. Clustering analysis suggested that the effect
of diet was more significant than that of sex. After the full
digestion of blood meal, bacteria diversity decreased significantly
in accordance with previous study in An. gambiae (Wang
et al, 2011). Over 95% of the gut-associated bacteria were
Elizabethkingia and Chryseobacterium, mostly the former one.
This closely related group may possess a competitive advantage
over the other bacteria. Elizabethkingia was dominant in the guts
of both sugar-fed and blood-fed females (Wang et al., 2011). It
has been reported that Elizabethkingia anophelis could contribute
nutrients by participating in erythrocyte lysis in the mosquito
midgut (Chen et al., 2015).

Among cultivable strains, Serratia could not be isolated after
blood feeding, in contrast to Enterobacter and Pseudomonas.
These genera have also been reported in field-caught female
Anopheles and Culex mosquitoes (Gonzalez-Ceron et al., 2003;
Pidiyar et al., 2004; Lindh et al., 2005; Rani et al., 2009; Chavshin
et al,, 2012). In wild-caught An. stephensi, Cryseobacterium,
Pseudomonas and Serratia were identified only in females (Rani
et al., 2009). Our results indicated that Pseudomonas and
Enterobacter may be enhanced with blood meal in Ae. albopictus,
and a similar observation has been made in An. gambiae (Wang
et al,, 2011). On the other hand, Serratia were relatively stable
during the adult stage of Ae. albopictus females while in An.
gambiae, it increased after blood meal and decreased later (Wang
et al., 2011). Interestingly, Enterobacter sp. and Serratia sp.
showed strong hemolytic activity among bacteria isolated from
Ae. aegypti midgut while Serratia was found to be dominant in
all isolations during blood digestion in the same species (Gaio
et al,, 2011) (Gusmao et al.,, 2010). Its also worth noting that
Azambuja and colleagues (Azambuja et al., 2004) isolated a
S. marcescens strain which was able to lyse erythrocytes from guts
of blood feeding Rhodnius prolixus. The nutrient composition of
food sources was considered an explanation of the differential
bacterial population structure between sexes (Minard et al.,
2013b). Our results suggested that there was a strong effect of
adult diet, like blood meal, on the structure of gut-associated
bacterial communities.

Our study indicated that age also plays an important role
in shaping the bacterial communities. For example, Wolbachia
and Aeromonas were found at high densities in 1-day old males
but their densities were drastically decreased in older males. On
the other hand, the Elizabethkingia-Chryseobacterium group was
essentially absent in young males and drastically increased in
14-days old males.

Dynamics and Trans-Stadial
Transmission of Gut-Associated Bacteria

Under Lab-Rearing Conditions

The present study identified several genera shared among control
groups and mosquito samples. The isolates from larval food and
sugar solution belonged to Acinetobacter, Bacillus, Enterobacter,

Pseudomonas and Raoultella bacterial genera. In previous
studies, Enterobacter sp. was shown to immigrate successfully in
both larval and adult stages, Bacillus sp. to settle through food
into larval guts whereas Raoultella sp. and Pseudomonas sp. to fail
to settle in larval guts or to be maintained in a detectable level. In
addition, the Acinetobacter sp. was found not only in mosquito
guts but also in breeding sites and food sources (reviewed in
Minard et al., 2013b).

Our study also provided a view of the bacterial dynamic
among life stages of Ae. albopictus clearly indicating that
gut-associated bacteria diversity changed significantly between
eggs and larvae, teneral and 14-day old adults. Food (larval
food, sugar solution, blood) is certainly a contributing factor
for these changes and the transmission of some of these
bacteria. Wolbachia, Asaia, and Elizabethkingia have been
shown to pass on to eggs from parents (Kittayapong et al,
2002; Favia et al., 2007; Akhouayri et al., 2013). Gusmao
and colleagues (Gusmao et al.,, 2010) identified Asaia sp. and
Enterobacter sp. from Ae. aegypti eggs and considered them
to be probably transovarially transmitted. Based on our NGS
data, it was shown that Ae. albopictus eggs contained bacteria
from more than 15 genera including Bacillus, Chryseobacterium
and Escherichia-Shigella which were among the main groups
in female adults both before and after blood feeding. Cedecea
sp. and Elizabethkingia sp. were isolated from Ae. albopictus
eggs and detected outside the eggs, suggesting that they are
transmitted vertically via “egg smearing.” Akhouayri et al.
(2013) externally treated embryos of An. gambiae with antiseptic
solution and dramatically reduced the melanotic pathology which
was caused by Elizabethkingia meningoseptica suggesting that
it could be transmitted to embryos via “egg smearing.” In An.
gambiae, one of the transmission routes of Asaia was also
reported to be “egg smearing” (Damiani et al., 2010). Further
studies are necessary to get knowledge on how these taxa
are transmitted.

In conclusion, using culture-dependent and culture-
independent approaches, we characterized mainly the microbiota
associated with a laboratory strain of Ae. albopictus, which is
reared under artificial rearing conditions for potential SIT-based
applications, throughout the mosquito developmental stages
(egg, larva and adult), at different adult ages (both young and old
males and females) and female feeding regimes (sugar or blood).
It is worth noting that a relatively high diversity of bacteria was
detected in eggs (a stage understudied in mosquitoes), some
of which were also found in adult females. Overall, our study
clearly shows that developmental stage and diet are the key
factors shaping the microbiota. The density levels of some of
the most abundant taxa (Aeromonas, Asaia, Chryseobacterium-
Elizabethkingia groups, Enterococcus, and Wolbachia) in
different developmental stages and diets were determined by
PCR. However, this should in the future be extended to other
abundant bacterial taxa such as Serratia, Clostridium, and
Providencia. Our study identified several species which may
worth be investigated about their potential probiotic properties
including members of the Enterobacteriaceae (Aeromonas,
Elisabethkingia, Enterococcus, Enterobacter, Providencia) and
Acetobacteriaceae (Asaia) families to enhance production and
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improve quality of mass-reared mosquito species which are to be
used for SIT and other related population suppression programs.
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The gut microbiota plays essential roles in processes related with metabolism,
physiology, and immunity in all organisms, including insects. In the present work, we
performed a broad analysis of the Spodoptera exigua gut microbiota, a major agricultural
pest. We analyzed the influence of multiple parameters such as diet, geographic
location, sex, or viral infections on S. exigua caterpillar gut microbiota composition.
Our study revealed a high variability in bacterial composition among individuals, and a
major influence of environmental bacteria (including those acquired through diet) on the
gut microbiota composition, supporting previous studies that claim resident microbiota
are lacking in caterpillars. Previous studies with laboratory-reared insects showed
that changes in caterpillar gut bacterial composition affect the insecticidal properties
of entomopathogenic viruses and bacteria. Our study revealed different microbiota
composition in field insects carrying a natural viral infection with Spodoptera exigua
nucleopolyhedrovirus (SeMNPV) and/or Spodoptera exigua iflavirus 1 (SelV1). Few taxa
can be specifically associated with the infection, suggesting microbiota influence the
infective process of these natural pathogens, and providing new strategies for insect
pest management.

Keywords: lepidoptera, microbiota, Spodoptera exigua, 16S rRNA, viral infection

INTRODUCTION

The Lepidoptera Spodoptera exigua (Htibner) (Noctuidae) is an important polyphagous agricultural
pest, polyphagous and worldwide distributed. Traditionally, chemical insecticides have been used
to control this pest but, extensive use over a long time period has led to the emergence of resistant
populations (Brewer and Trumble, 1989; Moulton et al., 2000; Osorio et al., 2008; Ahmad and
Arif, 2010; Che et al., 2013). Therefore, biological insecticides such as baculovirus and Bacillus
thuringiensis (Bt) represent an effective and safer alternative for pest control.

Gut microbiota is described as the complex community of microorganisms living in the digestive
tracts of human and other animals in a symbiotic relationship. Many animals, including insects, are
colonized by microbial symbionts, which can regulate host processes related with development,
immunity, and metabolism (Dillon and Dillon, 2004; Engel and Moran, 2013). Most caterpillars
are herbivorous, and their gut bacteria can play important roles in nutrition and host adaptation.
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For instance, gut microbiota in caterpillars can contribute to
plant cell wall digestion (Mason et al., 2015; Xia et al., 2017),
detoxification of toxic compounds synthesized by the plants they
feed on (Shao et al., 2011; Hammer and Bowers, 2015), or even
suppress plant defense mechanisms (Acevedo et al., 2017). In
recent years, researchers investigated if caterpillars depend on
their gut microbes for feeding and/or development, but this
question remains unclear. While some studies have shown that
diet affects the insect microbiome composition (Berman et al.,
2018; Jones et al., 2019), others have reported that diet does not
have a clear effect on gut microbiota composition (Whitaker et al.,
2016; Hammer et al., 2017). Moreover, the great variability usually
observed in lepidopteran bacterial composition also indicates
that many factors influence the final gut bacterial composition of
these insects (reviewed in Mereghetti et al., 2017).

Furthermore, the Lepidoptera gut microbiota seems to
influence the host interaction with pathogenic microorganisms.
Several studies on different lepidopteran species revealed changes
in gut microbiota composition after intoxication with Bt
toxins (Broderick et al., 2004; Caccia et al., 2016), and insect
susceptibility alteration to Bt and its toxins (Broderick et al., 2004)
due to gut microbiota changes. In addition, Xia et al. (2013)
suggested that certain bacterial taxa can confer Bt-resistance in
Plutella xylostella larvae. In the case of S. exigua, our previous
studies showed an increase in Bt tolerance associated with an
increase in the gut bacterial load (Hernandez-Martinez et al.,
2010). Regarding viral pathogens such as baculovirus, a previous
study from our laboratory revealed an increase in gut bacterial
load after infection of a laboratory-reared S. exigua colony with
its baculovirus, Spodoptera exigua multiple nucleopolyhedrovirus
(SeMNPV) (Jakubowska et al., 2013). Such change in bacterial
load was associated with an increase in baculovirus virulence,
pathogenicity, and dispersion.

Baculoviruses are DNA viruses highly specific against different
invertebrate species which cause larval death after viral ingestion.
In addition to the oral infection caused by baculovirus, the virus
can asymptomatically persist on the insects and be vertically
transmitted to the offspring (Virto et al., 2014). In the case of
S. exigua, 54% of field adult insects are covertly infected with
its baculovirus, SeMNPV (Virto et al., 2014). In addition, some
field insects can also carry a second covert infection with RNA
viruses from the Iflaviridae family, which apparently do not cause
lethal infection. Spodoptera exigua Iflavirus 1 (SeIV1) (Millan-
Leiva et al., 2012) was present in about 13.1% of field insects and
6.1% of insects were simultaneously infected with SeMNPV and
SeIV1 (Virto et al., 2014). These covertly infectious viruses can be
activated by different stress factors, leading to a lethal infection
and finally killing the insect.

Based on the previous observations mentioned above, we
hypothesized the possible role of gut microbiota composition
in modulating S. exigua interaction with its naturally occurring
viruses in the field. In the present work, as a first step in this
investigation, we characterized the gut microbiota composition of
laboratory and field collected S. exigua caterpillar, and studied the
influence of dietary regimen, geographic location, and caterpillar
sex on the gut microbiota composition. In a second part of the
study, we analyzed viral infection interaction and gut microbiota

composition, identifying certain bacterial groups which could
shape viral-host interaction.

MATERIALS AND METHODS

Insects

In this study, samples came from S. exigua larvae with different
backgrounds and dietary regimens. Field larvae were obtained
from pepper greenhouses located in the Almeria province
(Spain). Third to fifth instar larvae were collected during
September and October 2015 and sent to our laboratory in
Valencia (Spain). The insects were sent in individual plastic
bottles containing the pepper leaf from where they were collected,
and the larvae were dissected and processed immediately upon
arrival. The insects reared on standard artificial diet (AD)
(Elvira et al., 2010) came from our laboratory colony, which
has been maintained for more than 200 generations. The colony
is maintained at 25 4+ 3°C with 70 & 5% relative humidity
and a 16/8 h (light/dark) photoperiod. We also used S. exigua
larvae from our laboratory colony fed a plant-based diet (PBD),
which was prepared with lyophilized plant leaves in 2% agar and
supplemented with 5% AD. For the PBD studies, fourth instar
larvae previously reared on AD were transferred to the PBD and
reared for 48 h before dissection. In parallel, a group of larvae
were kept only on AD and dissected simultaneously. The plants
employed for the PBD studies were pepper (dulce de Espaia
variety) and two different tomato varieties [Ailsa (A) and Money
Maker (MM)]. Plants were grown in greenhouse facilities and
harvested before floriation.

The S. exigua larvae were dissected and processed as follows.
The whole gut (including the gut content) of each individual larva
from the field, and pools of three guts per sample from an AD
and PBD were dissected and homogenized in Luria-Bertani (LB)
medium supplemented with 10% glycerol and frozen at —80°C
for DNA extraction. For each sample, half of the remaining body
was directly frozen at —80°C for subsequent DNA extraction, and
the other half was frozen in RNAzol® RT reagent (Sigma Aldrich,
St Louis, MO, United States) at —80°C for RNA extraction.

DNA Extraction and Sequencing

A fraction of each homogenized gut was used for total
DNA extraction using the MasterPure™ Complete DNA &
RNA Purification Kit (Epicenter, Madison, WI, United States)
according to the manufacturer’s instructions. Purified DNA was
quantified in QUBIT and 10 ng/ul were used for amplification
and sequencing of the 16S rRNA gene from 77 samples. The
amplicon sequencing protocol targets the 16S gene V3 and
V4 regions (459 bp), with the primers designed surrounding
conserved regions (Klindworth et al, 2013). Following the
Illumina amplicon libraries protocol, DNA amplicon libraries
were generated using a limited cycle PCR: initial denaturation
at 95°C for 3 min, followed by 25 cycles of annealing (95°C
30 s, 55°C 30 s, 72°C 30 s), and extension at 72°C for 5 min,
using a KAPA HiFi HotStart ReadyMix (KK2602). Then Illumina
sequencing adaptors and dual-index barcodes (Nextera XT index
kit v2, FC-131-2001) were added to the amplicon. Libraries
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were then normalized and pooled prior to sequencing. The
pool containing indexed amplicons was then loaded onto the
MiSeq reagent cartridge v3 (MS-102-3003) spiked with 10%
PhiX control to improve base calling during sequencing, as
recommended by Illumina for amplicon sequencing. Sequencing
was conducted using a 2 x 300-pb paired-end run on an Illumina
MiSeq sequencing system.

Sex Determination

Field larvae sex was molecularly determined by kettin gene
copy number relative quantification. Kettin is a sex-linked
gene without dosage compensation as previously described for
Bombyx mori (Suzuki et al., 1999), and was recently used to
determine sex in different Lepidopteran larvae species (Belousova
etal., 2019). In this study, specific primers for S. exigua kettin gene
amplification were designed (Supplementary Table 1) using the
same region published previously for B. mori (Koike et al., 2003).
Primers were previously validated on thorax DNA obtained from
S. exigua male and female adults.

Total DNA was extracted from field larvae carcasses using
the MasterPure™ Complete DNA & RNA Purification Kit
(Epicenter, Madison, WI, United States), and the isolated DNAs
(50 ng) were used for kettin quantification by quantitative
PCR (qPCR) using the specific primers and ATP synthase as a
reference. The qPCR was performed with 5x HOT FIREPOL
EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia)
following standard protocols, and the DNA amplification was
measured in a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, United States). The relative
quantification was represented as 2~24Ct calculated according
to the method described in Livak and Schmittgen (2001) and
Belousova et al. (2019), were AACt = (Cterrin — Ctarp synthase) -

Avg(Ctgestin — Ctarp 5ynthase>female~

RNA Extraction and Virus Quantification

The presence of the SeIV1 RNA virus and the active replication
of the Se MNPV DNA virus in field insects were determined by
qPCR using specific primers (Supplementary Table 1). Total
RNA was isolated from the carcass of each larvae using RNAzol®
RT reagent (Sigma Aldrich, St Louis, MO, United States)
following the manufacturer’s protocol, and used for cDNA
synthesis using the PrimeScript RT Reagent kit (TaKaRa Bio Inc.,
Otsu Shiga, Japan). The qPCR was performed as described in
the previous section. The amplification curve of each sample
was examined, and ARn >1 values were considered as positive
viral infections.

Total Bacterial Load Quantification

The total bacterial load was quantified in the field samples
by qPCR using 16S rRNA universal primers (Nadkarni et al.,
2002). The qPCR was performed with total DNA (50 ng)
isolated from the gut of each larvae in a StepOnePlus real-
time PCR system (Applied Biosystems, Foster City, CA,
United States). The bacterial concentration was calculated by
comparison with a standard curve of known bacterial DNA
quantities, and then statistically analyzed for viral presence with

a Student’s t-test (GraphPad Prism version 7.00) as described
in Gasmi et al. (2019).

Data Analysis

Data-mining and statistical analysis were performed with the
open-source software QIIME (v. 1.9) (Caporaso et al., 2010)
and the online Calypso pipeline (v. 8.84) (Zakrzewski et al,
2017). Quality assessment of obtained reads was carried out
with the prinseq-lite program (Schmieder et al, 2011) with
defined parameters (i.e., min_length, 50; trim_qual_right, 20;
trim_qual_type, mean; trim_qual_window, 20). Paired reads
from Illumina sequencing were joined using fastq-join from the
ea-tools suite (Aronesty, 2011). Potential chimeric sequences
were removed using USEARCH 6.0 available at RDPipeline
(Edgar et al., 2011). Filtered and demultiplexed sequences were
then processed with QIIME software using default parameters.
First, the sequences were clustered into operational taxonomic
units (OTUs) using de novo OTU picking (pick_de_novo_otus.py
script) based on 97% identity and filtering the unassigned,
mitochondria, chloroflexi, and cyanobacteria taxa using the
QIIME’s filter_taxa_from_otu_table.py script, to visualize the
most abundant phyla in all samples. Next, to analyze the
samples more deeply to look for microbiotia differences, the
generated OTU table was filtered to include only the four most
abundant phyla. Bacterial composition was analyzed through the
summarize_taxa_through_plots.py script and it was represented
as the relative abundance of the 20 most abundant genera
in a bar graphic using Excel software. We also identified the
core microbiome (compute_core_microbiome.py) as those OTUs
present in at least 50% of all samples.

The OTU table including only the most abundant phyla
was filtered in Calypso software to remove the samples with
less than 1000 reads from the analysis, and the resulting data
was transformed by CSS (cumulative-sum scaling)+log with
total sum normalization (TSS). Then, canonical correspondence
analysis (CCA) was used to estimate differences in microbiota
(at the genus level) according to different factors (diet, sex, or
viral infections). Alpha diversity and richness were determined
at the genus level using the Shannon index and Chaol index,
respectively. The Wilcoxon rank test was employed to identify
differentially abundant bacteria associated with viral presence.
Spearman correlation analysis using GraphPad Prism (version
7.00) were used to examine the relationship between the total
bacterial loads and the diversity or richness in field samples.

RESULTS

S. exigua Caterpillar Microbiota

Compositions

A total of 3,450,084 reads were obtained from 16S rRNA
gene Illumina Miseq sequencing of 77 S. exigua samples
(45 samples from field captures, 15 from AD, and 17 from
the PBD) (detailed on Supplementary Tables 2,3). After
cleaning and chimera filtration, the remaining 2,795,707 reads
led to the identification of 42,601 OTUs. After removing
some host S. exigua contaminant sequences (designated as
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unassigned), mitochondria, chloroflexi, and cyanobacteria taxa,
21,197 OTUs remained. These OTUs were assigned mostly to
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria
phyla (98% total phyla coverage) showing different distribution
across the analyzed groups (Figure 1). Proteobacteria was the
most abundant phyla in all groups, representing around 50%
or more OTUs in the different groups. The phylum Firmicutes
was almost as abundant as Proteobacteria in the AD group
but decreased to around 20% in the larvae fed PBD group.
Bacteroidetes was the least abundant in all groups, although its
presence was slightly higher in field samples than from laboratory
larvae. Actinobacteria was more abundant in samples from two
tomato varieties. Additionally, 8 samples (5 field samples, 1 AD,
1 from tomato (MM), and 1 from pepper) were removed from
the analysis, since they contained less than 1000 reads. Although
some variability in the richness and Shannon indices between the
individual samples was observed (Supplementary Figures 1A,B),
rarefaction curves tended to reach a plateau indicating that
the sequencing depth was enough to capture the majority of
microbial diversity (Supplementary Figure 1C).

Changes in Gut Microbiota Associated
With Different Diets

Influence of diet on the bacterial community composition
was further characterized according to their genus distribution
(Figure 2) by analyzing bacterial composition changes in
caterpillar reared on AD, and then transferred to a PBD for
48 h. A multivariate canonical correspondence analysis (CCA)
at the genus level revealed significant differences (P = 0.002)
among the different diet types. Accordingly, changes in diet
composition produced a quick shift in gut microbial composition,
suggesting that S. exigua larvae microbiota composition was
strongly influenced by ingested food. Composition differences
were observed even among larvae fed (for 48 h) with two different
tomato varieties (Figure 2A).

The bacterial diversity measured by the Shannon index at
the genus level was almost identical for larvae fed a PBD,
showing very little variability among samples (Figure 2B). In
contrast, those larvae fed an AD showed an apparent greater
variability among each sample. Nevertheless, no significant
differences in bacterial diversity were observed between the
different diets tested. The Chaol index for richness estimation
also did not show differences between diets (Figure 2C). Further
bacterial composition characterization was carried out by relative
abundance comparison of the 20 most abundant genera for
each sample (Figure 2D). Great genus composition heterogeneity
was observed and, consequently, no clear association of specific
genera to the different diets could be established.

Gut Microbiota Composition in Field

S. exigua Larvae

S. exigua bacterial composition was also evaluated in individual
larvae collected from pepper plants from different greenhouses
in the Almeria province (Spain). Relative abundance analysis of
the 20 most abundant genera revealed great similarity among
individuals collected from the same greenhouse (Figure 3).

TABLE 1 | The most common OTUs from the gut microbiota of S. exigua larvae.

OoTU Prevalence
(%)
p__Bacteroidetes__f__Enterobacteriaceae_1157 92.75
p__Bacteroidetes__f__Enterobacteriaceae_1648 92.75
p__Proteobacteria__g__Rhizobium__s__leguminosarum_2017 91.30
p__Proteobacteria__g__Delftia_3407 79.71
p__Proteobacteria__g__Acinetobacter_4337 76.81
p__Proteobacteria__g__Erwinia_4576 73.91
p__Proteobacteria__g__Pseudomonas_8097 72.46
p__Proteobacteria__g__Staphylococcus_8177 72.46
p__Proteobacteria__f__Enterobacteriaceae_12431 71.01
p__Proteobacteria__g__Sphingomonas_12862 71.01
p__Proteobacteria__g__Delftia_13306 69.57
p__Proteobacteria__g__ Bacillus__s__flexus_14993 68.12
p__Proteobacteria__g__Sphingomonas__s__yabuuchiae_17824 68.12
p__Proteobacteria__g__Klebsiella_20803 68.12
p__Proteobacteria__g__Enterococcus_22758 63.77
p__Proteobacteria__g__Propionibacterium__s__acnes_23146 63.77
p__Proteobacteria__g__Ralstonia_23680 57.97
p__Proteobacteria__g__Lysinibacillus__s__boronitolerans_27244 56.52
p__Proteobacteria__g__Agrobacterium_36803 55.07
p__Proteobacteria__f__Oxalobacteraceae_37375 5217

However, samples from different greenhouses were highly diverse
in composition. These results suggest a major influence of
environment (including the ingested plant) on S. exigua larvae
gut bacterial composition.

Core Microbiome

A core microbiome was defined as those OTUs present in at least
50% of all samples. Taking all samples individually into account,
a core that comprises 20 OTUs belonging to phyla Proteobacteria
was identified (Table 1). However, no bacteria (OTU) were
found in common for all samples analyzed. In addition, a core
microbiome was also analyzed in a more restricted sample group,
the field-collected insects. In that case, only one OTU, belonging
to the Pseudomonas genus, was found in common in all the field
individuals. Results obtained with the two sample sets analyzed
revealed the lack of a true core microbiome in the S. exigua
caterpillar, since no OTUs were found in common between all
the analyzed samples.

Sex Influence on Gut Microbiota

Composition

Although caterpillars do not show obvious sex dimorphism,
the immature reproductive organs are already present at the
larval stage. We wondered if caterpillar sexual destination could
influence microbiota composition. To test such hypothesis, the
gut microbiota composition from field collected S. exigua larvae
were also analyzed according to their sex. Sex determination was
performed by kettin gene quantification in field samples, and
12 males and 23 females were identified (5 samples could not
be sexed due lack of proper DNA) (Figure 4A). The bacterial
community was examined using a CCA at the genus level to assess
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FIGURE 1 | Bacterial phyla distribution in the gut of S. exigua. Pie charts represent the relative abundance in percentages of the main phyla found in the gut of
S. exigua larvae collected on the field from pepper greenhouses and the laboratory colony fed with different diets (AD: artificial diet; A: Ailsa variety; MM: Money
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if larvae microbiota differs depending on sex, but no significant
differences were found (Figure 4B). Additionally, the diversity
and richness indices also did not show differences between sexes
(Figures 4C,D).

Gut Bacterial Composition and Viral

Infections

Naturally present viruses in the S. exigua field samples were
determined by qPCR amplification of specific viral genes. We
found an infectious rate around 50%, which was distributed
as follows: 6 larvae infected with BV, 9 larvae infected with
SeIV1, and 6 larvae simultaneously infected by both viruses,
whereas 19 larvae were classified as virus-free. The gut microbiota
was then examined at the genus level according to the
presence or absence of viral infection. Although the Shannon
and the Chaol indices estimated that diversity and richness,
respectively, were roughly the same for virus-infected and
non-virus-infected samples (Figures 5B,C), the CCA analysis
showed a significant difference (P = 0.003) in microbiota
composition (Figure 5A).

An additional analysis revealed the existence of 9 OTUs
significantly associated (P < 0.05) and more abundant (at
least twice) on the viral infected samples (Table 2 and
Supplementary Figure 2), the sequences of which are found
in the supplementary data. Six of the identified OTUs belong

to phylum Proteobacteria (three from the genus Acinetobacter),
two OTUs were identified as bacteria from genus Pedobacter
(phylum Bacteroidetes), and another from phylum Firmicutes.
An interesting observation is that all OTUs which showed
significant abundance changes were overrepresented in the virus-
infected group. A moderate increase in abundance of less than
10-fold was found for all the identified OTUs, except for the
p__Proteobacteria__g Acinetobacter_12048 which is 36,120-
fold more abundant in the virus-infected group. Nevertheless,
no differences in bacterial load were observed between the viral-
infected and non-infected caterpillars (Figure 5D). Interestingly,
a deeper analysis revealed a significant negative correlation
between the bacterial load and the diversity index for both groups
(Figure 5E). However, the relationship between bacterial load
and richness only showed a significant positive correlation for
the viral infected samples (Figure 5F), which suggests that an
increase in microbiota in viral-infected samples leads to the
presence of a greater number of bacterial taxa.

DISCUSSION

In this work, we performed a comprehensive characterization
of S. exigua larvae gut bacterial microbiota composition,
and determined how aspects such as diet, location, sex, and
viral presence influence it. Taxonomic analysis revealed that
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the S. exigua gut bacterial community independent of the
feeding conditions (diet and origin), was mainly composed of = were also the most common found in other lepidopteran species
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previously described by Gao et al. (2019). These four phyla
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Phalnikar et al., 2018; van Schooten et al., 2018), as well as in
other insects (Yun et al., 2014). Slight abundance differences were
observed between the different groups tested, but likely the main
difference was the increased presence of the phylum Firmicutes in

larvae reared on AD in comparison with those reared on a PBD
(Figure 1). This observation suggests that diet could influence
S. exigua larvae microbial gut composition. Thus, the bacterial
composition was further analyzed.

Frontiers in Microbiology | www.frontiersin.org 68

May 2020 | Volume 11 | Article 753


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Martinez-Solis et al.

Spodoptera exigua Microbiota

TABLE 2 | Differentially abundant OTUs associated to viral infection.

Otu Fold P-
change valor
p__Bacteroidetes__g__Pedobacter_3455 2.1 0.0020
p__Bacteroidetes__g__Pedobacter_1816 2.8 0.0038
p__Proteobacteria__g__Acinetobacter__s__johnsonii_15272 9.5 0.0065
p__Proteobacteria__g__Acinetobacter_12048 36,120 0.0270
p__Proteobacteria__g__Acinetobacter_15052 3.1 0.0330
p__Firmicutes__g__Staphylococcus_1362 9.9 0.0250
p__Proteobacteria__g__Sphingobium_40602 2.8 0.0250
p__Proteobacteria__f__Xanthomonadaceae_11563 2.8 0.0092
p__Proteobacteria__f__Enterobacteriaceae_14126 3.2 0.0370

In a more detailed analysis with respect to gut bacterial
composition we focused on laboratory colony larvae fed different
diet types (AD, tomato (A and MM varieties), and pepper).
A rapid shift in gut bacterial composition was associated with diet
changes. Although the relative abundance analyses of the most
abundant genera showed great heterogeneity and variability, even
among samples from the same diet group, a significant difference
was observed in the multivariate analysis (CCA) indicating that
larval gut microbiota composition is strongly influenced by diet.
No significant differences were observed neither in diversity nor
in richness at the genus level, however, the samples reared on
AD showed great variability, while samples reared on a PBD
were more homogeneous (Figure 2). This observation could be
because those insects came from different generations collected
at different periods. In addition, although the AD recipe was not
changed, the ingredients with it is made of can be slightly differ
from one batch to another and affect someway the larvae gut
microbiota. Other differences between larvae reared on AD or
PBD can be extracted from this study. For example, the genus
Enterococcus and others from the Enterobacteriaceae family were
more abundant in samples from AD, as previously shown for
S. exigua and other lepidopteran species (Broderick et al., 2004;
Xiang et al.,, 2006; Raymond et al., 2009; Herndndez-Martinez
et al., 2010; Jakubowska et al., 2013). However, in these previous
studies Enterococcus was reported as a bacterium present in all
samples as the most abundant, while in our analysis Enterococcus
genus abundance was highly variable among samples. Although
a fast shift in microbiota composition had been observed after
only 48 h of shifting diet, we cannot discard that longer time (e.g.,
at least one complete generation) could show stronger effects.
In addition, previous Lepidoptera studies revealed apparent
contradictions with respect to diet influence on gut microbiota.
Some studies claimed diet significantly influenced lepidopteran
gut microbiota composition (Yun et al., 2014; Berman et al., 2018;
Phalnikar et al., 2018; Jones et al., 2019), whereas other authors
reported diet had little or no effect on microbiota (Whitaker
et al., 2016; Chaturvedi et al., 2017; Minard et al., 2019). This
apparent contradiction seems to reveal the lack of caterpillar
specific gut microbiota as reported by Hammer et al. (2017).
Consequently, any diet change (and the microbiota present in
the diet) or in the environment would produce a shift in gut
microbiota composition without being diet specific.

In agreement with that, field larvae samples also showed
great variability in gut bacterial composition, even though
the caterpillars were all collected from pepper plants.
Nevertheless, some general microbial composition patterns
were observed when samples were grouped according to their
location (Figure 3), suggesting a stronger contribution from
environmental bacteria in the final larval gut composition
than bacteria associated with PBD. This is consistent with a
recent study by Hannula and colleagues (Hannula et al., 2019),
in which they demonstrated that Mamestra brassicae larvae
microbiota depends on the soil microbiome. So, the variability
observed among the different greenhouses could be attributed
to differences in foliar microbiota of each pepper plant and
the greenhouse soil microbiota in which the caterpillars were
collected. This explanation is also supported by previous studies
in which the larval gut bacteria did not totally correspond
with dietary associated leaf bacteria (Whitaker et al,, 2016;
Hammer et al., 2017; Minard et al., 2019). Thus, the authors
suggested larval gut microbiota is composed of transient
bacteria instead of resident microbiota, due to the intrinsic
insect gut physiology, such as their high pH, simple tube
structure, and rapid digestion that prevent gut colonization
by bacterial uptake with food (Hammer et al, 2017). In
agreement with this hypothesis, we observed the absence
of resident microbiota. Although we found about 20 OTUs
present in at least 50% of the samples, we were unable to
find a core microbiome, and no OTU was shared by all the
analyzed samples. The lack of a resident microbiota was also
described in caterpillar from other species such as Choristoneura
fumiferana (Landry et al., 2015), and also by Hammer et al.
(2017) in a study analyzing the gut microbiota of several
Lepidoptera species.

Several Lepidoptera studies revealed differences in microbiota
community between male and female adults. Spodoptera litorallis
adults differ in their microbiota community composition, since
female microbiota is composed mainly of Enterococcus, Klebsiella,
and Pantoea genera, while the male microbiota is dominated
by Klebsiella (Chen et al., 2016). van Schooten et al. (2018)
also reported significant abundance differences between sexes
in several Heliconius species, but only for 13 rare OTUs, as
similarly occurs for a few Melitaea cinxia larvae taxa (Minard
et al, 2019). Recent S. exigua studies by Gao et al. (2019)
described the absence of differences in microbiota composition
between male and female adults. In our study we compare
for the first time the microbiota composition between males
and females at the larval stage, and the results showed no sex
influence on caterpillar gut bacterial composition, diversity, or
richness (Figure 4). Whether this lack of differences can be
attributed to the larval stage or to the studied species would need
further investigation.

Previous studies in our laboratory revealed that baculovirus
infection increases the gut microbiota load in S. exigua larvae,
and that increase also benefits the virus, enhancing their
virulence, pathogenicity, and dispersion in laboratory conditions
(Jakubowska et al., 2013). However, the relationship between
viral infections in the field and microbiota composition had
never been addressed. As occurs for many lepidopteran field
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populations (Williams et al., 2017), S. exigua field insects are
naturally infected by different viruses (Virto et al., 2014). This is
the first time that SeMNPV and/or SeIV1 presence was related
with S. exigua larvae microbiota composition. Interestingly,
although no differences were observed in diversity or richness,
the results obtained with the multivariant analysis carried out
with field samples showed a different gut bacterial composition
associated with the presence or absence of viral infections
(Figure 5). The bacterial load also did not show differences
for infected and non-infected field larvae. However, a negative
correlation between bacterial load and diversity levels was
observed for both groups. So, the greater total bacterial loads in
the S. exigua gut can be explained by the increased abundance
of only a few bacterial groups, as occurs with Enterococcus in
laboratory S. exigua populations (Jakubowska et al., 2013). In the
case of richness, a positive correlation was observed only for the
viral-infected samples, which means that the larval microbiota is
composed of a greater number of bacterial species. In addition,
significant abundance differences were observed for 9 OTUs,
which were always more prevalent in infected S. exigua larvae
than in the virus-free samples. Half of these OTUs belong to
genera Acinetobacter and Pedobacter, suggesting these bacterial
genera could have active functions in viral-host interaction.
Staphylococcus, Sphingobium, and unclassified bacteria from
families Xanthomonadaceae and Enterobacteriaceae are also
differentially abundant OTUs when larvae are virally infected.

Wolbachia is an intracellular bacterium commonly found in
insects, and present in about 80% of lepidopteran species (Ahmed
et al, 2015). Graham et al. (2012) reported that Wolbachia
increased S. exempta susceptibility to baculovirus, becoming
a potential biological control agent. However, it was absent
from our field larvae samples. Wolbachia is usually found
in reproductive tissues, and was described as a parasite that
manipulates reproduction in Lepidoptera (Hiroki et al., 2002;
Werren et al., 2008), but it can also be found in other tissues,
even in the gut (Narita et al, 2007; Whitaker et al., 2016).
Since our work focused on gut microbiota, we cannot discard
Wolbachia presence in other larval tissues. Nevertheless, our
study identified certain bacterial groups that could influence
the infection cycle, and perhaps increase susceptibility to viral
infections, or even trigger covert viral activation, which could
be key to developing new pest control strategies through insect
microbiota manipulation.

CONCLUSION

S. exigua larvae microbiota is mainly composed of Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria phyla. Although
some differences in gut bacterial composition were observed
according the different diets analyzed, the results showed that
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An organism’s gut microbiome handles most of the metabolic processes associated
with food intake and digestion but can also strongly affect health and behavior. A stable
microbial core community in the gut provides general metabolic competences for
substrate degradation and is robust against extrinsic disturbances like changing diets
or pathogens. Black Soldier Fly larvae (BSFL; Hermetia illucens) are well known for
their ability to efficiently degrade a wide spectrum of organic materials. The ingested
substrates build up the high fat and protein content in their bodies that make the larvae
interesting for the animal feedstuff industry. In this study, we subjected BSFL to three
distinct types of diets carrying a low bioburden and assessed the diets’ impact on larval
development and on the composition of the bacterial and archaeal gut community.
No significant impact on the gut microbiome across treatments pointed us to the
presence of a predominant core community backed by a diverse spectrum of low-
abundance taxa. Actinomyces spp., Dysgonomonas spp., and Enterococcus spp. as
main members of this community provide various functional and metabolic skills that
could be crucial for the thriving of BSFL in various environments. This indicates that
the type of diet could play a lesser role in guts of BSFL than previously assumed
and that instead a stable autochthonous collection of bacteria provides the tools for
degrading of a broad range of substrates. Characterizing the interplay between the core
gut microbiome and BSFL helps to understand the involved degradation processes and
could contribute to further improving large-scale BSFL rearing.

Keywords: Actinomyces, animal feedstuff, waste valorization, circular economy, microbial communities, larval
metabolism, 16S amplicon sequencing

INTRODUCTION

Diet is known to shape structure and function of an organism’s gut microbiota (David et al.,
2014). In many cases, a major part of metazoan digestive capabilities root in its gut-residing
aggregation of a mostly prokaryotic microbiota (Rajagopal, 2009; Ursell et al., 2012; Engel and
Moran, 2013). Within a taxonomic entity, very often a microbial core community may be identified,
ensuring essential catabolic aptitudes for health and survival (Raymann and Moran, 2018).

Frontiers in Microbiology | www.frontiersin.org 74

May 2020 | Volume 11 | Article 993


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.00993
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.00993
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.00993&domain=pdf&date_stamp=2020-05-21
https://www.frontiersin.org/articles/10.3389/fmicb.2020.00993/full
http://loop.frontiersin.org/people/689327/overview
http://loop.frontiersin.org/people/811970/overview
http://loop.frontiersin.org/people/59664/overview
http://loop.frontiersin.org/people/89172/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Klammsteiner et al.

Black Soldier Fly Core Microbiome

Maintaining the stability of such a community may provide
protection against extrinsic microbial advances, facilitate
degradation, and support the thriving of an organism (Dillon
and Dillon, 2004; Engel and Moran, 2013).

The Black Soldier Fly (Hermetia illucens; BSF) is known as
a workhorse when it comes to valorizing biodegradable organic
wastes (Clariza Samayoa et al, 2016). Rapid growth, broad
degradation capabilities, and non-competence as a vector for
human diseases make the fly ideal for industrial applications
(Tomberlin et al, 2002; Wang and Shelomi, 2017). Larvae
transitioning to the prepupal stage move out of the humid
organic waste and seek a dry spot for pupation. This “self-
harvesting” property facilitates the automatization of larva
collection (Sheppard et al., 2002). The larvae shine with a high
fat (>35%) and protein (>40%) content featuring a favorable
amino acid spectrum for application as animal feed (Cullere
et al., 2016; Surendra et al., 2016; Ushakova et al., 2016).
Thus, larvae and products thereof increasingly find use in
pisciculture and poultry farming (Wang and Shelomi, 2017),
and more concrete EU-wide regulations regarding the use
of insects and derivatives as animal feed are in the works
(European Parliament and of the Council, 2015).

The larvae’s ability to produce antimicrobial peptides
repressing the number of pathogenic and supposedly other
bacteria in their environment is still an object of study but
could act as a barrier for extrinsic microbial colonization
of the larvae and supports the maintenance of an inborn
microbial gut community (Erickson et al, 2004; Choi et al,
2012; Park et al, 2015). The growing insect industry and
increasing use of insect products demand an in-depth
understanding not only of the fly’s biology but also of the
involved microbial networks to standardize rearing methods,
improve waste degradation, maximize biomass output, and
meet the hygienic standards (Pastor et al, 2015; Boccazzi
et al., 2017; De Smet et al,, 2018). Recently, Wynants et al.
(2018) observed strong variations in the composition of
microbial gut communities in larvae across different rearing
locations. Although many biotic and abiotic factors influence
the specific microbiome structure, these authors were able
to detect bacteria like Morganella sp., Enterococcus sp.,
Pseudomonas spp., Providencia sp., and Bacillaceae in multiple
independent samples.

In this study, we investigated the impact of three diets
[chickenfeed (CF), grass-cuttings (GC), fruit/vegetables (FV)]
carrying a low bioburden, compared with waste-related
substrates, on the microbial community composition during
larval development. Besides CF as a control diet, we selected
these diets because produce and green waste account for a large
fraction of common municipal household wastes (European
Environment Agency, 2013) and should be considered for
BSF treatment. We hypothesized that larvae would perform
differently with respect to biomass gain and developmental
progress and presumed that a diet-independent association of
microbial gut colonizers could support versatile larval growth.
Our analysis focused on the characterization of a core microbial
community uninfluenced by time or diet, which acts as a
foundation for degradative activities in the larval gut.

MATERIALS AND METHODS

Rearing of Larvae and Experimental
Set-Up

Larvae of H. illucens were obtained from Illucens (Ahaus,
Germany) in 2014 and were kept as laboratory population under
stable environmental conditions in a Fitotron® SGC 120 (Weiss
Technik, United Kingdom) climate chamber [27°C and 60%
relative humidity (RH), 16 h photoperiod with light settings as
described in Heussler et al., 2018] in Innsbruck, Austria. The
population was maintained on a diet based on a 2:3 mixture of
ground CF (Griines Legekorn Premium, Unser Lagerhaus WHG,
Austria) processed with a Fidibus flour mill, Komo Mills, Austria)
and water. Larvae were kept in 30 x 15 x 5 cm non-transparent
plastic boxes, covered with nets for aeration and containing
sterilized pine humus (PH; ad libitum) as litter for humidity
regulation. Until eclosion, pupae were stored in non-transparent
plastic cups covered with nets containing straw litter. Flies were
kept for oviposition in 50 x 30 x 25 cm transparent plastic boxes
with corrugated plastic strips. Two-hundred 6-day old larvae
were used for each replicate (three replicates per treatment). After
hatching, the larvae were fed with CF for 6 days before being
introduced to the two new diets (GC and FV mix). Feeding with
CF continued in a control group consisting of three replicates.

Substrate Preparation and Feed

Amounts

Chickenfeed was used as control diet, prepared as a 2:3
mixture of ground CF and water as for the standard population
maintenance. For GC, freshly cut grass from a lawn mower
collector box was further shredded using a Vitamix TNC® electric
blender (Vitamix, Germany). The FV diet consisted of cucumber,
tomato, orange, and apple, prepared in a ratio of 0.5:1:1:1 (fw/fw),
and the ingredients were manually minced. Prior to use, the water
content of the substrates was equalized based on their dry weight.
Feed was added every 3 days and the feed amounts were set to
100, 300, and 400 mg larva~! for CE FV, and GC, respectively,
based on the organic content of the substrate. The efficiency of
substrate degradation and the conversion to larval biomass were
calculated based on (1) and (2).

W —R
(1)

D
WRI :TXIOO D =

Waste reduction index (WRI): W = total amount of organic
material, R = residue after time t, t = days larvae were fed with
material (Diener et al., 2009).

ECD

-5 B=(I-F-M )

Efficiency of conversion of digested food (ECD): B = assimilated
food used for growth (measured as prepupal biomass), I = total
food offered, F = residues in boxes, M = metabolized food (based
on mass balance) (Diener et al., 2009).

Frontiers in Microbiology | www.frontiersin.org

May 2020 | Volume 11 | Article 993


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Klammsteiner et al.

Black Soldier Fly Core Microbiome

Sampling

Twenty larvae were removed every 3 days from each box and
constituted a sample. Larval fresh, dry, and organic dry matter
were determined, and the gut was extracted (for details, see
section “Gut Removal and DNA-Extraction”). Simultaneously,
1 g aliquots of homogenously mixed residual matter (containing
substrate residues, pine humus, and excrements) were taken from
each box for the determination of physicochemical parameters.

Physicochemical Parameters

During the experiment, a temperature of 27°C and RH of
60% were maintained and constantly monitored. The residual-
matter samples were suspended in 9 ml 0.0125 M CaCl,
for the determination of ammonium (NH4%) and in 9 ml
distilled water for pH measurement. The suspensions were
agitated at 150 r/min for 60 min (Controlled Environment
Incubator Shaker, New Brunswick Scientific, United States) and
subsequently filtered through a folded filter (MN 615 1/4 150 mm,
Macherey-Nagel ™). The extracts were stored at 4°C overnight.
Ammonium concentration was measured every 3 days until
the termination of the experiment using the NANOCOLOR®
Ammonium 50 Kit (Macherey-Nagel, Germany). The pH
was measured using a Metrohm 744 pH Meter (Metrohm
Inula, Switzerland).

Initial Substrate Characterization

Dry matter and water content were determined by calculating the
difference between the fresh weight of samples and the sample
weight after oven-drying at 105°C for 24 h. Organic dry matter
was determined by combusting finely ground dried samples in
a muffle furnace (Carbolite, CWF 1000) at 550°C for 5 h and
determining the residual weight.

Aliquots of the oven-dried samples were used to determine
total carbon and nitrogen with a Leco TruSpec CHN
Elemental Determinator (Leco, United States) following the
manufacturer’s protocol.

As preparation for the measurement of unbound fat, substrate
samples were weighed into 15-ml plastic tubes (Sarstedt,
Germany), mixed with 5 ml water, and centrifuged at 11,000 x g
for 20 min. The liquid phase was recovered, oven-dried at 105°C
for 24 h, and the residues were weighed. The fat content was
calculated as follows (3):

liquid phase — sample dry weight
*

Fat (%) = 100 (3)

sample fresh weight

To determine chemical oxygen demand (COD) and ammonium
and protein content, 10-g aliquots of substrate samples were
mixed with 25 ml of deionized water and vortexed for a
few seconds. After a 30-min incubation at room temperature,
the samples were shaken at 25°C and 120 r/min (Controlled
Environment Incubator Shaker, New Brunswick Scientific,
United States) for another 30 min before subsequent filtration
(MN 615 1/4 150 mm folded filters, Macherey-Nagel™).
The COD and ammonium concentration in the filtrates were
measured using the NANOCOLOR® COD 1500 kit and
Ammonium 50 kit (Macherey-Nagel, Germany), respectively.

Protein content was determined by the Lowry (alkaline copper
reduction) assay according to Noble and Bailey (2009).

The DNA extraction of the filtered substrate samples was
carried out using the NucleoSpin® Soil-Kit (Macherey-Nagel,
Germany) following the manufacturer’s protocol. The extracts
contained 18.2 £ 10.3 ng ul~! DNA and were stored at 4°C
until sequencing.

Gut Removal and DNA-Extraction
A total of 36 gut samples were collected during the feeding
experiments. They were extracted in triplicates at five time
points (Dayg 39,15,21), whereas samples of Day, derived from
the collective initial population before the separation of larvae
and the introduction of new diets. At Day,;, only guts from
GC and FV treatments were extracted as CF fed larvae already
transitioned to prepupal stage at Day;s. Prior to the removal
of the gut, the larvae were kept at —20°C for 30 min for
devitalization. After disinfecting the thawed larval surfaces with
70% ethanol, a few millimeters of the anterior part were cut off
using a sterile scalpel. The guts were pulled out using sterile
forceps, transferred into a sterile microcentrifuge tube (minimum
0.05 g gut tissue/replicate), and snap frozen until further use.
After thawing the gut samples, the DNA was extracted
using the NucleoSpin® Soil-Kit (Macherey-Nagel Germany)
following the manufacturer’s protocol with some modifications:
one additional glass (@ = 1.0 mm) and three additional silicon
beads (@ = 0.5 mm) were added to each bead tube and
subsequently autoclaved. To each tube, 0.05 g of gut sample,
700 pl Buffer SL1 and 150 pl Enhancer SX were added before
incubating them at 97°C and 400 r/min for 20 min. After this
homogenization-step, the tubes were vortexed at high speed for
5 min and centrifuged at 11,000 x g for 2 min. Next, 150 pl Buffer
SL3 were added and the tubes were vortexed for 5 s. After another
incubation-step at 4°C for 5 min, the samples were centrifuged
for 1 min at 11,000 x g. The steps for binding and washing were
executed as described in the manual. The gut samples contained
22.8 4 9.6 ng ul~! DNA and were stored at 4°C until sequencing.

Next Generation Sequencing

Mumina MiSeq amplicon sequencing using the 2 x 250 base
pairs paired-end approach was performed by Microsynth
AG (Balgach, Switzerland) with universal bacterial/archaeal
primers 515f (GTGCCAGCMGCCGCGGTAA) and 806r
(GGACTACHVGGGTWTCTAAT) targeting the V4 region
on the 16S rRNA of 36 gut samples (Caporaso et al., 2011).
Samples of each time-point and treatment were analyzed in
triplicates. Microsynth AG provided library preparation based
on Nextera two-step PCR including purification and pooling,
demultiplexing, removal of adaptors and primers, and stitching
of trimmed reads.

Data Processing

Trimmed raw reads obtained from Illumina MiSeq amplicon
sequencing were analyzed using mothur 1.40.0. (Schloss et al.,
2009), and sequences were aligned to a V4-trimmed version of
the SILVA reference database v.132 (Quast et al., 2013). Following
the MiSeq SOP (Kozich et al,, 2013), ambiguous bases were
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removed and a maximum number of eight homopolymers was
allowed to reduce sequencing errors. Chimeric sequences were
removed using the chimera uchime algorithm implemented in
mothur (Edgar et al., 2011). For the construction of the bacterial
OTU dataset, all other lineages (eukaryotes, chloroplasts,
mitochondria, archaea, unknown) were removed, and bacterial
sequences were subsequently de novo clustered based on 97%
similarity. For the taxonomic focus, closed-reference phylotype
clustering on genus level was applied. For the archaeal dataset,
all sequences assigned to archaea were filtered from the dataset
and further de novo clustered on 97% similarity and genus
level phylotypes. OTUs not present in at least five samples were
removed from the datasets prior to statistical analysis.

All statistical tests were carried out at a significance level
of a = 0.05. Analyses of molecular variance (AMOVA) and
homogeneity of molecular variance (HOMOVA) were performed
in mothur on grouped triplicates of each sampling time-point,
separated by treatment. One- and two-way non-parametric
multivariate analysis of variance (NPMANOVA) were calculated
in PAST (v.2.17¢; Hammer et al, 2001) to detect significant
differences between sampling time-points and substrates and to
investigate the general influence of substrate and time variables
on the spread of data. Alpha diversity measurements based on
Chaol species richness estimator and Shannon diversity index
were conducted in R v.3.6.0 (R Core Team, 2018) using the
phyloseq (McMurdie and Holmes, 2013) and vegan (Oksanen
et al, 2018) package. Mantel test (vegan package, Oksanen
et al., 2018) was applied to confirm whether differences between
distant matrices of physicochemical properties and microbial
communities of substrates are statistically significant (number
of permutations = 999). To investigate the spread of data and
detect clusters of OTUs, non-metric multidimensional scaling
(NMDS) based on Bray-Curtis dissimilarity and fitted into two
dimensions (k = 2) was done in PAST as well as R using the vegan
package. To assure an appropriate representation of the data,
only plots with a stress level < 0.2 were considered for further
interpretation. The respective number of each replicate (1-3), the
type of substrate, and the numeration of sample were included
as explanatory variables. The core microbiome calculated by the
get.coremicrobiome command in mothur was construed based
on OTUs that are present in at least 80% of the samples. The
sequences corresponding to the core OTUs were extracted from
the dataset and manually assigned to the taxonomy using the
standard nucleotide basic local alignment search tool (BLAST®,
Altschul et al., 1990) and the search and classify function in SINA
(Pruesse et al., 2012) using the latest SILVA database (v.132) and
RDP II classifications (July 2017) (Cole et al., 2005). Figures were
produced in R using the ggplot2 package (Wickham, 2016).

RESULTS

Substrate Characteristics, Maturation,

and Microbial Colonization

The pH as well as protein and fat contents were higher in CF
compared with the other two substrates (Table 1). In addition,
dry matter content was markedly greater in CF than in GC

and FV. The concentration of nitrogen compounds including
ammonium and total nitrogen was approximately 50% lower
in FV. After the substrates were administered to the feeding
experiment, ammonium concentrations and pH therein were
strongly affected by larval and microbial activity but showed
no significant diet-dependent variation (NH4": p = 0.876, pH:
p =0.334; Figure 1). The initial pH values (Dayy) of the substrates
were different and ranged from 4.3 in FV to 6.51 in CF. Both
ammonia concentration and pH increased during the experiment
with the highest mean NH4 T at 128 mg1~! in CF and highest pH
of approximately 8 in GC. Ammonium concentrations peaked in
FV treatments on Days, while they temporarily decreased in the
other two treatments. The equations from linear trend-lines fitted
to the curves delineated a stronger ammonium increase in CF
treatments (k = 6.763) compared with the other two treatments
(GC: k=4.079, FV: k = 3.121), while the pH developed in a similar
way (Supplementary Figure S1).

Despite different matrices, the microbial profiling of
the three diets used in the feeding experiment resulted in
comparable sequence numbers (CF: 8.6 #+ 0.5 10* reads,
FV: 8.02 £ 0.90 10* reads, and GC: 6.7 + 1.1 10* reads).
Data from initial diet samples before amendment into boxes
were only subsampled and not further filtered due to the
already low sequence numbers and were only used to deduce
information about the prevalent microbiota in absence of
larvae. In the CF and FV diets, a similar group of bacterial
classes including Gammaproteobacteria (Enterobacteriaceae,
Morganella sp.), Bacteroidia (Dysgonomonas sp.), and Bacilli
(Enterococcus sp., Lactococcus sp.) account for most of the
found sequences. In GC however, Bacilli (Lactococcus sp.,
Lactobacillus sp., Weissella sp.) and Gammaproteobacteria
(Enterobacteriaceae, Pantoea sp.) were most abundant
(Figure 2). The physicochemical characteristics and the
microbial profile of substrate samples were compared using
hierarchical clustering and significant differences between
the matrices were confirmed by Mantel test (p = 0.001)
(Supplementary Figure S2). CF and GC were more similar
in their physicochemical properties in contrast to FV, but on
the microbial community level, CF and FV showed fewer
dissimilarities compared with GC.

Larval Development Based on Distinct
Diets

The transitional phase before pupation was reached in the
CF-treated replicates at Day;s and in the FV- and GC-
treated replicates at Day,; (Figure 3). Larvae raised on
CF outperformed the other two treatments, resulting in a
higher biomass, more efficient degradation, and a higher
pupation rate (Table 1). Larvae fed on CF showed a nearly
three times higher gain in biomass compared with FV and
GC, while the larvae raised on the two fresh substrates
reduced and metabolized a higher proportion of substrate
[inputioar - (biomassourpur + residuesior) = metabolismygy]
but formed less biomass. Moreover, over the course of the
feeding experiment, the efficiency of substrate degradation
(WRI) was at least 15% higher, and the efficiency to convert
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TABLE 1 | Substrate characteristics, mass balance, degradation parameters, and mean compositional indicators of larvae and pupae (n = 3).

Diet
Chickenfeed Grass-cuttings Fruit/vegetables
Mean SD Mean SD Mean SD
Substrate characterization pH 6.1 0.02 4.8 0.02 4.0 0.02
Dry matter [%)] 90.1 0.2 21.1 0.8 9.4 0.1
Chemical oxygen demand [g 1] 18.0 0.5 4.2 0.4 23.1 0.2
Ammonium [mg I~ 1] 9.2 1.4 11.2 1.7 5.1 0.3
Total carbon [%] 41.0 0.7 39.8 0.6 46.5 0.1
Total nitrogen [%)] 3.0 0.1 3.0 0.1 1.2 0.0
Protein [mg mi="] 3.6 0.2 0.6 0.1 2.0 0.1
Fat [%] 3.6 0.2 0.7 0.1 2.9 0.2
Mass balance Residues (Feed and feces) 38.6% 2.7% 50.2% 3.9% 40.0% 5.0%
Larval and pupal biomass 28.0% 1.6% 9.6% 0.2% 12.2% 0.9%
Larval metabolism 33.4% 2.5% 40.2% 3.9% 47.8% 5.0%
Degradation parameters Waste reduction index (WRI) 1.7 0.1 1.2 0.1 1.5 0.1
Efficiency of conversion of digested feed (ECD) 49.8% 2.0% 20.5% 1.8% 21.5% 1.8%
Larvae Mean organic dry matter content 84.8% 1.4% 75.9% 0.5% 91.8% 1.8%
Mean water content 67.9% 0.7% 71.4% 1.8% 66.0% 0.3%
Pupae Pupation rate 94.1% 2.2% 70.7% 5.6% 83.8% 5.5%
Mean organic dry matter content 83.8% 0.2% 76.2% 2.3% 88.7% 1.2%
Mean water content 65.6% 0.6% 69.2% 2.3% 65.2% 1.1%
The pupation rate was calculated based on total initial larvae pro box less the larvae removed for sampling. SD = standard deviation.
B
150 1 8
1251
7 -
— 1001
@
£ 75 e
+ o 6 1
I
= 504
251 o
O -
0 6 12 18 24 0 6 12 18 24
Time [d] Time [d]
Substrate: Chickenfeed -#- Fruit/Vegetables -l- Grass-cuttings
FIGURE 1 | Changes in ammonium concentration (A) and pH levels (B) of the substrate after administration as feed for larvae (n = 3). Due to the larval activity, the
substrate was mixed with indigestible residues, larval feces, and shavings.

substrate to larval biomass (ECD) was at least twice as high
in CF fed larvae than in those fed with FV or GC. The
amounts of residual matter at the end of the experiment
were similar in CF and FV and were around 10% higher
in GC. Water content in larvae and pupae was stable at
approximately 67% across all treatments, while the organic
matter was similar only between larval and pupal stage within
each respective treatment. Larvae from the GC treatment

exhibited a 8-10% lower content of organic dry matter in both

developmental phases.

Larval Gut Microbiome Dynamics and

Identification of Core Community

The Illumina MiSeq read numbers of the homogenized larval
gut samples ranged from 5.03 10* to 1.63 10° reads and
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were subsampled to the smallest sample size (4.5 10* reads).
Since removal of rare sequences from the bacterial data (OTUs
with less than two sequences in all samples) did not suffice
to denoise the subsampled dataset, a second step utilizing
stronger filter removing all OTUs not present in at least five
samples was applied.

Initial exploration of a-diversity (Figure 4) underlined a
general impact of diet on the bacterial gut communities based
on Chaol species richness estimation (p = 0.002; Figure 4A)
and Shannon diversity index (p = 0.012; Figure 4B). Both
species richness and diversity decreased in CF-fed larvae between
intermediate (Dayg) and advanced (Day;s) developmental stages.

The same trend was found in community diversity of GC fed
larvae, while species richness and diversity in FV treatments
remained stable. Compositional deviations from the initial
population (Dayg) were not uniform throughout the treatments,
and neither of the two indices pointed out significant temporal
changes in the larval gut microbiomes.

A more detailed comparison of gut communities was
carried out by analyzing the p-diversity. Triplicate gut
samples taken at the respective time-points from the three
treatments were considered as separate groups and statistically
compared with each other using AMOVA, HOMOVA, and
one-way NPMANOVA. To allow a confident description of
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relationships among variables, only statistical results confirmed
by all three tests were considered valid. These pair-wise
comparisons of groups resulted in no meaningful patterns
in terms of statistically significant differences. Therefore,
no substantial time- or diet-associated changes in the gut
microbiota of the larvae can be deduced from the OTU data
on this scale. Although the tests were able to detect single
significant differences between some groups, they did not
support biological deductions related to larval development
and/or health. Predominant classes like Actinobacteria,

Bacteroidia, and Gammaproteobacteria demonstrated time-
dependent changes in their abundance. Especially in CF and GC,
Gammaproteobacteria accumulated during larval development
and reached a maximum at the last sampling time-point Day,;,
whereas Bacteroidia sequence numbers declined (Figure 5;
for clarity, the community composition is presented on class
level. A finer resolution on genus level can be found in
Supplementary Figure §3). In the CF and FV treatment, changes
in abundances of Bacteroidia and Gammaproteobacteria could
be partly connected to the ingested substrates, since both diets
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contained up to 40% reads of Gammaproteobacteria and 12%
reads of Bacteroidia.

In a broader perspective, NMDS analysis (k = 2, stress = 0.158)
on bacterial sequence data with sampling time-point and diet
as grouping factors led to strong overlaps between the clustered
treatment groups (Figure 6). The findings from these analyses are
consistent in both de novo clustered OTU and reference-based
phylotype datasets. Gut samples from 6-day old larvae (IPOA-C),
representing the initial gut community before being subjected to
new diets, are located near the center of the overlap and form a
starting point for the divergent development of gut communities.
Following an interpretation of the Pareto principle adapted to
the context of microbial community dynamics (Dejonghe et al.,
2001), bacterial OTUs present in at least 80% of the gut samples
across the three treatments were considered members of the core
community (Figure 7). Their location in the NMDS is indicated
by black dots (Figure 6). These OTUs accounted for 44% of all
sequences and were identified as Actinomyces sp., Dysgonomonas
sp., and Enterococcus sp. and an unclassified representative of the
order Actinomycetales. When lowering the threshold to OTUs
present in at least 60% of the samples, the aforementioned list was
extended by Morganella spp. and unclassified Enterobacteriaceae
where this congregation accounted for 78% of all sequences. The
results from the analysis were further confirmed by extracting the
sequences corresponding to the OTUs and manually identifying

them by BLAST®, SILVA, and RDP database search, which
resulted in congruent results.

Archaeal sequences were present in very low numbers and
made up approximately 0.02% of all sequences; therefore,
neither subsampling nor filtering steps were applied prior
to identifying the present archaeal representatives. They
mainly were affiliated to the classes of Methanomicrobia
(35%; Methanosarcina sp., Methanoculleus sp., Methanotrix

sp.,  Methanocorpusculum  sp.,  Methanoregula  sp.,
Methanospirillum sp., Methanosphaerula sp., Methanolinea
sp.), Methanobacteria ~ (18%;  Methanobrevibacter  sp.,

Methanobacterium sp., Methanosphaera sp.), Thermoplasmata
(16%; Methanomassiliicoccus sp., Thermoplasmata uncl.), and
Nitrosopumilales (11%j; Nitrosopumilus uncl.).

DISCUSSION

The aim of this study was to investigate the influence of three
distinct diets (CE, GC, and FV mix) on the development of BSF
larvae (BSFL) and to assess temporal changes in the composition
of their microbial gut communities. The observations during this
21-day timeframe clearly showed that the composition of the diet
strongly affected the thriving of BSFL in terms of developmental
progress and biomass gain but did scarcely affect the composition
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of the gut microbiota. The use of 6-day old instead of freshly
hatched larvae was a compromise between easier handling in
counting and separation with the larvae still being in a susceptible
stage of early development.

Balanced Substrates Yield Higher Larval
Biomass Gain

Due to its consistent commercial quality, CF represents a very
balanced substrate ideal for providing a stable supply of a well-
defined spectrum of nutrients and, therefore, for the maintenance
of a population as well as for the use as control substrate. In

previous studies, the benefits of using such diets to raise BSFL
under laboratory conditions and to provide a reference substrate
for feeding experiments have been described (Diener et al., 2009;
Gold et al., 2018). Although all three diets used in our study were
administered in the same intervals and contained an equalized
amount of organic matter and water, larvae fed with FV and GC
lagged behind in biomass gain, pupation rate, and degradation
efficiency (Table 1). This indicates that a similar moisture and
organic content were not sufficient to provide a foundation for
developmental success. A well-adjusted content of macro- and
micronutrients in the organic fraction of the diet is necessary
for high degradation efficiency and biomass gain (Beniers and
Graham, 2019). Although organic wastes and different types
of manure are known for their heterogeneous composition, a
guideline of optimal feeding rates, as defined by Diener et al.
(2009) for standard fodder, should be advocated also for waste-
derived substrates.

Diminished degradation, as also highlighted by a lower WRI,
led to greater amounts of residues (up to 12% in GC) due
to a higher content of recalcitrant components like cellulose
especially found in grass (Rehman et al., 2017). This led to
a reduced pupation rate (>90% in CF compared to 70% in
GC) and a lower proportion of organics in both larvae and
pupae when kept on a plant-based diet. On the contrary,
larvae fed with FV exhibited the highest turnover of substrate.
Compared with CE FV diet ended up in similar amounts
of residues suggesting an easy digestibility, although a lesser
proportion was converted to biomass and was rather used for
metabolism (Table 1). Depending on the amount of accumulating
insect frass and residues (mixture of undigested substrates,
excrements, and larval shavings), downstream treatment thereof
in anaerobic digestion, pyrolysis for biochar production, or
traditional composting could add value to insect rearing on a
larger scale (Lalander et al., 2018; Yang et al., 2019). A similar
sequential operation vyielding an increased economic value
from agricultural waste treatment by BSFL with subsequent
composting of residues has been investigated by Zhu et al. (2012),
while the direct use of the frass fraction as substitute to mineral
fertilizer or vermicompost (Sarpong et al., 2019) has also been
proposed as a viable option (Choi et al., 2009).

Both waste-related diets (GC and FV) could not keep up with
the larval development and the biomass yield in CF. The high
degradability and high protein content of CF rapidly affected
the larval environment. Ammonia concentrations (Figure 1A)
in CF-treated boxes increased fastest and were accompanied
by a higher initial pH due to the innate properties of the raw
feed (Figure 1B). Especially ammonium plays an important
role during BSFL rearing, since it largely derives from organic
nitrogen excreted by larvae and can further be transformed by
associated gut microbes (Green and Popa, 2012). Partly due
to this efficient microbial assimilation of nitrogen, emissions
of nitrogen in form of greenhouse gases have been shown
to be much lower in insect rearing compared with livestock
breeding and traditional composting (Oonincx et al., 2010;
Mertenat et al., 2019).

Based on hierarchical clustering, the characteristics of the diets
varied, and they group differently at the physicochemical and
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microbial level. CF and GC were more similar to each other when
compared by their physicochemical properties (Supplementary
Figure S1A), while GC formed the outgroup on microbial
community level (Supplementary Figure S1B). This is further
illustrated in Figure 2, where especially Gammaproteobacteria
made up for the major share of reads found in CF and
FV but were outcompeted by Bacilli, mostly Lactococcus sp.,
Lactobacillus sp., and Weissella sp., in GC substrates.

Jiang et al. (2019) found that microbial communities in
the added substrates were reshaped by gut bacteria excreted
by larvae, leading to a similar microbiome in larval guts
and their environment over time, while compositional
changes within the gut were mainly induced by the
ingestion of fresh substrates. In our trial, the composition
of microbial communities was only determined in the
fresh substrates to infer its direct relationship to the
larval gut microbiome, and no monitoring of microbial
substrate colonization in boxes during the experiment
was carried out.

Diet Drives Development of Larval Gut
Microbiomes

Compared with direct effects on larval growth, diet effects were
comparably small when looking at the larval gut microbiota.
However, alpha diversity indicated a dietary impact on the
gut microbiota both when based on Chaol species richness
estimation (Figure 4A) and Shannon diversity (Figure 4B). Not
only was the microbial community in the GC diet considerably
different from the other diets, but soon after its introduction as
a diet it also favored the perpetuation of a comparatively higher
species richness. Both GC and CF fed larvae exhibited reduced
species diversity before pupation, possibly connected to a physical
restructuring in the gut (Bruno et al., 2019).

The relative abundance of bacterial phyla described in this
study were in line with previous similar studies (Jeon et al., 2011;
Zheng et al.,, 2013) determining Actinobacteria, Bactoroidetes,
Firmicutes, and especially Alpha- and Gammaproteobacteria
within the phylum of Proteobacteria to be the major constituents
in the BSFL gut (Figure 5). Comprehensive time- or diet-
dependent changes were not detected at the B-diversity level.
Sparse statistically significant dissimilarities in community
compositions in larval guts from different time-points and
treatments that were supported by all applied statistical
tests (AMOVA, HOMOVA, one-way PERMANOVA) did not
yield any meaningfully directed biological explanatory power.
NMDS was used to spatially map samples in two dimensions
and although previous statistical confirmation of dietary and
temporal dynamics were weak, gut samples from more advanced
developmental stages strayed further away from the state of initial
gut microbiomes (Figure 6). However, bacteria already present in
the gut seemed to compensate for the low microbial abundance
in the fresh substrates used in this study. Thereby, the formative
impact on the larval gut microbiomes was limited compared
with more extensively colonized substrates often used in similar
feeding experiments, such as organic wastes, animal manure, or
human feces (Bruno et al., 2018; Cai et al., 2018).

The resilience of the resident gut microbiome in larvae from
the three treatments could be connected to the age of the
larvae when they were first exposed to the new diets. Using 16S
rRNA pyrosequencing, Jeon et al. (2011) were able to measure
distinguishing effects of various diets on the respective microbial
communities in the gut of larvae that were exposed to different
feeds directly after hatching. To increase the number of hatched
eggs and to standardize the condition of hatched animals, the
two new diets used as treatments were introduced into the
experiments on the sixth day of the larval development, while a
control group was further fed with CF. In this study, the 6 days
of CF prior to exposure to new diets seem enough to allow for
the establishment of resilient microbial communities through
a “priming effect,” that is, the establishment of an indigenous
population of gut bacteria that is not readily susceptible to
colonization by allochthonous microorganisms taken up with
the two newly introduced diets (Rillig et al., 2015), despite their
measurable and different microbial fingerprint.

Due to the limitations of 16S rRNA amplicon sequencing
(Poretsky et al., 2014), only analysis down to the genus level
was performed, which could have left differences between
treatments on lower taxonomic levels undetected. Other, higher
resolution methods, such as whole genome shot-gun sequencing
or metabolomic investigations could uncover dietary effects at
strain and even functional gene level (Xia et al., 2017; Chen
et al., 2018). Moreover, the gut microbiome of wild BSFL has not
been studied yet, thereby limiting the possibility of comparing
laboratory populations with fly populations accustomed to
a changing diet over numerous generations. Larvae deriving
from a lab population, and therefore, adapted to a consistent
diet, could be less perceptive for the enrichment of transient
microorganisms that found their way into their gut, where
an observation of dietary effects over a timespan of multiple
generations of flies could be necessary to illustrate a more
comprehensive insight in gut microbiome dynamics. Microbial
gut colonizers are crucial for the thriving of many insects
suggesting that mechanisms have to be in place that avoid
colonization by pathogens and favor the preservation of vital
functional properties (Bahrndorff et al., 2016).

A Microbial Core Community Provides

Metabolic Foundation in the Gut

De Smetetal. (2018) and Wynants et al. (2018) recently proposed
that, based on several bacterial OTUs found across larval guts
exposed to various waste treatments, BSFL establish a core
bacterial microbiome. However, they were still susceptible to
microbial colonization coming from their surroundings, which
was further described as “house flora.” The extensive repertoire
of pathogen defense mechanisms inherent to BSFL allows the
thriving of larvae also in hazardous habitats and is most likely
in close relationship with gut-residing microbes (Vogel et al.,
2018). To guarantee the dietary flexibility and availability of
antimicrobial peptides in different environments, a stable group
of bacteria able to provide such services needs to be present
within the larvae. From our largely diet-independent community,
we identified a core community that was present in at least
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80% of the gut samples. Not only very few OTUs fulfilled this
requirement but they also accounted for approximately half of all
analyzed sequences (Figure 7). Actinomyces sp., Dysgonomonas
sp., Enterococcus sp., and another unclassified representative of
the order of Actinomycetales made up the core community and
are well known for the role they play in (insect) guts (Dillon and
Dillon, 2004; Engel and Moran, 2013; Dietrich et al., 2014).

The filamentous, high GC, Gram-positive, and mostly
facultative anaerobic bacterium Actinomyces sp. can degrade a
broad spectrum of organic material including lignin and chitin
(Wang et al,, 2014). It is often found as commensal in the gut
of various animals, and the production of a variety of antibiotics
inhibiting the growth of other microorganisms additionally
represents a benefit for the larvae (Franke-Whittle et al., 2009;
Hanning and Diaz-Sanchez, 2015).

Dysgonomonas sp. has mostly been known for its key role
in the gut of termites during the degradation of recalcitrant
lignocellulose but was also found in high abundances in the gut
of BSFL (Yang et al., 2014; Sun et al., 2015). Bruno et al. (2019)
highlighted the significance of Dysgonomonas in the digestion of
complex polysaccharides, which was further emphasized by Jiang
et al. (2019) on a functional level, indicating that Dysgonomonas
sp. in the gut of BSFL is positively correlated with genes for
sulfate, carbohydrate, and nitrogen metabolism. Shelomi et al.
(2020) recently assessed the effect of post-production and post-
consumer wastes on larval gut microbiota and pointed out
multiple OTUs assigned to Dysgonomonas sp. as representatives
of a core community, since they were found in the larval guts
irrespective of the waste type. From a metagenomic analysis
of the BSFL gut, the origin of a new a-galactosidase gene that
makes it possible to break up a-galactoses abundant in non-
digestible plant carbohydrates was traced back to a specific
Dysgonomonas strain (Lee et al., 2018). This anaerobic bacterium
is also able to contribute to the biodegradation of pharmaceutical
products like ciprofloxacin when appearing in a consortium with
other bacteria like, for instance, Actinomyces sp., underlining
the potential for yet to discover biotechnological applications
(Martins et al., 2018).

As a typical commensal gut colonizer, Gram-positive and
facultative anaerobe Enterococcus sp. is involved in making
nutrients accessible for the host and contributing to gut health
(Dubin and Pamer, 2017). In other insects like the greater
wax moth (Galleria mellonella), Enterococus dominates the
microbial communities in the larval gut and supports their
host by providing immunity-related antimicrobial peptides
(Krams et al., 2017).

Considering the early stabilization of this core consortium
of highly abundant microorganisms and the broad functional
competences coming from its representatives, this specific gut
microbiome in BSFL can be of great advantage when exposed to
various nutrient-poor or even contaminated environments and
for stable industrial production. Wynants et al. (2018) compared
the BSFL gut microbiota from large-scale cycles and found
that bacterial community composition and abundances generally
differ among facilities but may in addition also vary between
batches produced in those locations. Despite these variations
linked to site-specific features including diverse diets, they

identified a small group of bacterial genera shared across multiple
rearing facilities. Besides Pseudomonas sp. and Providencia sp.,
this group also included Enterococcus sp. and Morganella sp.,
which our study pointed out as core members (found in 80 and
60% of the samples, respectively). The presence of these two
genera further supports our approach to identify core members
of the larvae’s gut microbiota.

Apart from that, the exposure to substrates that knowingly
carry a high microbial bioburden such as organic animal wastes
might represent a stronger driving force in shaping the larval
gut microbiota than the low bioburden diets used in this study.
In a comprehensive investigation, Zhan et al. (2019) identified
16 bacterial phyla of OTUs present in BSFL guts irrespective of
having been fed food waste, poultry, dairy, or swine manure.
The high abundances of Bacteroidetes and Proteobacteria in
larval guts across diets and time coincide with our findings,
since Dysgonomonas sp., Actinomyces sp., and the unclassified
Actinomycetales identified in our analysis as members of the gut
core community also belong to these two phyla. The absence
of Firmicutes in our core community, however, may relate to
the predominant function they take over in the degradation of
animal manure. It is plausible that this phylum is not a priori
inherent to BSFL but instead gets acquired when the larvae are
exposed to manure.

If these observations are seen from a practical perspective,
BSFL still demonstrated a great ability in degrading a broad
variety of organic compounds, including various waste substrates,
with the only two outputs being larval biomass and organic
fertilizer in form of substrate residues and frass (Cickova et al.,
2015). So far, no indication of the presence of a fungal core
community has been brought forward since this kingdom has
been largely neglected in microbiome studies. Observations of
Boccazzi et al. (2017), however, suggest that diet is the sole
driver of the BSFL gut mycobiome. Experiments sounding out the
optimum amount of organic waste combined with commercially
available well-balanced feeds such as CF provide room for
improving the biological parameters relevant for large scale
rearing (e.g., biomass gain, WRI, ECD, developmental time) and
waste treatment. Even if the composition of wastes is inconsistent,
a steadily available fraction of uniform quality CF in the diet
could stabilize the degradation processes and boost the functional
performance of the microbiome and the larva itself through the
priming of the gut environment.

CONCLUSION

This investigation sets an additional cornerstone in
characterizing the guts microbiome and core community
of H. illucens larvae, which are known for their ability to degrade
a vast array of organic substances. Especially the industrial
use of BSFL for animal feed production or waste management
could profit from better controllable growth characteristics and
a fast adaptation to changing diet compositions to guarantee
consistent biomass gain and substrate degradation. Constant
degradation rates under stable environmental conditions could
allow adapting the number of larvae to the amount of substrate
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to be degraded, inhibiting the molding and/or dehydration of
substrates. Fresh substrates like GC and FV with a low bioburden
(compared with, e.g., matured biodegradable wastes) had no
significant shaping influence on the microbial gut communities
of 6-day old larvae, whereas BSFL rather maintain a stable gut
microbiome already early in their development. This community
is dominated by a simple group of highly abundant bacterial
species (Actinomyces sp., Dysgonomonas sp., Enterococcus sp.,
unclassified Actinomycetales) known to play key roles in the
degradation of organic substances.
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Members of the true fruit flies (family Tephritidae) are among the most serious
agricultural pests worldwide, whose control and management demands large and
costly international efforts. The need for cost-effective and environmentally friendly
integrated pest management (IPM) has led to the development and implementation
of autocidal control strategies. These approaches include the widely used sterile insect
technique and the incompatible insect technique (IIT). IIT relies on maternally transmitted
bacteria (namely Wolbachia) to cause a conditional sterility in crosses between released
mass-reared Wolbachia-infected males and wild females, which are either uninfected
or infected with a different Wolbachia strain (i.e., cytoplasmic incompatibility; ClI).
Herein, we review the current state of knowledge on Wolbachia-tephritid interactions
including infection prevalence in wild populations, phenotypic consequences, and their
impact on life history traits. Numerous pest tephritid species are reported to harbor
Wolbachia infections, with a subset exhibiting high prevalence. The phenotypic effects
of Wolbachia have been assessed in very few tephritid species, due in part to the
difficulty of manipulating Wolbachia infection (removal or transinfection). Based on
recent methodological advances (high-throughput DNA sequencing) and breakthroughs
concerning the mechanistic basis of Cl, we suggest research avenues that could
accelerate generation of necessary knowledge for the potential use of Wolbachia-based
IIT in area-wide integrated pest management (AW-IPM) strategies for the population
control of tephritid pests.

Keywords: insect control, symbiosis, endosymbiont, incompatible insect technique, cytoplasmic incompatibility

Frontiers in Microbiology | www.frontiersin.org 88

June 2020 | Volume 11 | Article 1080


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.01080
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9569-6079
https://doi.org/10.3389/fmicb.2020.01080
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.01080&domain=pdf&date_stamp=2020-06-03
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01080/full
http://loop.frontiersin.org/people/123411/overview
http://loop.frontiersin.org/people/664089/overview
http://loop.frontiersin.org/people/926857/overview
http://loop.frontiersin.org/people/977303/overview
http://loop.frontiersin.org/people/915279/overview
http://loop.frontiersin.org/people/872714/overview
http://loop.frontiersin.org/people/955445/overview
http://loop.frontiersin.org/people/976243/overview
http://loop.frontiersin.org/people/977737/overview
http://loop.frontiersin.org/people/915509/overview
http://loop.frontiersin.org/people/486949/overview
http://loop.frontiersin.org/people/123847/overview
http://loop.frontiersin.org/people/457188/overview
http://loop.frontiersin.org/people/350502/overview
http://loop.frontiersin.org/people/103943/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Mateos et al.

Wolbachia in Tephritid Flies

INTRODUCTION

The Economic Importance and

Management of Tephritid Pest Species

Flies in the family Tephritidae (Diptera) include some of
the world’s most important agricultural pests. The family is
comprised of ~4,900 described species within 481 genera, of
which six (Anastrepha, Bactrocera, Ceratitis, Dacus, Rhagoletis,
and Zeugodacus) contain ~70 major pest species (White and
Elson-Harris, 1992; Norrbom, 2004a,b, 2010; Mengual et al,
2017). Pest tephritids represent an enormous economic cost
because they cause direct losses to a diversity of crops
(fruits, vegetables, and flowers) (White and Elson-Harris, 1992).
Furthermore, they hamper the development of agriculture in
numerous countries, due to the strict quarantines imposed
by countries importing affected crops, and to the huge costs
associated with efforts aimed at prevention, containment,
suppression, and eradication.

To prevent or minimize the harmful effects of tephritid pests,
growers must comply with health and safety standards required
by the market, applying an area-wide management approach
involving chemical, biological, cultural, and autocidal control
practices (Reyes et al., 2000; Enkerlin, 2005). Autocidal refers
to methods that use the insect to control itself, by releasing
insects that are sterile or induce sterility upon mating with wild
insects in the next or subsequent generations (Black et al., 2011;
Leftwich et al., 2014; Handler, 2016). Autocidal strategies include
the sterile insect technique (SIT) (Knipling, 1955; Hendrichs
and Robinson, 2009); one of the most widespread control
methods used against fruit flies (reviewed in Dias et al., 2018).
SIT relies on the mass-rearing production, sterilization and
recurrent release of insects (preferentially males) of the targeted
species. Sterilization is typically attained by radiation (Bakri
et al,, 2005), in a way that does not impair male mating and
insemination capabilities. Wild females that mate with sterilized
males lay unfertilized eggs. At the appropriate sterile:wild (S:W)
ratio, the reproductive potential of the target population can
be reduced (Knipling, 1955; Klassen and Curtis, 2005; Caceres
et al., 2007). Historically, at least 28 countries have used the
SIT at a large-scale for the suppression or eradication of pests
(Hendrichs et al., 1995, 2005; Suckling et al.,, 2016). SIT has
been applied successfully for several non-tephritid insect pests
including the New World screw worm Cochliomyia hominivorax
(Coquerel), several species of tsetse fly (Glossina spp.), the codling
moth Cydia pomonella (L.) (reviewed in Robinson, 2002b; Dyck
et al., 2005; Bourtzis and Robinson, 2006), and mosquitoes
(Benedict and Robinson, 2003; Lees et al., 2015). Successful SIT
programs as part of Area-wide Integrated Pest Management
(AW-IPM) strategies have also been implemented for several
tephritids: Ceratitis capitata (Wiedemann); Anastrepha ludens
(Loew); Anastrepha obliqua (Macquart); Zeugodacus cucurbitae
(Coquillett); Bactrocera dorsalis Hendel; and Bactrocera tryoni
(Froggatt) (Enkerlin, 2005; Hendrichs et al., 2005; Klassen and
Curtis, 2005; Caceres et al., 2007). SIT is currently being
developed for three additional tephritid species: Anastrepha
fraterculus (Wiedemann) (Cladera et al.,, 2014); Dacus ciliatus

Loew (Rempoulakis et al., 2015) and Bactrocera tau (Walker) (Du
et al., 2016). The advantages of the SIT over other pest control
approaches (e.g., use of pesticides) are that it is species-specific
and environmentally friendly (Lees et al., 2015; Bourtzis et al.,
2016), and resistance is less likely to evolve (but see Hibino and
Iwahashi, 1991; McInnis et al., 1996).

Another autocidal strategy where mating between mass-
reared and wild insects can be used to suppress pest populations
is the incompatible insect technique (IIT); coined by Boller
et al. (1976). The earliest successful pilot application of IIT was
in Culex mosquitoes (Laven, 1967), and interest in applying it
to mosquitoes has resurged in recent years (reviewed in Ross
et al., 2019b). IIT also relies on the principle of reducing female
fertility, but utilizes endosymbiotic bacteria instead of radiation,
to induce a context-dependent sterility in wild females. It is based
on the ability of certain maternally inherited bacteria (mainly
from the genus Wolbachia) to induce a form of reproductive
incompatibility known as cytoplasmic incompatibility (CI;
explained in the section below). Herein we review the current
knowledge on taxonomic diversity of Wolbachia-tephritid
associations and their phenotypic consequences, and identify
gaps in knowledge and approaches in the context of potential
application of II'T, alone or in combination with SIT, in AW-IPM
programs to control tephritid pests.

The Influence of Wolbachia on Host
Ecology

Insects and other arthropods are common hosts of maternally
inherited bacteria (reviewed in Duron and Hurst, 2013). These
heritable endosymbionts can have a strong influence on host
ecology. Typically, such vertically transmitted bacteria are vastly
(or fully) dependent on the host for survival and transmission.
Certain associations are obligate for both partners, and generally
involve a nutritional benefit to the host. Other heritable bacteria
are facultative, with such associations ranging from mutualistic
to parasitic from the host’s perspective. Among these, Wolbachia
is the most common and widespread facultative symbiont of
insects and arthropods (Hilgenboecker et al., 2008; Zug and
Hammerstein, 2012; de Oliveira et al., 2015; Weinert et al., 2015).

Wolbachia is a diverse and old genus (possibly older than 200
million years; Gerth and Bleidorn, 2016) of intracellular Gram-
negative Alphaproteobacteria (within the order Rickettsiales)
associated with arthropods and filarial nematodes. Wolbachia
cells resemble small spheres 0.2-1.5 pm, occur in all tissue
types, but tend to be more prevalent in ovaries and testes
of infected hosts, and are closely associated with the female
germline (reviewed by Harris et al., 2010; see also Sacchi et al.,
2010). Wolbachia is estimated to infect 40-66% of insect species
(Hilgenboecker et al., 2008; Zug and Hammerstein, 2012; de
Oliveira et al., 2015; Weinert et al., 2015). Within a species or
population, the infection prevalence of Wolbachia can be quite
variable over space (e.g., Kriesner et al., 2016) and time (e.g.,
Turelli and Hoffmann, 1991, 1995).

The most commonly documented effects of Wolbachia
on arthropod hosts fall under the category of reproductive
parasitism, which involves manipulation of host reproduction
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to enhance symbiont transmission and persistence, in general
by increasing the relative frequency of Wolbachia-infected vs.
uninfected females. Females are typically the sex that can transmit
Wolbachia and other heritable bacteria, although rare exceptions
exist (Hoffmann and Turelli, 1988; Moran and Dunbar, 2006;
Chafee et al, 2010). Wolbachia employs all four types of
reproductive manipulation (reviewed by Werren et al., 2008;
Saridaki and Bourtzis, 2010; Schneider et al., 2011). Feminization
converts genetic males into functional females, and occurs in
the orders Hemiptera, Lepidoptera, and Isopoda. Wolbachia-
induced parthenogenesis occurs in haplo-diploid hosts (e.g.,
Acari, Hymenoptera, and Thysanoptera), where unfertilized eggs,
which would otherwise develop into males, develop into females.
Male killing causes death of infected males to the presumed
advantage of surviving infected female siblings, and occurs
in Coleoptera, Diptera, Lepidoptera, and Pseudoscorpionida.
Cytoplasmic incompatibility (CI) (Yen and Barr, 1971) prevents
infected males from producing viable offspring upon mating with
females lacking Wolbachia (or a compatible strain of Wolbachia;
see below; Figure 1). CI is the most commonly reported
Wolbachia-induced reproductive phenotype, and is found in
Acari, Coleoptera, Diptera, Hemiptera, Hymenoptera, Isopoda,
Lepidoptera, and Orthoptera.

Cytoplasmic incompatibility was discovered almost half a
century ago (Yen and Barr, 1971), but its mechanism has not
been fully elucidated. A useful conceptual model to understand
the observed patterns of CI is “mod/resc” (Hurst, 1991; Werren,
1997). It postulates that Wolbachia has two functions: mod (for
modification), which acts as a toxin or imprint of the male
germline; and resc (for rescue), which acts as an antidote. The
mod function acts on the nucleus in the male germline, before
Wolbachia are shed from maturing sperm (Presgraves, 2000).
When a sperm nucleus affected by mod enters the egg of an
uninfected female, this nucleus encounters problems such as
delays in DNA replication and cell-cycle progression, leading to
embryo death. In contrast, if the appropriate resc (“the antidote”)
function is active in the egg, the defect caused by mod in the
sperm is rescued, and the embryo proceeds through normal
development. In the case of unidirectional CI (uni-CI), all or
some of the eggs from uninfected females that are fertilized by
sperm from Wolbachia-infected males (the “CI cross”) fail to
develop (Figure 1A). Wolbachia-infected females are compatible
with uninfected males, and thus have a reproductive advantage
over their Wolbachia-uninfected counterparts. Consequently,
above a certain threshold of Wolbachia infection frequency in
a host population, Wolbachia frequencies can rapidly increase
to a stable equilibrium frequency. When CI is strong (e.g., all
embryos from the CI cross fail), fitness costs of Wolbachia are
low, and maternal (vertical) transmission is high, the threshold
Wolbachia frequency to achieve invasion can be close to zero, and
the stable equilibrium frequency can be close to 100% (Caspari
and Watson, 1959; Turelli and Hoffmann, 1999; Rasgon, 2008).
Bi-directional CI (bi-CI) results from crosses involving two
different (incompatible) Wolbachia strains (Figure 1B). Crosses
between females and males infected with the same or compatible
Wolbachia strains are viable. Under bi-CI between two Wolbachia
strains with equivalent fitness effects on a host, the infection
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FIGURE 1 | (A,B) Qualitative illustration of uni- and bidirectional cytoplasmic
incompatibility (Cl) on the basis of the Wolbachia infection status of the parent
generation. Empty male and female symbols signify absence of Wolbachia.
Blue and yellow ovals represent distinct Wolbachia strains. Green tick

marks = Successful offspring production. Red crosses = no offspring
production. (C) A special case of unidirectional incompatibility in which one
Wolbachia strain (see text) can rescue another strain (i.e., the yellow one), but
not vice versa.
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frequency of an introduced strain must exceed 50% to achieve
invasion (Rousset et al., 1991; Dobson et al., 2002). Special cases
of uni-CI and bi-CI patterns can occur. For example, a strain may
not induce CI, but is able to rescue the defect caused by a different
strain (Figure 1C) (Zabalou et al., 2004a).

Several recent breakthrough studies have collectively
identified Wolbachia-encoded genes (of viral origin) that
contribute to the induction and rescue of CI (Beckmann
et al., 2017; LePage et al., 2017; Bonneau et al.,, 2018, 2019;
Lindsey et al., 2018; Shropshire et al., 2018; Beckmann et al.,
2019¢; Chen et al., 2019; Shropshire and Bordenstein, 2019).
Wolbachia-encoded genes that rescue CI are labeled as cifA, cidA,
or cindA, depending on whether they rescue a defect caused by
deubiquitylase (d), nuclease (n), both (nd); “t” is used by certain
authors and/or when the nature of the defect is unknown (see
Beckmann et al., 2019a,b; Shropshire et al., 2019). In CI-inducing
Wolbachia strains, each of the above genes occurs upstream of a
gene (its “cognate”) similarly labeled, but with a “B” replacing the
“A” (i.e., cifB, cidB, or cindB, respectively) that seems to function
as a toxin. Certain Wolbachia strains have more than one “A-B”
pair, and the combination of these is consistent with patterns
of incompatibility in Drosophila (LePage et al., 2017) and Culex
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(Bonneau et al., 2018). Knowledge accrued to date indicates that
more than one Wolbachia-encoded mechanism of CI exists, and
thus, information on the genes encoded by Wolbachia genomes
can help predict expected patterns of incompatibility among
strains that have not been experimentally characterized.

In addition to its reproductive phenotypes on arthropods,
Wolbachia engages in obligate mutualistic interactions with
filarial nematodes (Werren et al,, 2008) and with members
of five insect orders (reviewed in Zug and Hammerstein,
2015). As a facultative symbiont, Wolbachia can provide direct
fitness benefits to its insect hosts by influencing development,
nutrition, iron metabolism, lifespan, and fecundity (Dean, 2006;
Aleksandrov et al., 2007; Weeks et al., 2007; Brownlie et al,
2009; Ikeya et al., 2009; Kremer et al., 2009; Newton and Rice,
2020), and most notably, by conferring resistance or tolerance
to pathogens, particularly single-stranded RNA viruses (Hedges
et al., 2008; Teixeira et al., 2008; Moreira et al., 2009). The
interference of Wolbachia with the replication and transmission
of certain viruses, along with its ability to spread in populations
via CI, form the basis of several population replacement programs
(reviewed in Ross et al., 2019b; Chrostek et al., 2020). Wolbachia
in Drosophila appears to confer an additional fitness benefit in
the form of increased recombination (Bryant and Newton, 2019;
Singh, 2019).

Certain host-Wolbachia combinations incur fitness costs to
the host, beyond reproductive parasitism, including reduced
longevity, sperm competitive ability, and fecundity, as well
as higher susceptibility to natural enemies (Hoffmann et al,
1990; Min and Benzer, 1997; Snook et al., 2000; Champion de
Crespigny and Wedell, 2006; Fytrou et al., 2006; Vasquez et al.,
2011; Suh et al., 2017; Sumida et al., 2017). Similarly, certain host-
Wolbachia combinations may potentially enhance pathogen-
vectoring capacities (Hughes et al., 2012b; Baton et al., 2013;
Dodson et al., 2014; Murdock et al., 2014). Wolbachia has been
reported to influence positively or negatively numerous aspects
of their hosts behavior including sleep, learning and memory
capacity, mating, feeding, thermal preference, locomotion, and
agression (reviewed by Bi and Wang, 2019; Wedell, 2019).

METHODS TO STUDY Wolbachia

Methods to Assess Wolbachia Infection
Status

For purposes of this review, we consider a host species or
population as “infected” with Wolbachia, even if the infection
is transient or found at low titer. Wolbachia, and most
cytoplasmically transmitted endosymbionts, are fastidious to
culture outside host cells, such that their study typically
relies on culture-independent methods. A recommended flow-
chart of steps is depicted in Figure 2. The most utilized
approach to date for identifying hosts infected with Wolbachia
is through PCR screening of Wolbachia genes in DNA extracts
of hosts. Different PCR primers have been used to perform
such surveys, traditionally targeting a portion of the 16S
ribosomal (r)RNA gene or of a ubiquitous protein-coding
gene (e.g., wsp or fisZ). Simoes et al. (2011) evaluated the

relative sensitivity and specificity of different primer pairs
aimed at Wolbachia detection and identification, revealing that
no single PCR protocol is capable of specific detection of
all known Wolbachia strains. A related method known as
“loop mediated isothermal amplification” (LAMP; not shown in
Figure 2), which requires less infrastructure than PCR, has been
successfully employed for Wolbachia detection in several insects
(da Silva Gongalves et al., 2014).

The two major shortcomings of utilizing solely PCR (or
LAMP) to detect Wolbachia presence are the occurrence of
false negatives and false positives. A false negative occurs
when a specimen is infected by Wolbachia, yet the screening
approach fails to detect its presence. The efficiency of the PCR
can be affected by the presence of inhibitors (Marcon et al.,
2011; Beckmann and Fallon, 2012), by low concentration/poor
quality of the target DNA molecule, as well as type and
concentration of the polymerase and other PCR reagents.
At the very least, negative Wolbachia detection PCRs should
be validated by evaluating the quality of the DNA extract,
through positive amplification of a host-encoded gene (e.g., the
mitochondrial Cytochrome Oxidase subunit I or single-copy
nuclear genes). Several higher sensitivity approaches have been
devised, particularly for low-titer infections, such as: long PCR
(Jeyaprakash and Hoy, 2000); nested PCR (Arthofer et al., 2009a);
quantitative PCR (Mee et al., 2015); or the design of alternative
and/or more specific primers, including the use of Wolbachia
multi-copy genes as PCR targets (Schneider et al., 2014). These
methods, however, have not been widely implemented, likely due
to the higher effort or cost involved.

False positives occur when a specimen not harboring
Wolbachia is identified as Wolbachia-infected. Several instances
have been reported where insect chromosomes carry Wolbachia-
derived fragments, presumably from a horizontal gene transfer
event that occurred at some point in the host lineage as
the result of an active infection that was subsequently lost.
The size of the horizontally transmitted fragment can range
from ca. 500 bp to the equivalent of an entire Wolbachia
chromosome (Dunning Hotopp et al., 2007). In some cases,
entire Wolbachia chromosomes have been transferred more
than once onto the same host genome (Brelsfoard et al., 2014;
International Glossina Genome Initiative, 2014). The range of
hosts carrying Wolbachia-derived genome fragments is broad
and includes several dipterans (tephritids, Glossina morsitans
Westwood; Drosophila spp., mosquitoes), other insects, as well
as nematodes (Fenn et al., 2006; Dunning Hotopp et al., 2007;
Nikoh et al., 2008; Brelsfoard et al., 2014; Morrow et al., 2015;
Attardo et al., 2019). It is therefore desirable to corroborate PCR-
based inferences with approaches that detect Wolbachia cells
in host tissues. Such microscopy approaches can be based on
nucleic acid hybridization (e.g., Chen et al., 2005) or antibody-
based detection of Wolbachia proteins (e.g., wsp; Veneti et al.,
2003; and ftsZ; Newton et al., 2015). A major drawback of these
methods is that they require substantial investment in time and
equipment compared to PCR-based approaches. False positives
can also occur if the primers targeted at Wolbachia turn out
to amplify a fragment of the genome of the host (not derived
from Wolbachia) or of another symbiont of the host. Such false
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FIGURE 2 | Recommended steps to screen for Wolbachia infections in tephritids and other arthropods. A PCR is performed with Wolbachia-specific primers on
DNA isolated from whole, or parts of (e.g., abdomens), insect. Agarose gel electrophoresis of the PCR products is used to determine whether the amplicon is of the
expected size. Amplicons of expected size are directly sequenced (e.g., Sanger method). High sequence identity to other Wolbachia suggests Wolbachia infection.
Clean chromatograms are consistent with a single Wolbachia strain. Otherwise, a cloning step to identify different Wolbachia alleles is required. Other genes are then
amplified and sequenced for further genetic characterization of the strain. As an optional step, localization of Wolbachia cells within host tissues can be achieved by
Fluorescent In Situ Hybridization (FISH) with Wolbachia-specific rRNA probe or immunolabeling with antibody specific to Wolbachia protein. An amplicon of an
unexpected size might indicate the occurrence of a horizontally transmitted Wolbachia genome fragment to the insect chromosome, rather than a current infection.
Similarly, multiple nucleotide polymorphisms (NP) or insertions/deletions, compared to known strains, are suggestive of Wolbachia pseudogenes (e.g., horizontally
transferred to host genome). This can be further tested by in situ hybridization of Wolbachia-specific probe to host chromosomes, and/or by Whole Genome
Sequencing of host. Photo of fly (Anastrepha obliqua) by Fabiola Roque (ECOSUR-UT). Image from Fast et al. (2011) freely available at
https://www.ncbi.nim.nih.gov/pmc/articles/PMC4030408/bin/NIHMS391830- supplement- Supporting_Online_Material.pdf (accessed April 01, 2019). Original
sources of other photographs are available in open access journals (Doudoumis et al., 2012; Brelsfoard et al., 2014; Joubert et al., 2016).
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positives are relatively easy to rule out upon sequencing and
analysis of the amplified product. Finally, as with any PCR work,
false positives can result from contamination of the specimen,
the DNA template, or the PCR reagents. Thus, it is important to
implement adequate sterile practices and negative controls.

The above approaches require destruction of specimens for
DNA isolation or for tissue fixation. As a rapid and non-
destructive alternative, Near-Infrared Spectroscopy (NIR) has
been developed for identification of specimens infected with
Wolbachia, including the distinction of two different Wolbachia
strains (Sikulu-Lord et al., 2016). This method, however, requires
standardization according to species, sex, age, or any other
condition that may affect absorbance, and is not 100% efficient.
To our knowledge, this method has not been employed to assess
Wolbachia infection in tephritids.

Methods to Taxonomically Characterize

Wolbachia Strains

The main evolutionary lineages of Wolbachia are assigned to
“supergroups” (Zhou et al., 1998). Sixteen supergroups have
been recognized to date (Glowska et al., 2015; Bleidorn and
Gerth, 2017). Supergroups A and B are widespread in arthropods
and are common reproductive manipulators (Baldo et al., 2006;
Werren et al., 2008). Supergroups C and D are obligate mutualists
of filarial nematodes, whereas supergroup F is found in both
arthropods and nematodes (Ros et al., 2009). Other supergroups
have more restricted host distributions (Augustinos et al., 2011).
Wolbachia are generally compared and classified on the basis of
Multilocus Sequence Typing (MLST) systems (Baldo et al., 2006;
Paraskevopoulos et al., 2006). The most commonly used MLST is
based on the PCR amplification of fragments of five ubiquitous
genes: coxA, fbpA, ftsZ, hcpA, and gatB. However, this MLST
system has limitations, in that not all genes are readily amplified
in all Wolbachia strains, and it fails to distinguish among very
closely related strains (Augustinos et al, 2011; Bleidorn and
Gerth, 2017). Several additional genes commonly amplified and
reported are the 16S rRNA, groEL, gltA, and the wolbachia surface
protein (wsp) (O'Neill et al., 1992; Braig et al., 1998; Zhou et al.,
1998; Augustinos et al., 2011). The wsp gene is highly variable
and shows evidence of intragenic recombination (Werren and
Bartos, 2001; Ros et al.,, 2012). An MLST database' is available
to compare sequences of alleles for the five MLST loci and the
wsp gene. Upon submission to the MLST database, new alleles
for the wsp and for each of the MLST loci are assigned a unique
number. A Wolbachia sequence type (ST) is defined on the
basis of MLST allele combinations, with each allele combination
assigned a unique ST number. Further characterization of each
MLST-defined strain can be achieved by examination of four
hypervariable regions (HVRs) of the wsp gene (Baldo et al., 2005).

Hosts can be infected by one or more distinct strains of
Wolbachia. Traditionally, direct Sanger sequencing of PCR
products that resulted in sequences with ambiguous base pairs
would be subjected to cloning followed by sequencing. The allele
intersection analysis method (AIA; Arthofer et al, 2011) can
then be used to assign MLST alleles to Wolbachia strains, but it

Uhttps://pubmlst.org/wolbachia/

requires a priori knowledge on the number of strains present.
AIA identifies pairs of multiply infected individuals that share
Wolbachia and differ by only one strain. Alternative approaches
to circumvent cloning include the use of strain-specific primers
(e.g., for the wsp gene; Zhou et al., 1998; Arthofer et al., 2009b), or
of high throughput sequencing approaches (e.g., llumina HiSeq,
MiSeq, and NovaSeq) to sequence MLST or other marker PCR
amplicons (e.g., Gibson et al., 2014; Brandon-Mong et al., 2015).
Primer bias, however, where the fragment of one Wolbachia
strain is preferentially amplified over the other, has been reported
(Arthofer et al., 2011), such that presence of certain Wolbachia
strains might be missed.

Use of the MLST system alone has two major drawbacks.
First, strains of Wolbachia sharing identical MLST or wsp alleles
can differ from each other at other loci (Paraskevopoulos et al.,
2006; Riegler et al., 2012). Secondly, the MLST, 16S rRNA,
and wsp loci contain limited phylogenetic signal for inferring
relationships within Wolbachia supergroups (Bleidorn and
Gerth, 2017). Therefore, to assess such intra-ST variation and to
infer evolutionary relationships among closely related Wolbachia
strains, additional (more variable) loci must be evaluated. The
multiple locus variable number tandem repeat analysis developed
by Riegler et al. (2012) allows distinction of closely related
Wolbachia strains based on PCR and gel electrophoresis.

Whole genome sequencing represents a powerful approach
to distinguish closely related Wolbachia strains, infer their
evolutionary relationships, test for recombination, and identify
genes of interest (e.g., Klasson et al, 2009; LePage et al,
2017). Due to its fastidious nature (but see Uribe-Alvarez et al.,
2018 for a recent breakthrough) and occurrence of repetitive
elements, genome sequencing and assembly of Wolbachia (and
other host-associated uncultivable bacteria) has proven difficult.
Recent advances, particularly those based on targeted hybrid
enrichment (Lemmon and Lemmon, 2013) prior to high-
throughput sequencing (Bleidorn, 2016; Goodwin et al., 2016)
have been successfully applied to Wolbachia for short-read
technologies (i.e., Illumina; Kent et al., 2011; Geniez et al,
2012). The combination of targeted hybrid capture and long-
read technologies, such as Pacific Biosciences' Single Molecule
Real-Time (e.g., Wang et al, 2015) or Oxford Nanopore
Technologies’ platforms is expected to greatly advance Wolbachia
genomics research.

Methods to Functionally Characterize

Wolbachia Strains

A major challenge to investigating the effects of Wolbachia
on a host is to generate Wolbachia-present and Wolbachia-
free treatments while controlling for host genetic background.
The challenge stems from the difficulty of adding or removing
Wolbachia to/from particular hosts. Addition of Wolbachia to
a particular host background can be achieved by transinfection
(reviewed in Hughes and Rasgon, 2014). Because the vertical
transmission of Wolbachia appears to be dependent on its close
association to the host germline, successful artificial transfer
of Wolbachia typically relies on injection of cytoplasm from a
donor egg (but see Frydman et al., 2006) or early embryo into
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W+ line W-line

FIGURE 3 | Backcrossing procedure. Wolbachia infection is indicated by blue
oval. Host nuclear backgrounds are indicated by colors: white represents the
initial nuclear background of Wolbachia-infected host; red (darkest) indicates
the host background of the Wolbachia-free line contributing males every
generation. Different shades of red represent the increasing replacement of
“white” nuclear background over backcrossing generations (F1 to Fg) by “red”
nuclear background.

a recipient embryo via microinjection (reviewed in Hughes and
Rasgon, 2014). The success rate of the transinfection procedure
is generally very low; in tephritids it is 0-0.09% (calculated as
the proportion of injected embryos that emerged as Wolbachia-
infected adult females that transmitted Wolbachia to offspring)
(Zabalou et al., 2004b, 2009; Apostolaki et al., 2011; Martinez
et al,, 2016). The low success rate is generally a result of the low
survival of injected embryos, the low proportion of Wolbachia-
positive survivors, and the low/incomplete transmission of
Wolbachia to their offspring.

Intra-species (or between sibling species) transfer of
Wolbachia to a particular host nuclear background can also be
achieved through introgression, whereby males of the desired
background are repeatedly backcrossed with Wolbachia-infected
females (e.g., Dobson et al., 1999; Jaenike, 2007). Under this
scheme, after eight generations of consistent backcrossing,
~99.6% of the host nuclear background is expected to have
been replaced (Figure 3). The drawback of this approach is
that the mitochondrial genome will not be replaced. Therefore,
the effects of mitochondrial type and Wolbachia infection
cannot be separated.

Due to less than perfect transmission, passive loss of
Wolbachia in certain host individuals may be used to obtain
Wolbachia-free and Wolbachia-infected hosts of equivalent
genetic background. Wolbachia removal has also been achieved
by “extreme” temperature treatment (e.g., 30°C; Ribeiro, 2009).
The most common way of removing Wolbachia, however, is
achieved via antibiotic treatment, but several potential biases
must be addressed (reviewed by Li et al, 2014). Antibiotic
treatment is likely to alter the microbiota, other than Wolbachia,
associated with the host. In addition, antibiotics may affect the
host in a microbe-independent manner. For instance, antibiotic

treatment can affect host mitochondria (Ballard and Melvin,
2007), which in turn can reduce host fitness. A common practice
to circumvent these problems is to wait several generations after
antibiotic treatment, and to promote “restoration” of the host’s
pre-antibiotic microbiota, excluding Wolbachia (e.g., exposing
the insects to the feces of non-treated individuals). Wolbachia
does not appear to be efficiently transmitted via ingestion (e.g.,
Faria et al., 2016), but see discussion on horizontal transmission
routes below. It is essential to monitor Wolbachia infection
status of antibiotic-treated host strains, because antibiotics may
not always fully remove infection. Instead, they may reduce
Wolbachia densities to non-detectable levels in one or few
generations (Li et al., 2014); this has been our experience in both
Anastrepha (S.B. Lanzavecchia, C. Conte, and D.F. Segura, pers.
obs.) and Drosophila (M. Mateos, pers. obs.).

Unidirectional CI is tested by comparing the embryo hatching
rates of the CI cross (uninfected female X infected male) to
that of one or more control crosses. For testing bidirectional
CI, the reciprocal crosses of hosts infected by the different
Wolbachia strains are assessed. A significantly lower embryo
hatching rate of the CI cross(es) compared to that of the control
cross(es) constitutes evidence of CI. CI can be partial or complete
(100% embryo failure). As with any fitness assay, care must be
taken to prevent potential biases, including crowding and age
effects; which have been shown to influence CI (Hoffmann et al.,
1990; Turelli and Hoffmann, 1995; Reynolds and Hoffmann,
2002). Adequate assessment of fertilization must be performed
to ensure that failed embryos are not confused with unfertilized
eggs. This may require testing for insemination of females that
produce no larval progeny (e.g., Zabalou et al., 2009; Conte
et al,, 2019), or exclusion of females that predominantly lay
unfertilized eggs, such as old Drosophila melanogaster virgin
females (Menon et al., 2014).

Wolbachia IN TEPHRITIDS

Taxonomic Distribution of

Wolbachia-Tephritid Associations

Based mostly on PCR and sequencing approaches, ~66%
of ~87 tephritid species screened have at least one record
of positive Wolbachia infection (excluding pseudogenes) in
laboratory and natural populations (see Supplementary File S1;
only supergroups A and B have been found in tephritids). For
the genus Anastrepha, all but one species (Anastrepha ludens) of
17 screened to date harbor Wolbachia (Werren et al., 1995; and
this study; Selivon et al., 2002; Coscrato et al., 2009; Martinez
et al, 2012; Mascarenhas et al., 2016; Moran-Aceves, 2016;
Prezotto et al., 2017; Conte et al., 2019; Devescovi et al., 2019).
Most Anastrepha species harbor Wolbachia strains assigned
to supergroup A. Anastrepha striata Schiner and Anastrepha
serpentina (Wiedemann), however, harbor supergroup B in
southern Mexico (Martinez et al, 2012; and H. Martinez
and M. Mateos, pers. obs.; see Supplementary File S1) and
supergroup A in Brazil (Coscrato et al., 2009). Up to three
Wolbachia sequence types have been detected per locality within
morphotypes of the A. fraterculus complex (Prezotto et al., 2017;
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Conte et al, 2019), but co-infection of a single individual is
generally not observed (except for one report in A. fraterculus;
Céceres et al., 2009).

Of the ~49 species of Bactrocera that have been examined,
~14 are reported to harbor Wolbachia (supergroup A and/or B)
and three (Bactrocera peninsularis Drew & Hancock, Bactrocera
perkinsi Drew & Hancock, and Bactrocera nigrofemoralis
White & Tsuruta) carry what appear to be Wolbachia-derived
pseudogenes, but not active infections (Kittayapong et al., 2000;
Jamnongluk et al, 2002; Morrow et al, 2014, 2015). There
is also the case of Bactrocera zonata Saunders, B. dorsalis,
and Bactrocera correcta Bezzi that have been found to carry
both active infections (cytoplasmic) and pseudogenized
Wolbachia sequences (Asimakis et al, 2019). Up to five
Wolbachia strains have been reported in a single individual
of Bactrocera ascita Hardy (Jamnongluk et al, 2002), and
double/multi infections have been reported in individuals of
the following five Bactrocera species in Australia: Bactrocera
bryoniae Tryon; Bactrocera decurtans May; Bactrocera frauenfeldi
Schiner; Bactrocera neohumeralis Hardy; and Bactrocera
strigifinis Walker (Morrow et al., 2014, 2015). Within the genus
Bactrocera, polyphagous species are more likely to harbor
Wolbachia compared to stenophagous or monophagous ones
(Kittayapong et al., 2000).

For the genus Ceratitis, two species have been screened
for Wolbachia. No evidence of Wolbachia was found
in Ceratitis  fasciventris Bezzi. Also, no evidence of
infection was found in several populations of C. capitata,
the Mediterranean fruit fly (medfly), in the early
‘19908 (Bourtzis et al, 1994). PCR amplification and
sequencing of the 16S rRNA gene in several field and lab
specimens of C. capitata from Brazil suggested infection
with  Wolbachia supergroup A (Rocha et al, 2005).
However, recent thorough surveys of wild populations
and lab colonies indicate that Wolbachia is absent in
C. capitata from numerous localities in different continents
(Supplementary File S1).

Wolbachia is reported in the four species of Rhagoletis
examined to date: Rhagoletis cerasi L.; Rhagoletis pomonella
Walsh; Rhagoletis cingulata Loew; and Rhagoletis completa
Cresson (Zabalou et al., 2004b; Arthofer et al., 2009b;
Drosopoulou et al., 2011; Schuler et al., 2011, 2012, 2013, 2016b;
Augustinos et al., 2014; Bakovic et al., 2018). Both A and B
supergroups are found in R. cerasi and R. completa, including a
putative A-B recombinant strain, and co-infections are common
(e.g., R. cerasi and R. pomonella).

In Zeugodacus (formerly Bactrocera), both Z. cucurbitae and
Z. diversa are reported to harbor Wolbachia or Wolbachia
pseudogenes (Kittayapong et al., 2000; Jamnongluk et al., 2002;
Asimakis et al., 2019). Two out of the six species of Dacus
examined to date are reported to harbor Wolbachia: Dacus
axanus Hering (Morrow et al., 2014); and Dacus destillatoria
Bezzi (Jamnongluk et al, 2002). Wolbachia has not been
detected in the monotypic genus Dirioxa (Morrow et al., 2015).
Wolbachia (supergroup A) has been reported in Carpomya
vesuviana (Karimi and Darsouei, 2014) and Neoceratitis asiatica
(Wang et al., 2019).

Wolbachia Prevalence in Tephritids (in
Time/Space)

Numerous studies report Wolbachia infection frequencies (or
data from which this measure can be estimated) in natural
populations of tephritids. Few of these studies, however, have
adequate sample sizes for such inferences (e.g., many such studies
are based on 10 or fewer individuals). Notwithstanding, inferred
Wolbachia prevalence in tephritid populations is highly variable.
In Anastrepha, ~10 species harbor at least one population with
prevalence ~100%, whereas populations of three species reported
lower frequencies (e.g., 88%, 51-60%, and 8.7%) (Supplementary
File S1). In Bactrocera, one population of B. caudata had 100%
prevalence, whereas all other species with positive Wolbachia
results exhibited low prevalence.

The best studied tephritid system in terms of spatial and
temporal variation in Wolbachia prevalence is that of R. cerasi
in Europe, which was surveyed over a ~15-year-period in 59
localities (Schuler et al., 2016b). Collectively, at least six strains
wCerl-6 have been identified from Europe and the Middle East.
In an early (1998) survey, Riegler and Stauffer (2002) found all
European R. cerasi individuals infected by one strain (wCerl),
most central and southern European populations harbored an
additional strain wCer2 (i.e., wCerl + wCer2), and at least
one Italian population harbored wCerl + wCer4 (Zabalou
et al, 2004b). A rapid spread of wCer2 (a strain associated
with cytoplasmic incompatibility) has been detected. Multiple
infections, in various combinations of all five known Wolbachia
strains from Europe, have been revealed recently. Samples from
Poland, Italy, and Austria, are infected with strains wCerl-5
those from Czech Republic (prior to 2009) and Portugal lacked
wCer2 only, while the Swiss samples lacked wCer3 (Arthofer
et al., 2009b). A more recent study of the Czech Republic (2015)
and Hungary (2016) revealed that wCer2 is spreading at a speed
of 1.9 and 1 km/yr, respectively (Bakovic et al., 2018). Analysis
of 15 Greek, two German and one Russian population confirm
fixation for wCerl in all R. cerasi populations, and the presence of
complex patterns of infections with four of the five known wCer
European strains (1, 2, 4, and 5) and the possible existence of
new Wolbachia strains for the southernmost European R. cerasi
population (i.e., Crete; Augustinos et al.,, 2014) and from Iran
(wCer6) (Karimi and Darsouei, 2014). Similarly, strain wCin2
(which is identical to wCer2 based on loci examined to date) is
fixed in all populations of R. cingulata; a species native to the
United States, but introduced into Europe at the end of the 20th
century. Invasive populations in Europe harbor wCin1 (identical
to wCerl based on loci examined to date) at frequencies that
vary over space and time (up to 61.5%), as a result of horizontal
transfer (multiple events) from R. cerasi (Schuler et al., 2016b).
The above studies indicate that the prevalence of Wolbachia types
in R. cerasi and R. cingulata is highly dynamic.

Phenotypic Effects of Wolbachia in
Tephritids

Despite the numerous reports of Wolbachia in tephritids,
the fitness consequences of such associations remain mostly
unknown. The studies reporting phenotypic effects of Wolbachia
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have relied on transinfection and on antibiotic-curing; only
two species of tephritids have been successfully transinfected
with Wolbachia (Table 1). Evidence of Wolbachia-induced CI
has been detected in four species of tephritids. Early studies
(Boller and Bush, 1974; Boller et al., 1976) identified reproductive
incompatibilities in R. cerasi that were later attributed to the
Wolbachia strain wCer2 (100% embryonic mortality in the
CI cross; Riegler and Stauffer, 2002). Artificially transferred
Wolbachia (strains wCer2 and wCer4) originally from R. cerasi
to C. capitata also resulted in strong CI (100% embryonic
mortality). wCer2 in two genetic backgrounds of B. oleae resulted
in strong CI as well (Apostolaki et al., 2011). In addition,
wCer2 and wCer4 are bi-directionally incompatible in C. capitata
(Zabalou et al., 2004b, 2009).

In addition to CI, Wolbachia-infected C. capitata females
(Benakeio strain) exhibit higher embryonic mortality (17-
32% in crosses with Wolbachia-free males and 65-67% in
crosses with Wolbachia-infected males) than their Wolbachia-
free counterparts crossed with Wolbachia-free males (12%
embryonic mortality). Therefore, it appears that wCer2 and
wCer4 have additional fertility effects on medfly females, other
than CL It is also possible that these Wolbachia strains can
only partially rescue the modification that they induce in sperm
(Zabalou et al.,, 2004b). A similar pattern is reported in the
Vienna 8 genetic sexing strain (GSS) infected with wCer2
(Zabalou et al., 2009). The wCer2 strain also causes increased
embryo death in non-CI crosses of B. oleae (Apostolaki et al.,
2011). In D. simulans, wCer2 causes fecundity costs, moderate
levels of CI, and incomplete rescue of its own CI modification
(Riegler et al., 2004). Interestingly, a recent study examined the
genome of wCer2 and revealed the presence of three pairs of
Type I cif genes and one Type IV cifB gene without a cifA
complement, which might explain its idiosyncratic expression of
CI (Morrow et al., 2020).

Two studies conducted several years apart (Sarakatsanou
et al., 2011; Kyritsis, 2016; Kyritsis et al, 2019) examined
the effects of a single Wolbachia strain (wCer2) on fitness
components of two C. capitata genotypes (i.e., Benakeio and
Vienna 8 GSS laboratory lines), as well as the effects of two
different Wolbachia strains (wCer2 and wCer4) on a single
medfly genotype (Benakeio). The following general patterns
emerged (exceptions noted): (a) Wolbachia causes higher egg-
to-larva mortality; (b) Wolbachia causes higher egg-to-adult
mortality (exception: Vienna 8 GSS + wCer2 in Sarakatsanou
et al., 2011); (c) Wolbachia shortens egg-to-adult development
time (exception: Benakeio + wCer2 in Kyritsis, 2016; Kyritsis
et al., 2019). In addition, Sarakatsanou et al. (2011) found
that Wolbachia shortens both male and female adult lifespan
(exception: males of Vienna 8 GSS and wCer2), and reduces
life time female net fecundity. However, Kyritsis (2016) and
Kyritsis et al. (2019) reported no effects of Wolbachia infection
on adult lifespan, and a reduced fecundity in the case of wCer4
infection only. Even though wCer2 and wCer4 in general tended
to have consistent effects on medfly, the magnitude of their effects
differed. Collectively, the results from these studies indicate
that the effect of Wolbachia infection on life history traits
depends both on the C. capitata genetic background and on

the Wolbachia strain. Furthermore, inconsistencies between the
two studies might be indicative of evolution of the host and/or
Wolbachia strain during that period. Evidence of Wolbachia
evolving reduced fitness costs has been reported in D. simulans
(Weeks etal., 2007). Adult flight ability and longevity under stress
conditions also appear to be determined by the interaction of
Wolbachia strain and medfly genotype (Kyritsis, 2016; Kyritsis
et al., 2019). A more recent study (Dionysopoulou et al., 2020)
demonstrated Wolbachia effects on medfly reared in natural host
fruits and at different temperatures. Medlfies infected with wCer4
had low survival rates in both apples and bitter oranges, whereas
those infected with wCer2 were less vulnerable in apples than in
bitter oranges. In addition, wCer4 infected flies were particularly
susceptible to high temperatures.

A recent study by Conte et al. (2019) examined the
phenotypic effects induced by two Wolbachia strains native to
A. fraterculus (spl). No evidence of bidirectional cytoplasmic
incompatibility was detected in reciprocal crosses among singly
infected laboratory strains. However, the same work described
the presence of slightly detrimental effects on larval survival
and a female-biased sex ratio, suggesting the induction of male-
killing phenomena. Moreover, Devescovi et al. (2019) found that
Wolbachia reduced the embryo hatching in crosses involving
cured females and infected males (uni-directional CI) within
two morphotypes of this cryptic species complex; stronger
CI was detected within the Peruvian morphotype than the
Brazilian-1 morphotype (also referred as to “A. fraterculus sp.
1”). No evidence of bidirectional CI was detected in the crosses
between the two morphotypes, leading Devescovi et al. (2019) to
conclude that Wolbachia is not directly involved in the speciation
process of these morphotypes. Ribeiro (2009) reported evidence
consistent with CI caused by Wolbachia in A. obliqua and in
“A. fraterculus sp. 1 which according to wsp sequences, are
identical. Nonetheless, confounding effects of the treatment to
remove Wolbachia (removed by exposure of pupae to 30°C) or
other potential biases cannot be ruled out, as all intraspecific
crosses involving at least one cured parent resulted in much lower
(<30%) embryo hatching than the intraspecific crosses involving
both infected parents (66 and 81% embryo hatching).

Recent work demonstrates that Wolbachia infection can affect
male sexual competitiveness of C. capitata. Different Wolbachia
strains (wCer2 and wCer4) exerted differential impact on males
mating competitiveness, and a single strain (wCer2) had different
impact on different medfly genotypes (Benakeio and Vienna 8
GSS laboratory lines) (Kyritsis, 2016; Kyritsis et al., 2019).

Modes of Horizontal Transmission of
Wolbachia Between Tephritid Hosts

Considering the dynamics of Wolbachia associated with
arthropods in general, at the population level Wolbachia appears
to be predominantly maintained by vertical transmission.
Above the species level, however, the lack of congruence
between the host and symbiont phylogenetic trees implies that
Wolbachia horizontal transfers and extinctions are common and
underlie its widespread taxonomic and geographic distribution
(Bailly-Bechet et al., 2017).
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TABLE 1 | Successful and unsuccessful Wolbachia transfection attempts in tephritids.

ID of successfully Donor species/strain Recipient species (and strain) Wolbachia References
transfected tephritid strain strain
C. capitata WolMed 88.6 R. cerasi C. capitata Benakeio strain wCer2 Zabalou et al., 2004b
C. capitata WolMed S10.3 R. cerasi C. capitata Benakeio strain wCer4 Zabalou et al., 2004b
C. capitata VIENNA 8-E88 C. capitata WolMed 88.6 C. capitata VIENNA 8 Genetic wCer2 Zabalou et al., 2009
Sexing Strain (GSS)

C. capitata VIENNA 8-E88 Bactrocera oleae wCer2 Apostolaki et al., 2011

N/A (unsuccessful) A. striata A. ludens wAstriB Martinez et al., 2016

The possible routes by which Wolbachia may be horizontally
acquired by a new host can generally be classified as via ingestion
or via a vector. In both cases, to become established as a stable
cytoplasmically inherited infection, Wolbachia must cross one or
more cell types or tissues. For example, if Wolbachia invaded the
host hemolymph directly as a result of a vector (e.g., parasitoid
wasp or ectoparasitic mite), it would have to invade the egg
during oogenesis. Similarly, if Wolbachia were acquired via
ingestion (e.g., as a result of scavenging), it would have to cross
the gut into the hemolymph, before it invaded the egg. Support
for the above routes comes from studies reporting: (a) that
Wolbachia can retain viability outside cells and infect mosquito
cell lines, as well as ovaries and testes that are maintained
ex vivo (Rasgon et al, 2006; Hughes et al., 2012a); (b) that
Wolbachia cells injected into Drosophila hemolymph reach the
germline after crossing multiple somatic tissues (Frydman et al,,
2006); (c) that Wolbachia can move between parasitic wasp
larvae (Trichogramma) sharing the same host egg, and achieve
vertical transmission (Huigens et al., 2004); and (d) that parasitic
wasps of the white fly, Bemisia tabaci (Gennadius), can transfer
Wolbachia from an infected to a naive host, as a result of non-
lethal probing (i.e., probing without oviposition), whereby the
parasitoid ovipositor or mouthparts function as a “dirty needle”
(Ahmed et al., 2015).

No direct evidence of Wolbachia transmission via parasitoids
exists in tephritids, but sharing of Wolbachia strains between a
parasitoid and several sympatric tephritids (Morrow et al., 2014;
Mascarenhas et al., 2016) is consistent with parasitoid-mediated
transmission, or transmission from tephritid host to parasitoid
(Johannesen, 2017). The potential for horizontal transfer of
Wolbachia among tephritids via parasitoids is high, due to
the multiple instances where a single parasitoid utilizes several
different tephritid host species (Quilici and Rousse, 2012; Murillo
et al., 2016; Schuler et al.,, 2016a), and the high frequency of
superparasitism by some fruit fly parasitoids (Tormos et al., 2012;
Devescovi et al., 2017).

Wolbachia may invade a new host species via introgressive
hybridization between two host species. This mechanism would
also transfer mitochondria from the infected to the uninfected
species nuclear background, akin to the artificial backcrossing
approach described above (Figure 3). Ability of tephritids to
hybridize in the lab has been reported in numerous species
(Table 2), and hybridization in nature has been documented in
B. dorsalis/B. carambolae (Wee and Tan, 2005), members of the
Ceratitis FAR complex (Virgilio et al., 2013), and R. cingulata/R.

cerasi in Europe (Johannesen et al., 2013). Thus, there is potential
for wild tephritid populations to acquire Wolbachia infections
via hybridization.

CONSIDERATIONS FOR
Wolbachia-BASED IIT IN TEPHRITIDS

There are two main approaches for implementing IIT, which
depend on whether uni- or bi-directional CI will be used.
If the target pest population lacks Wolbachia, such as the
tephritids C. capitata, B. oleae (Gmelin), and A. ludens [and the
mosquito Aedes aegypti (L.)], only unidirectional CI is feasible.
In target populations that harbor one (or more) Cl-inducing
Wolbachia strain(s) (i.e., native strain; yellow in Figure 4),
bi-directional CI can be achieved by releasing males that
lack the native strain(s) and harbor one (or more) “foreign”
Wolbachia strain(s) (blue in Figure 4) that is incompatible
with the native strain. In contrast, if the released males are
doubly infected with the native and foreign strains, the CI
pattern employed for population suppresion is uni-directional
(Figure 4).

In the case of Uni-CI patterns, the accidental release of
Wolbachia-infected females, which would be reproductively
compatible with wild and released males, may result in the
replacement of the target pest population with a population
harboring the Wolbachia infection of the released males, leading
to failure of the IIT-based suppression program (Bourtzis,
2008). As described in Section “The Influence of Wolbachia on
Host Ecology,” under certain conditions, a Wolbachia infection
with frequency close to zero might be able to rapidly spread
through a host population. Thus, without efficient sex separation
mechanisms (outlined in section below), it is desirable to ensure
that accidentally released females are sterile. In several tephritid
systems, female sterility is achieved at a lower irradiation dose
than male sterility, such as A. ludens, A. obliqua, Anastrepha
suspensa, A. serpentina, B. tryoni, and Z. curcubitae (Toledo et al.,
2004; Bakri et al., 2005; Rull et al., 2007; Collins et al., 2009).
Therefore, an IIT program that used radiation at doses to ensure
female sterility without compromising male quality (e.g., male
competitiveness) could be effective (e.g., Drosophila suzukii based
on results to date; Nikolouli et al., 2020).

In an IIT program based on bi-CI pattern (e.g., the recent
field study of Aedes albopictus; Caputo et al., 2019), accidental
release of fertile transinfected females, which would only be
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TABLE 2 | Representative tephritid genera where hybridization between one or
more species has been reported.

Tephritid genera containing species that
can hybridize

Reference(s)

Bactrocera

Ceratitis

B. tryoni x B. neohumeralis

B. tryoni x B. jarvisi

B. aquilonis x B. tryoni

B. jarvisi x B. neohumeralis

B. dorsalisS x B. philippinensisS
B. invadens® x B. dorsalisS

B. dorsalisS x B. papayaeS

B. papayae® x B. philippinensisS
B. papayae x B. carambolae

B. tryoni x B. jarvisi

C. rosa x C. fasciventris

Anastrepha

Within A. fraterculus complex

Smith, 1979; Morrow et al.,
2000; Meats et al., 2003; Pike
et al., 2003

Cruickshank et al., 2001
Drew and Lambert, 1986
Gilchrist et al., 2014
Schutze et al., 2013

Bo et al., 2014

Schutze et al., 2013
Schutze et al., 2013
Ebina and Ohto, 2006
Shearman et al., 2010

Erbout et al., 2008

Selivon et al., 1999, 2005;
Caceres et al., 2009; Segura
etal., 2011; Roriz et al., 2017;
Rull et al., 2018

Dos Santos et al., 2001

A. fraterculus x A. obliqua
Dos Santos et al., 2001
Dos Santos et al., 2001
Schwarz and McPheron, 2007;

A. sororcula x A. obliqua
A. fraterculus x A. sororcula
Rhagoletis

Eurosta

R. mendax x R. pomonella

Within R. pomonella complex
R. completa x R. zoqui

R. pomonella x R. zephyria

R. cingulata x R. indifferens
Within R. cingulata

R. cerasi x R. cingulata

Within Eurosta solidaginis

Rull et al., 2010, 2012; Arcella
et al., 2015; Tadeo et al., 2015

Bierbaum and Bush, 1990;
Schwarz and McPheron, 2007

Rull et al., 2010

Rull et al., 2012

Arcella et al., 2015
Doellman et al., 2019
Tadeo et al., 2015
Johannesen et al., 2013

Craig et al., 1997

SB. papayae, B. philippinensis, and B. invadens are now considered junior
synonyms of B. dorsalis (Drew and Romig, 2013; Schutze et al., 2015). Bold-face
names are species where at least one report of Wolbachia infection exists (see
Supplementary File S1).

compatible with the released males, would not necessarily lead to
population replacement and program failure. This is due to the
generally higher threshold density required to achieve invasion
(theoretically above 50% when the two incompatible Wolbachia
strains exert equivalent fitness costs/benefits; see Section “The
Influence of Wolbachia on Host Ecology”). Nonetheless, the
actual outcome is strongly dependent in multiple factors (see
Dobson et al., 2002; Moretti et al., 2018a). Therefore, for both
uni-CI- and bi-CI-based IIT programs, as pointed out by Bourtzis
et al. (2014), the outcome of accidental releases of infected
females must be thoroughly evaluated via modeling and/or semi-
field assays prior to field applications.

The Advantage of Genetic Sexing Strains
(GSS)

In general, SIT and IIT are most effective when only males are
produced and released (Kerremans and Franz, 1995; Rendon
et al., 2004). The release of only males in a large-scale operation
can be accomplished by either killing female zygotes during
development or by selectively removing them from the mass-
reared population prior to release (Robinson, 2002a; Gilles et al.,
2014; Lutrat et al., 2019). Genetic sexing strains (GSS) are those in
which individuals can be separated by sex prior to the adult stage
on the basis of a sex-linked phenotype (Franz, 2005). The earlier
in development the females are removed, the most cost-effective
the mass rearing operation will be, as investment in growth of
females would be null or minimized. In most tephritids, male
sex is determined by the presence of the maleness factor on the
Y chromosome (Pane et al., 2002). GSS based on male-linked
[e.g., Y chromosome - autosome (Y;A)] translocations have
been developed in a few species to produce conditional female
lethality (e.g., temperature sensitive lethality during embryonic
development) or a visual sex marker (e.g., pupal color). Examples
of tephritid species for which GSS are available include C. capitata
(Franz, 2005), A. ludens (Zepeda-Cisneros et al., 2014), Z
cucurbitae (McInnis et al., 2004), B. dorsalis (Isasawin et al., 2012),
and B. carambolae (Isasawin et al., 2014). Unfortunately, despite
substantial efforts, GSS are still lacking for most tephritid pests.
The recent development of CRISPR/Cas9-mediated mutagenesis
in tephritids, however, might enable a faster development of
tephritid GSS (Reid and O’Brochta, 2016; Choo et al., 2017; see
reviews by Ogaugwu and Durvasula, 2017).

Choice and Evaluation of Wolbachia

Strains

The target population and the donor colony should be
thoroughly screened for Wolbachia, ideally with the higher
sensitivity methods described in Section “Methods to Assess
Wolbachia Infection Status,” to detect low-titer and multi-
strain infections. The Wolbachia strain selected should cause
strong uni-CI with a Wolbachia-free, or strong bi-CI with
Wolbachia-infected, target population. The selected Wolbachia
strain should be artificially transferred to one or more lab
colonies, representative of the genetic background of the
target pest population. Most cases of successful establishment
of stable transinfected insect lines have relied on embryonic
microinjection (Hughes and Rasgon, 2014). Introgressive
backcrossing might be feasible in scenarios where geographically
isolated populations of the same target species harbor distinct
Wolbachia strains (e.g., A. striata in Mexico vs. A. striata in
Brazil; Supplementary File S1).

A thorough biological characterization of the artificial host-
Wolbachia association should be conducted, as both host
background and Wolbachia strain are important determinants
of CI expression and other relevant fitness parameters (Bourtzis
and Robinson, 2006; reviewed in Bourtzis, 2008; see also Kyritsis
et al., 2019). The main desired characteristics of the association
are: strong induction of CI; no rescue by Wolbachia strain(s)
present in the target population; small or no fitness cost for
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A Patterns of compatibility with two bi-directionally incompatible strains,
when doubly-infected hosts occur

-yellow and blue Wolbachia strains are bi-directionally incompatible
-doubly-infected females are compatible with the four types of males

XX XS e
). 9P SENENISY
X &AL S
SNENENE el

+O+9 -0 |+

B Options for implementing lIT-based population supression when the
target population harbors a Cl-inducing Wolbachia strain

Infection types in target wild population @ 6‘

(may also contain) (_P Cj'

Infection type of released males

Bi-directional Cl strategy

Qj‘ -transfer blue (foreign) strain to Wolbachia-free host
-accidentally-released females (¢) would be incompatible with

Uni-directional Cl strategy

6 -transfer blue (foreign) strain to host harboring yellow (native) strain
-accidentally-released females (? would be compatible with all males

FIGURE 4 | Use of bi-directional Cl in lIT-based population suppression programs. (A) Patterns of compatibility with two bi-directionally incompatible strains, when
doubly infected hosts occur. Empty male and female symbols signify absence of Wolbachia. Blue and yellow ovals represent distinct (mutually incompatible)
Wolbachia strains. Green tick marks = Successful offspring production. Red crosses = no offspring production. (B) Options for implementing IIT-based population
suppression when the target wild population harbors a Cl inducing strain (yellow = “native”), according to the patterns of compatibility depicted in panel a.
Bi-directional Cl is achieved when the released males only harbor a strain (blue = “foreign”) that is incompatible with the native strain. Additional options exist,
including double infections of both target and released insects with different Wolbachia strains (not shown), such as in Aedes albopictus (Moretti et al., 2018b).

parameters relevant to the program. These fitness parameters ability). Some host-Wolbachia combinations result in higher
can be classified into those related to a cost-effective mass female fecundity, such as D. simulans after many generations
production (e.g., female fecundity including embryo hatching (Weeks et al., 2007) and Drosophila mauritiana Tsacas and
success) and those related to the success of released males (e.g., David (Fast et al, 2011). In contrast, other host-Wolbachia
mating and sperm competitive ability, as well as dispersal/flight combinations result in lower fertility (e.g., low embryo success in
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C. capitata and B. oleae; Zabalou et al., 2004b, 2009; Apostolaki
et al., 2011). Wolbachia could affect male mating success by
influencing assortative mating; a phenomenon detected in some
studies of Drosophila (e.g., Koukou et al., 2006; Miller et al., 2010),
but not others (e.g., Champion de Crespigny and Wedell, 2007;
Arbuthnott et al., 2016; Cooper et al., 2017). Such influence of
Wolbachia on mating preferences was questioned (Sharon et al.,
2010) on the basis of evidence that gut microbiota influence
assortative mating in Drosophila (Sharon et al., 2010; Ringo et al.,
2011; Arbuthnott et al., 2016), a finding that itself has been
questioned recently (Leftwich et al., 2017, 2018). In addition, at
least one case has been reported where sperm from Wolbachia-
infected males was less competitive (Champion de Crespigny
and Wedell, 2006). Similarly, Wolbachia-infected D. simulans
produce fewer sperm (Snook et al., 2000). All of the above
parameters should be evaluated under relevant conditions known
to interact with Wolbachia, such as temperature and nutrition
(reviewed in Bourtzis and Robinson, 2006; e.g., Serbus et al.,
2015; Corbin et al., 2017; Ross et al., 2019a), interaction with
other microorganisms (e.g., Hughes et al, 2014; Ye et al,
2017), as well as male age, paternal grandmother age, and
mating status (e.g., Karr et al., 1998; Awrahman et al., 2014;
Layton et al., 2019).

Other Considerations

Species Recalcitrant to Wolbachia?

Certain species or clades appear to be “resistant” to Wolbachia
infection, based on their lack of infection in nature and
the failure to achieve stable transfections. The reasons are
unknown, but could involve host and/or bacterial factors.
For example, none of the members of the diverse repleta
species group of Drosophila, comprised mostly of cactophilic
flies (Markow and O’Grady, 2005), has ever been found
to harbor Wolbachia (Mateos et al., 2006). Similarly, due
to numerous failed transinfection attempts, and the lack of
natural infection in wild Anopheles mosquitoes, this genus
was regarded impervious to Wolbachia (reviewed in Hughes
and Rasgon, 2014). This view has been challenged by the
successful establishment of Wolbachia-transfected Anopheles
stephensi Liston (Bian et al., 2013), and the recent discovery
of a natural stable Wolbachia infection in Anopheles coluzzii
Coetzee & Wilkerson (Shaw et al., 2016). Nonetheless, reports
of Wolbachia in other species of Anopheles have been called
into question (Sicard et al., 2019). The lack of natural infections
and transinfection failure in A. ludens may reflect a general
refractoriness to Wolbachia. Nonetheless, initial attempts to
transinfect C. capitata also failed and transfection with Wolbachia
was attained subsequently with different Wolbachia strains
(Zabalou et al., 2004b). Hence, transinfection attempts with
additional Wolbachia strains may result in successful and stable
infection in A. ludens as well.

Potential for Target Populations to Become Resistant
to Sterile Males

There are two ways in which a target population may become
resistant to the effects of released Wolbachia-infected males.
The first is endosymbiont-based, whereby the target population

may acquire (e.g., via horizontal transmission) a Wolbachia
strain that can rescue the modification (sterility) induced
by the strain present in the released males. Generally, such
acquisition of a Wolbachia strain during the relatively short
lifespan of a release program seems unlikely. Nonetheless,
knowledge on the Wolbachia infection status and strain identity
of interacting species, such as other fruit flies sharing the
same host plant and parasitoids, might aid in the selection
of Wolbachia strains that are unlikely to be compatible with
strains that can potentially be horizontally acquired by the
target population. Permanent screening of wild flies from
the target population could provide valuable information in
order to foresee potential lack of effectiveness of the method.
Laboratory experiments in which the conditions for horizontal
transmission are favored (or even forced) might also help
to determine the probability of such phenomena to occur
in nature.

The second mechanism is host-based, whereby pre- or
post-mating selection on wild females to avoid or reduce
fertilization by incompatible sperm (reviewed by Wedell,
2013), acts on standing (or de novo) genetic variation.
Evidence consistent with the influence of Wolbachia on
premating mechanisms comes from the observation that
females and males of Drosophila paulistorum Dobzhansky and
Pavan exhibit assortative mating according to the Wolbachia
strain they harbor (Miller et al., 2010; Schneider et al,
2019). In addition, treatment with antibiotic (which removed
Wolbachia) decreases mate discrimination in D. melanogaster
(Koukou et al., 2006). The evolution of resistance to mating
with mass-reared males by wild females can be potentially
minimized by frequently refreshing the genetic background
of the mass-reared strain, with or without artificial selection
(McInnis et al, 2002; Gilchrist et al, 2012; Zygouridis
et al, 2014; Quintero-Fong et al., 2016; Sdnchez-Rosario
et al, 2017), which is a routine process in mass-rearing
programs aimed at countering inbreeding and adaptation
to mass rearing that is detrimental the success of released
males (Robinson and Hendrichs, 2005). Nonetheless, if the
basis for mate discrimination were solely determined by
Wolbachia infection state (e.g., if females could distinguish
Wolbachia-infected vs. Wolbachia-uninfected males solely on
the basis of a Wolbachia-encoded factor), refreshing the fly
genetic background of mass-reared strain is unlikely to slow
down the evolution of resistance to released males in the
target population.

Several lines of evidence are consistent with the influence of
Wolbachia infection on post-mating mechanisms. The existence
of genetic incompatibility is predicted to favor polyandry
(multiple mating by females) as a female strategy to minimize
the probability of her eggs being fertilized by sperm from
incompatible males (Zeh and Zeh, 1996). Consistent with this
prediction, uninfected D. simulans females remate sooner than
Wolbachia-infected females (Champion de Crespigny et al,
2008). Furthermore, Wolbachia modifies the length of the
spermathecal duct of females of the cricket Allonemobius
socius Scudder (Marshall, 2007), which in turn may afford the
female greater control on the outcome of sperm competition
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(e.g., D. melanogaster; Miller and Pitnick, 2002). Finally, the
fact that host background can influence the CI phenotype
(reviewed by Bourtzis and Robinson, 2006), suggests that target
populations may have genetic variants that are more resistant
to CI, which could increase in frequency as a result of the
strong selection exerted by the massive release of Wolbachia-
infected males.

Potential Alternative Ways of Implementing
Wolbachia-Based Approaches

The recent identification of Wolbachia “CI genes” offers potential
alternative ways of harnessing reproductive incompatibility
in control of pest tephritids. First, to identify strains with
the desired characteristics, at least ability to induce CI,
a productive endeavor might be to search for CI loci in
the genomes of candidate strains being considered for IIT,
prior to artificial transfer efforts. A candidate Wolbachia
strain that lacks CI loci homologs, or that contains CI loci
homologs that are highly similar to (and thus potentially
compatible with) strains present in target population, should
be avoided. Secondly, it may be possible in the future to
genetically engineer Wolbachia strains with the desired
characteristics (e.g., one or more specific CI operons) for
T programs, or to replace strains used previously in
a control program, as a means of addressing resistance
phenomena (Sullivan and O’Neill, 2017). Finally, a thorough
understanding of the CI mechanism might enable the
development of IIT based on Wolbachia transgenes, rather
than Wolbachia infection. This might be particularly helpful in
the control of species that are resistant to Wolbachia infection.
Nonetheless, the release of such genetically modified insects
might not be feasible due to regulatory hurdles and lack of
public acceptance.

It has recently been shown that some Wolbachia strains
can provide protection against major pathogens and parasites
of insects, including RNA viruses and bacteria (Hedges et al.,
2008; Teixeira et al, 2008; Ye et al, 2013; Martinez et al,,
2014). It is very common for pathogens to appear in rearing
facilities. Thus, if a Wolbachia strain could simultaneously
cause strong CI and protect against one or more pathogens
(e.g., RNA virus), this would have multiple benefits in an
operational Wolbachia-based population suppression program.
Furthermore, a Wolbachia strain that does not induce (strong)
CI, but protects against pathogens might be desirable in a
program that does not rely on CI (e.g., SIT) for population
suppression.  Wolbachia-mediated ~ pathogen  protection
would enable high production and quality levels, thereby
contributing to a cost-effective and sustainable insect pest
management program.

Potential Influence of Other Symbionts

Multiple studies have revealed that although Wolbachia
appears to be the dominant facultative heritable symbiont of
arthropods, numerous other diverse bacteria (e.g., Spiroplasma,
Arsenophonus, Rickettsia, and Cardinium) form such associations
with insects, causing a diversity of reproductive and non-
reproductive phenotypes (reviewed in Zchori-Fein and

Bourtzis, 2011; Hurst and Frost, 2015; McLean et al., 2018).
Despite the long-standing recognition that “Wolbachia
do not walk alone” (Duron et al., 2008), many studies of
Wolbachia fail to rule out the association of their study
organism with other facultative heritable symbionts. Even
intensely studied groups in terms of heritable symbionts,
such as tsetse flies (genus Glossina), can yield surprises of
bacterial associates (e.g., the recent discovery of Spiroplasma
in two species of Glossina; Doudoumis et al, 2017). With
few exceptions (Martinez et al, 2012; Augustinos et al,
2015; Asimakis et al., 2019; Conte et al, 2019; Devescovi
et al, 2019), research on tephritid facultative heritable
bacteria has not examined the possibility of players other
than Wolbachia. Therefore, we urge that such research
include screens for other symbionts, including viruses,
protozoans, and fungi.

Tephritids are hosts to non-heritable bacteria, generally
harbored in their gut (for recent reviews see Noman et al,
2019; Raza et al., 2020). Whether Wolbachia influences tephritid
interactions with other microbes, has not been evaluated, but
evidence for such interactions exists for other systems (reviewed
in Brinker et al., 2019). For example, in Drosophila neotestacea
Grimaldi, James, and Jaenike, the presence of Wolbachia
promotes the abundance of Spiroplasma, and is positively
correlated with abundance of Bacteroidales and Lactobacillales
(Fromont et al, 2019). Similarly, Wolbachia influences the
microbiome of D. melanogaster (Simhadri et al, 2017) and
Armadillidium vulgare (Latreille) (Dittmer and Bouchon, 2018).
It is therefore important to evaluate interactions between
Wolbachia and the microbiome that influence negatively or
positively aspects of mass-reared tephritids used in II'T or SIT.

CONCLUSION

Given the widespread occurrence of Wolbachia in tephritids and
its known fitness consequences in this group of dipterans and
in other host taxa, Wolbachia is likely an influential component
of tephritid ecology and evolution. Further exploration of
Wolbachia-tephritid associations is expected to reveal a diversity
of effects, including interactions with other microbial partners, as
seen in more extensively studied systems such as Drosophila and
mosquitoes. The recent exciting progress in understanding the
basis of CI, and many other aspects of Wolbachia biology, should
accelerate progress in the development of Wolbachia-based IIT
for tephritid species, particularly with the aid of comparative
Wolbachia genomics to identify potential CI patterns on the
basis of CI gene composition. We consider that one of the
major obstacles to effectively implementing IIT will be to avoid
population replacement due to accidental release of Wolbachia-
infected females. The threshold number of accidentally released
females, which is generally much higher in systems that
employ bidirectional-CI compared to unidirectional-CI, must
be thoroughly investigated prior to any field implementation.
Where an unacceptable risk of population replacement exists,
we recommend that SIT be explored as a complementary
strategy to support IIT.
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Ayushi Gupta and Suresh Nair*
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Insects share an intimate relationship with their gut microflora and this symbiotic
association has developed into an essential evolutionary outcome intended for their
survival through extreme environmental conditions. While it has been clearly established
that insects, with very few exceptions, associate with several microbes during their life
cycle, information regarding several aspects of these associations is yet to be fully
unraveled. Acquisition of bacteria by insects marks the onset of microbial symbiosis,
which is followed by the adaptation of these bacterial species to the gut environment
for prolonged sustenance and successful transmission across generations. Although
several insect—-microbiome associations have been reported and each with their
distinctive features, diversifications and specializations, it is still unclear as to what
led to these diversifications. Recent studies have indicated the involvement of various
evolutionary processes operating within an insect body that govern the transition of
a free-living microbe to an obligate or facultative symbiont and eventually leading to
the establishment and diversification of these symbiotic relationships. Data from various
studies, summarized in this review, indicate that the symbiotic partners, i.e., the bacteria
and the insect undergo several genetic, biochemical and physiological changes that
have profound influence on their life cycle and biology. An interesting outcome of the
insect-microbe interaction is the compliance of the microbial partner to its eventual
genome reduction. Endosymbionts possess a smaller genome as compared to their
free-living forms, and thus raising the question what is leading to reductive evolution
in the microbial partner. This review attempts to highlight the fate of microbes within
an insect body and its implications for both the bacteria and its insect host. While
discussion on each specific association would be too voluminous and outside the scope
of this review, we present an overview of some recent studies that contribute to a
better understanding of the evolutionary trajectory and dynamics of the insect-microbe
association and speculate that, in the future, a better understanding of the nature of
this interaction could pave the path to a sustainable and environmentally safe way for
controlling economically important pests of crop plants.

Keywords: plant-insect interaction, endosymbionts, bacterial genome size reduction, insect-microbiome
co-evolution, microbial symbiosis, mutualists, plant-microbiome interaction, insect gut microflora
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INTRODUCTION

Insects represent one of the most diverse and ancient forms of
life on Earth and can cause severe devastation if their population
size exceeds a particular threshold. On the geological time scale,
their existence dates back to the Paleozoic era when Orthopterans
and Hemipterans first appeared on Earth (Misof et al., 2014).
Since then, they have advanced and have successfully survived
even various extreme climatic conditions. Though insects are
both ecologically and economically important, in contrast, insect
pests, largely a likely creation of man-manipulated habitats, and
many of them an outcome of climate change, are involved in the
destruction of crops to the extent of more than 20% annually
(Deutsch et al., 2018). Further, changing climatic conditions are
influencing the migration pattern of insects, timing of their life
cycle and their population dynamics. While overcoming these
challenges it has also enabled them to expand their host range,
affected their behavior and biology, and thereby helping them
invade and colonize different agro-climatic zones of the world
(Shrestha, 2019). Their large population size combined with short
reproductive cycles and high reproductive rates have enabled
them to successfully combat all adverse conditions. Owing to
their small body weight, light enough to be carried away by the
wind currents, they have invaded various parts of the planet and
currently they inhabit almost all the ecosystems on Earth.

Besides, the intricate relationship they share with the beneficial
microbes has played a crucial part in their diversification
and evolutionary success (Janson et al, 2008). Insects are
known to be associated with microbes such as bacteria and
fungi throughout their evolutionary history. Some bacterial
species reside in specialized cells, within the insects, known as
bacteriocytes and are referred to as ‘endosymbionts, whereas
there are others, which are located on the body surface and
are called ‘ectosymbionts’ (Thompson and Simpson, 2009).
However, they are predominantly present in the digestive tract
where they act as key modulators of the diverse lifestyles (both
in terms of diet and ecological niches) of their insect host.
The gut-microflora of an insect are known to (1) facilitate its
feeding even on recalcitrant food; (2) provide immunity and
protection against various predators, pathogens and parasites; (3)
compensate the nutrient-poor diet (e.g., in the case of sap-sucking
insects); (4) mediate inter- and intra-specific communication;
(5) control mating and reproductive success; (6) aid digestion
and, (7) supply essential amino acids, metabolic compounds
and nutrients (Russell et al., 2014; Douglas, 2015; Arbuthnott
et al., 2016; Wielkopolan and Obrépalska-Stéplowska, 2016;
Engl and Kaltenpoth, 2018). In fact, Jing et al. (2020) have
shown that essential nutrient provisioning is the primary task
of symbionts followed by digestion and detoxification. Thus,
it implies that insects are highly dependent on their gut
microbiome for survival and normal transactions related to their
life cycle. Furthermore, based on the degree of dependence,
their association can be classified as obligate (or primary) and
facultative (or secondary) (Baumann, 2005; Moran et al., 2008).
However, there is no clear demarcation between these two
categories as facultative bacteria can become obligate under
special circumstances (Ferrari and Vavre, 2011).

Together, the endosymbionts and its insect host have formed
a very intricate and intriguing relationship, various aspects
of which are yet to be explored and understood. Some
researchers consider these symbionts as ‘intracellular parasites’
that have hijacked the insect body and thereafter evolved various
mechanisms to ensure their survival while providing benefits
to their host. However, it is equally probable that the insect
initiated this relationship with its microbiome for its survival.
Whichever the case, they have now adapted themselves to
each other. Bacterial species present within an insect gut can
exhibit mutualism, commensalism or could even be pathogenic
(Dillon and Dillon, 2004).

Usually, insects initiate an immune response against
the pathogenic bacteria but can selectively maintain the
beneficial microbes (Mikonranta et al., 2014). Specific functions
of symbiotic anti-microbial peptides (AMPs) have been
studied experimentally, revealing that they regulate symbiotic
interactions by limiting the reproduction of symbiotic bacteria,
sometimes transforming them into a differentiated form, and
eliminating undesirable, sensitive bacteria (Mergaert, 2018).
Several structural families of AMPs are reported from insects
that include apidaecin, hymenoptaecin, defensins, cecropins,
drosocins, attacins, diptericins, ponericins, metchnikowins,
and melittin (Kwong et al, 2017; Wu et al, 2018). In bees,
the expression of the AMPs, apidaecin and hymenoptaecin, is
up-regulated in gut tissue, upon microbial acquisition (Kwong
etal., 2017). However, it is shown that the endosymbiotic bacteria
do not induce the antibacterial responses, such as expression of
genes coding for AMPs, in insects (Eleftherianos et al., 2013).
For instance, Wolbachia when present as a facultative symbiont
in Aedes albopictus does not trigger the synthesis of AMPs
(Bourtzis et al., 2000); however, it induces an immune response
in Anopheles gambiae, which is not its natural host (Hughes
et al, 2011). Likewise, the presence of Serratia symbiotica in
aphids does not alter the expression of defense-related genes
(Burke and Moran, 2011). Additionally, it is observed that
different symbionts interact differently with the insect immune
system; while some can successfully bypass the insect’s cellular
immune response others affect the melanization response (a
defense mechanism present in insects) (Thomas et al., 2011).
Similarly, in this context, recent data seem to indicate several
means by which the symbionts are capable of evading insect
immunity. However, the processes by which endosymbionts
acquired this ability to circumvent the insect immune system
or how the insect is able to differentiate between the ‘beneficial
symbionts’ and potentially pathogenic ones is still unclear. But
what is clear is that upon initiation of symbiotic association, both
the participating partners (the bacteria and the insect) undergo
several changes, mediated by the action of various evolutionary
forces, which possibly endow the bacterial symbionts with the
capability to bypass or evade the insect immune system.

Microbial symbiosis involves acquisition, colonization and
transmission. While insects readily acquire several bacteria
during their life cycle, others are vertically transmitted or
inherited. Post acquisition, successful colonization is crucial
for their survival and persistence, which, in turn, is highly
influenced by the physical and physiological conditions
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of the insect gut. Thereafter, and especially for obligate
endosymbionts that are completely dependent on their host
for survival, transmission across generations becomes critical.
Therefore, to ensure transmission, microbes have evolved several
fascinating mechanisms that will be discussed elsewhere in
this communication.

Previous studies have unraveled mechanisms involved in the
acquisition, maintenance and transmission of endosymbionts.
However, we have limited information regarding the mechanisms
that drive this entire transition, i.e., the transition of a free-
living microbe to an obligate symbiont residing within an
insect. Interestingly, the bacterial genome is known to undergo
changes to acclimatize itself to the gut environment. It not
only modifies itself but some microbes are even capable of
manipulating its insect host for their survival (Yuval, 2017).
Because of the increased focus on microbiome in general and
microbiome of insects in particular in the past decade, our
understanding of insect-microbe interactions has also increased.
Researchers have now demonstrated that both the insects and
their symbionts are tightly inter-connected at almost every level
of their evolution. The insect host is known to play a major role
in shaping its microbiome (Engel and Moran, 2013), and these
endosymbiotic bacteria have now become such an integral part of
the insect’s body, that they co-evolve with their host. This review
is an attempt to summarize our current understanding of the
fate of microbes inside an insect’s gut, and highlight physical,
physiological and functional implications on their insect host.
We believe that dissecting the mechanisms directing co-evolution
of insect-microbial symbiosis would not only provide us with
a better understanding of this association, but information thus
obtained could further be applied toward devising sustainable
pest management strategies.

DIVERSE FORMS OF INSECT-MICROBE
ASSOCIATIONS - FROM INITIATION TO
THEIR DIVERSIFICATION

Acquisition of microbes by the insect from the environment
is usually the foundation of insect-microbe symbiosis and
subsequently, after acquisition, these bacteria undergo a gradual
transition from free-living organisms to being intracellular
parasites. Once inside the insect’s body, their persistence depends
largely on the host’s life cycle. Upon acquiring bacterial species
not only do insects change their feeding habits but they also
create specialized niches and gut compartments for housing these
microbes that enable and promote microbial persistence (Engel
and Moran, 2013). Microbial colonization is heavily affected
by the physiochemical conditions of the gut, particularly its
pH. Insects housing huge microbial communities provide a
favorable environment to their bacterial symbionts by providing
them with the optimal pH within the gut (Engel and Moran,
2013). Varied types of bacterial endosymbionts present within the
insect body have been reported and each with their distinctive
features (Table 1).

The obligate mutualists upon entering the insects body,
localize themselves inside bacteriocytes, provide benefits and

fitness advantage to the host, and are transmitted maternally
across generations. They establish a very stable mutualistic
association with their host. They supplement the nutritional
requirement of their host by synthesizing essential amino acids
and rare vitamins especially for the hemimetabolous sap-sucking
insects that feed on nutrient-poor diets. For instance, in Buchnera
aphidicola, an obligate symbiont of aphids, and probably the
most studied model, it has been shown that the bacteria fulfills
the nutritional requirement of the insect host to an extent that
its removal dramatically affects aphid survival and fecundity
(Feng et al.,, 2019). Similarly, symbiosis between the sap-feeding
insect Megacopta cribraria and its primary bacterial symbiont,
Candidatus Ishikawaella capsulate, is essential for host survival
to adulthood (Couret et al., 2019). And it is just not the insect
that is dependent upon these obligate symbionts but also many
long-term obligate symbionts over time have become highly
dependent on their insect host. For example, Buchnera that lives
in a metabolic collaboration within the pea aphid (Acyrthosiphon
pisum) has lost genes for the synthesis of various branched-
chain amino acids (such as isoleucine, valine, and leucine).
Buchnera is, therefore, entirely reliant on its insect host for
the supply of these amino acids, which are crucial in vitamin
biosynthesis pathways (Wilson et al., 2010; Hansen and Moran,
2011; Russell et al., 2013).

In contrast, the facultative microbes exhibit an entirely
different scenario as some of them are vertically transmitted
e.g., Wolbachia, Spiroplasma, and Cardinium, whereas others
are acquired afresh after every generation such as Burkholderia
and Serratia. Further, in several cases, e.g., in the Dipteran pest
of rice, the Asian rice gall midge, it has been shown that the
community structure of several facultative microbes is highly
influenced by the host’s developmental stage and diet (Ojha
et al., 2017). Besides, the facultative symbionts pre-dominantly
assist their insect hosts in digestion and xenobiotic detoxification
e.g., some species of Pseudomonas, a gram-negative Gamma-
proteobacteria found in Spodoptera frugiperda, are involved
in providing pesticide resistance to their hosts (de Almeida
et al., 2017); Serratia grimesii, in nematodes, possesses genes
involved in the degradation of phytotoxins such as terpenes;
and Candidatus Ishikawaella capsulate is known to metabolize
alkaloids in stinkbugs (Itoh et al., 2018). Moreover, several
groups of vertically transmitted facultative endosymbionts
such as Wolbachia, Rickettsia, Arsenophonus, Spiroplasma, and
Cardinium are involved in sex determination and are known to
induce sexual aberrations across various insect orders (Kageyama
et al., 2012). Therefore, some facultative microbes are beneficial
for the host (at least under certain circumstances) whereas some
are commensals and others even pathogenic. They are known
to inhabit various parts of an insect’s body and represent the
dynamic component of the insect’s microbiome. While some are
localized to the hemocoel and are present ubiquitously (scattered
pattern), others are restricted to the bacteriocytes (confined
pattern) (Marubayashi et al., 2014). Unlike obligate symbionts
that mostly exhibit transovarial transmission, the facultative
symbionts have evolved various fascinating mechanisms to
ensure their transmission and propagation inside an insect’s body.
For instance, Sodalis glossinidius, a facultative symbiont of the
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TABLE 1 | Types of microbial symbionts of insects and their attributes.

Features Types of microbial symbionts References
Obligate Facultative Phytopathogenic
Acquisition aMaternal 8Environmental dPlants via feeding a2Baumann, 2005
Localization @Bacteriocytes bUbiquitously (Hemocoel)/confined CSalivary glands SKwon et al., 1999;
(Bacteriocytes) PMarubayashi et al., 2014
Transmission a\fertical aHorizontal dHorizontal dChrostek et al., 2017

Key functions @Nutrition provisioning ®Digestion and detoxification
Genome size Highly reduced Normal
Host dependency Mutualists Mutualists, Commensals or pathogenic

®Moran et al., 2005
Nakabachi et al., 2013
Moran et al., 2008

9dEnhances virulence, facilitate feeding
Normal

Mutualists, Commensals or pathogenic

The reference citations and references are indicated with superscript letters when the provided information is derived from more than one reference.

tsetse fly has evolved the capacity to be transmitted through
transovarial transmission via haemolymph (Cheng and Aksoy,
1999), or vertically to the intrauterine larvae via milk gland
secretions and in some instances, horizontal transmission during
mating (De Vooght et al., 2015) was also observed. Apart from
this, there are substantial number of interesting studies indicating
the nature of various bacterial symbionts across different insect
orders, and these are summarized in Table 2.

As a result of the feeding process, besides obligate and
facultative symbionts, several phytopathogenic microbes are also
found in insect bodies. However, plants, being immobile, become
a major obstacle in the transmission of these phytopathogenic
bacteria. This led to the dependency of these microbes on vectors,
which are usually insects, for their dispersal and propagation.
And consequently, initiating an association of these microbes
with their insect vector and in turn shaping this complicated
relationship that is currently observed between them. These
bacteria not only actively interact with their insect host but also
modify it for their own benefit. Some microbes can multiply
within its insect vector (propagative) while some cannot (non-
propagative). This implies that besides serving as the vector,
the insect also serves as an alternate host for these bacteria
(Nadarasah and Stavrinides, 2011). Some microbes once acquired
by the vector are readily transmitted to the host plant (semi-
persistent, non-circulative) whereas others circulate through the
body of the insect and are transmitted only after a latent
period (persistent, circulative transmission) (Perilla-Henao and
Casteel, 2016). Upon entering the insects body they migrate
to the midgut or hindgut epithelium and are subsequently
released into the haemolymph. From the haemolymph, they
enter the salivary gland and are transmitted to the plant during
the feeding process (Kwon et al, 1999). In turn, insects have
also evolved mechanisms that enable them to tackle these
pathogens and derive certain advantages out of this insect-
microbe interaction. Though the mechanisms behind the co-
evolution of these microbes and their insect vector are both
fascinating and crucial for the understanding of microbes-
insect-plant interactions, it will not be discussed further as it is
beyond the scope of this review.

As discussed in earlier sections and evident from the data
summarized in Table 2, these endosymbionts have, over time,
evolved various mechanisms that are critical for sustenance
within an insect body. The occurrence of these varied types of

associations raises the question, what led to this diversification?
Why and how did some bacteria become an obligate intracellular
symbiont in some insects while it remained facultative in others?
What determines the nature of association of any microbe
for a particular insect? It could be the likely outcome of its
(bacterial) functional capacities (the capacity to fulfill the host’s
requirement) and capabilities (an important aspect being the
capability to evade insect’s immune system). Furthermore, it
could also be determined by the insect host based on the extent
of its dependency on that bacterium. However, the possibility
that these associations are made under selective influence,
where an insect found in a particularly harsh environment is
forced to form an association with the microbe to overcome
the immediate biotic and abiotic stresses, cannot be negated.
Despite several studies, we still have very limited information
regarding mechanisms that led to the evolution and eventually
diversification of these associations.

FATE OF MICROBES WITHIN AN INSECT
BODY - THEIR JOURNEY OF
TRANSITION FROM FREE-LIVING TO AN
OBLIGATE SYMBIONT

The fitness of an organism and its success at any given point of
time depends upon its genome flexibility that provides it with the
capability to adapt and adjust as and when required depending
on the environment. However, it is ironic to note that while
organisms strive toward achieving genome stability, this drive
could also become a reason for its demise or extinction. Although
genome stability allows maintenance of adapted phenotypes, it is
also a major obstacle in the evolution of novel and superior traits
that enable an organism to tolerate change (Schubert and Vu,
2016). Evolutionary data suggest that several species have become
extinct because of their inability to cope well with the changing
environmental conditions. However, insects, due to their genome
flexibility, can rapidly adapt by undergoing modifications in their
genome size, composition and its architecture (Robertson, 2005)
and thereby helping it overcome/survive the adverse conditions.
Moreover, owing to the large population size, any beneficial
variation, induced by the evolutionary forces, gets fixed in an
insect population rapidly.
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TABLE 2 | List* of bacterial species and type of their associations with insects; their known mode of acquisition, localization and transmission.

Bacterial symbiont

Nature of association

Insect host(s)

Mode of acquisition

Localization within the host

Mode of transmission

References

Buchnera aphidicola
Carsonella ruddii

Blochmannia floridanus

Wigglesworthia glossinidia
Serratia symbiotica

Regiella insecticola
Hamiltonella defensa

Portiera aleyrodidarum
Tremblaya princeps
Sodalis glossinidius

Baumannia cicadellinicola
Sulcia muelleri
Nardonella sp.

Candidatus Arsenophonus
arthopodicus

Wolbachia sp.
Rickettsia sp.
Spiroplasma sp.

Cardinium sp.
Ishikawaella capsulata
Rosenkranzia clausaccus
Rhodococcus rhodnii

Serratia marcescens
Burkholderia sp.

aRickettsia sp., °Cardinium sp.,
aWolbachia sp.

Candidatus liberibacter
psyllaurous

Obligate Mutualism
a0bligate mutualism

Obligate mutualism

Obligate mutualism

Facultative
commensalism

Facultative
commensalism

Facultative
Commensalism

Obligate mutualism
Obligate mutualism
Secondary facultative

Obligate mutualism
Obligate mutualism
Obligate mutualism
Facultative

commensalism
Facultative parasite
Facultative parasite

8Facultative parasite

Facultative parasite
Obligate mutualism
Obligate mutualism
Facultative mutualism

Pathogenic
NA

Facultative parasites

Facultative

Aphids
2Pgyliids

Carpenter ants

Tsetse flies
Aphids

Aphids

Aphids, Whiteflies

Whiteflies
Mealy bugs
Tsetse flies

Sharpshooters
Sharpshooters
Weevils, Beetles
Louse flies

Various insects

Various insects

Various insects

Planthoppers
Plataspid stinkbugs
Stinkbugs

Assassin bugs

Grassland locusts
Bean bugs, stinkbugs

Leafhoppers

Tomato psyllids

Inherited
PInherited

Inherited

Inherited

Environmentally
acquired

Inherited

Acquired and Inherited

Inherited
Inherited
Inherited and Acquired

Inherited
Inherited
Inherited
Inherited

Inherited

PInherited

Inherited

Inherited

Inherited

Inherited
Environmentally
acquired

Soil
Environmentally
acquired

8Inherited, acquired

Acquired during feeding

Bacteriocytes
bBacteriocytes

Somatic cells surrounding
ovarioles

Bacteriocytes
NA

Bacteriocytes, Haemolymph

Sheath Cells, Secondary
Myocetocytes, Haemolymph

Bacteriocytes
Bacteriome
Numerous tissues

Bacteriocytes
Bacteriocytes
Bacteriocytes

Intestine wall (bacteriocytes),
Lumen of milk glands

Bacteriocytes, extracellularly
scattered

Extracellularly Scattered,
Bacteriocytes

Haemolymph, Endocellularly
localized

Gut, testicles, oocytes, glands
Extracellular (midgut)

Midgut crypts

NA

Fat bodies

Crypts at posterior midgut
region
@Intracellular and Scattered

Extracellular

Transovarial
bTransovarial

Transovarial

Transovarial
Horizontal transmission

Transovarial

Horizontal and Maternal

Transovarial
Transovarial

aMilk gland, PTransovarial,

and 2Mating
Transovarial
Transovarial
Transovarial

Transovarial
Transovarial
Transovarial
Transovarial

Transovarial
Capsule

Egg smearing
Coplophagy

Insecticidal properties
Horizontal transmission

Transmitted to plants

Vector

Baumann, 2005

8Thao et al., 2000;
PThao et al., 2001

Kupper et al., 2016

Bing et al., 2017
Pons et al., 2019

Vorburger et al., 2010
Marubayashi et al., 2014

Santos-Garcia et al., 2015
Lépez-Madrigal et al., 2013

4De Vooght et al., 2015
PCheng and Aksoy, 1999

Wu et al., 2006
Moran et al., 2005
Kuriwada et al., 2010
Novékova et al., 2015

Miller, 2013

aBehar et al., 2010 PGottlieb
et al., 2006

Bové, 1997

Gonella et al., 2011
Nikoh et al., 2011
Hayashi et al., 2015
Kikuchi, 2009

Tao et al., 2006
Kikuchi and Yumoto, 2013

Nakamura et al., 2009; Gonella
et al., 2015

Hansen et al., 2008
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TABLE 2 | Continued

References

Localization within the host Mode of transmission

Mode of acquisition

Insect host(s)

Nature of association

Bacterial symbiont

8L 6pez-Madrigal et al., 2013

Maternal

8nside Tremblaya princeps

PMealy bugs PInherited
cells

Obligate mutualism

Moranella endobia

PHusnik and McCutcheon,

2016

Zientz et al., 2006

Maternal

Qocytes, Enterocytes of midgut

Carpenter ants Inherited
tissue (Bacteriocytes)

Obligate

Blochmennia floridanus

commensalism

Mahar et al., 2005

Haemolymph Toxic

Pathogenic Wax moths Acquired

Xenorhabdus nematophilus

, 2008
, 2007

Minch et al.

Toxic

Haemocoel

Acquired

Tobacco hornworm

Pathogenic

Photorhabdus luminescens

Nehme et al.

Toxic

Gut, body cavity, intestinal

epithelial cells

Acquired

Fruit flies

Opportunistic pathogen

Serratia marcescens

2004

Hurst et al.,

Toxic

Digestive tract

Feeding
NA NA

Grass grubs

Pathogenic

Serratia entomophila

, 2007

Nishiwaki et al.

Toxic

Neuropterans (Antlions)

Temporal association

Enterobacter aerogenes,

Bacillus cereus, Bacillus
sphaericus, Serratia sp.,

Klebsiella sp., Morganella sp.

, 2012

Costechareyre et al.

Toxic

NA

Septic injury, oral

injection

Aphids

Specific pathogen

Erwinia chrysanthemi

*Though most of the bacterial species can be found to be associated with more than one insect species, the predominant host is listed here. NA, data not available. The reference citations and references are indicated

with superscript letters when the provided information is derived from more than one reference.

In addition, it harbors these endosymbiotic bacteria that it
has remodeled for its benefit. It has been shown that the several
bacterial species that are present within an insect body differ
remarkably from their free-living counterparts (Kikuchi, 2009).
Studies have revealed that the genomes of endosymbiotic bacteria
carry signatures not only signifying its phylogenetic position, but
also revealing the kind of lifestyle to which it has adapted. Various
genome-specific signatures such as base composition, GC-skew,
purine-pyrimidine ratio, dinucleotide abundance, codon bias,
oligonucleotide composition etc. have been identified from
the endosymbiotic bacterial genomes (Dutta and Paul, 2012).
Besides, the bacterial species present in an insect gut have a highly
reduced genome (i.e., they have small, gene-dense genome) as a
result of sequential gene loss (Figure 1; Wernegreen, 2002). It
has been demonstrated experimentally by several research groups
that endosymbiosis involves massive genomic rearrangements
brought about primarily by mobile element proliferation and
pseudogenization of non-essential genes (Van Ham et al., 2003;
Pérez-Brocal et al., 2006; Moran et al., 2009). In aphids, it
is shown that the recently incorporated Serratia symbiotica
(genome size ~2.79 Mb) is at the pseudogene proliferation stage
with ~550 pseudogenes as opposed to ~12 pseudogenes found
in its free-living relative, S. proteamaculans; whereas the other
co-residing ancient endosymbiont, Buchnera aphidicola (genome
size ~0.652 Mb) has undergone pseudogenization of several
non-essential genes (Nicks and Rahn-Lee, 2017). However, an
exception to this is Sodalis glossinidius, a facultative bacterial
symbiont of tsetse flies, whose genome analysis revealed large-
scale and significant expression of pseudogenes and thereby
suggesting that it is a recent acquisition by these insects
(Goodhead et al., 2020). Furthermore, Carsonella, an obligate
symbiont of psyllids, and one of the smallest known symbionts
in terms of its genome size (i.e., ~173 kb) has undergone
extensive gene loss making it entirely reliant on its host for
survival (Thao et al,, 2000). These findings have been further
corroborated by correlation analysis, carried out by Fisher et al.
(2017) on 58 obligate bacterial symbionts found in 89 host
species including plants, fungi, insects, and other arthropods,
that suggested a negative correlation between host dependence
and symbiont genome size. Thus indicating that genome
reduction due to gene losses lead to complementation and
functional redundancy, which reinforces the inter-dependency
of microbes on one another and their host. And this is one
of the widely accepted phenomena that are known to occur
within an insect gut.

Moreover, it appears that the extent of genome reduction
depends upon the nature of association. It is generally observed
that the bacteria under obligate symbiotic association have
a comparatively smaller genome than when it occurs as a
facultative symbiont. For instance, Arsenophonus sp. when found
as an obligate symbiont in Riesia pediculicola, has a genome of
~570 kb while the one that is associated with Nasonia spp. (as a
facultative symbiont) has a genome size of approximately 3500 kb
(Novakovd et al., 2016). This suggests that the smaller the genome
size higher is its dependency on the host. And, it also indicates
that gene loss is probably one of the primary reasons for the
transition of any facultative symbiont to an obligate symbiont
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| Reductive genome evolution of insect endosymbionts

FIGURE 1 | Diagrammatic representation of steps involved in the transition of free-living bacteria to obligate insect endosymbionts. The host-restricted bacteria
undergo changes in its genomic size, composition and architecture; and these are brought about by excessive gene loss, chromosomal rearrangements,
proliferation of transposons and pseudogenization of several non-essential genes during the adaptation stage and these processes are attenuated on transformation
to obligate symbionts (see text for details). Objects in the figure are not drawn to scale.

High dependency on the host and co-

inside the host. This phenomenon is comparable to evolution
of mitochondrial and chloroplast DNA within a eukaryotic
cell, which represents a classical case of genome reduction
during symbiosis. Mitochondria and chloroplasts represent the
ultimate outcome of ‘reductive evolution’ as they have undergone
up to 95% reduction in their genome upon transition from
free-living to obligatory intracellular parasite (Gray, 2012).
Obligate and facultative symbionts possess one of the smallest
genomes when compared to their free-living forms (Figure 2 and
Supplementary Table T1).

Besides, these studies also indicate that the symbionts of the
recently formed associations with hosts are slightly reduced in
their genome size whereas the ones that represent an older
association have a highly reduced genome. For instance, Serratia
that is known to be associated with A. pisum for over 100
million years has one of the highly eroded genomes ranging
from 0.65-1.76 Mb as opposed to 5.11-5.45 Mb genome of its
free-living counterpart (Richards et al., 2010). Likewise, Buchnera
aphidicola—aphid symbiosis originated about 200 million years
ago, and over time Buchnera genome has been drastically reduced
to less than 0.7 Mb inside its insect host (Gil et al., 2002).
Furthermore and in congruence, the last decade has witnessed
several studies in this regard (Supplementary Table T1) and
results from such studies point toward the fact that the genome
size of a bacterial endosymbiont is inversely proportional to the
time for which it has been associated with the host.

Researchers have shown that the endosymbiotic bacteria
have undergone drastic genetic, phenotypic and biochemical
changes as observed when compared with their free-living
counterparts (Figure 1). And the gene-loss observed in the
bacterial symbiont, while in association with its host, appears
to be a non-random and a continuous phenomenon (Sabater-
Muifioz et al, 2017). It has been observed that the gradual
decrease in the genome size upon transition from free-living
to obligate form, is accompanied by several other changes in
genome characteristics including decrease in its GC-content and
number of coding genes (Van Leuven and McCutcheon, 2012);
reduction in the number of copies of rTRNA, tRNA and other non-
coding genes (Manzano-Marin and Latorre, 2016); proliferation
of mobile elements at first (during facultative association) and
their subsequent loss upon transition to an obligate symbiont
(Belda et al., 2010). Genome reduction is also known to influence
translation in endosymbionts where convergent tRNA loss has
been observed in microbes that have undergone severe genome
reduction. For instance, loss of modified nucleoside pathways,
introduction of high AT-bias that resulted in reduced tRNA
thermostability and various alternations in tRNA features crucial
for translation, have been reported for Buchnera symbiont of
aphids (Hansen and Moran, 2012).

In addition, it is often noticed that the bacterial partner
usually retains the genes involved in symbiotic functions
(McCutcheon, 2016). For example, Portiera has retained genes
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FIGURE 2 | Differences in genome sizes of the free-living bacteria and their cognates in a facultative or obligate symbiotic relationship with an insect host. Names on
the Y-axis are the bacterial species and genome sizes (Kb) are indicated on the X-axis. (This figure is based on published information and the relevant references are
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encoding essential amino acids and carotenoids but lacks
several vitamin and co-factors producing genes which are
compensated by the other symbiont, Hamiltonella, that is
known to co-occur with Portiera within their common insect
host, Bemisia tabaci (Rao et al., 2015). Together they also
fulfill the nutritional requirements of their host. Similarly, to
obtain nitrogen from the uric acid stored in the fat bodies,
the cockroach (Blattella germanica) utilizes urease produced
by its primary endosymbiont Blattabacterium cuenoti (Lopez-
Sanchez et al., 2009; Patifio-Navarrete et al., 2013); Candidatus
Portiera aleyrodidarum supplements the diet of their phloem-
feeding hosts by supplying essential amino acids and vitamins
(Zientz et al., 2004; McCutcheon and von Dohlen, 2011); Sulcia
muelleri and its co-resident Hodgkinia cicadicola synthesize
essential amino acids in cicadas (McCutcheon et al., 2009).
Interestingly Cardinium, in spite of its reduced genome size with
several genes coding for various metabolites lost, encodes the
complete biosynthetic pathways for biotin and lipoate, which
are crucial for its hosts nutrition (Zeng et al., 2018). And
not only are there examples of host-endosymbiotic metabolic
collaboration but the endosymbiotic bacteria are also known to
complement each other in several insects. For instance, Moranella

endobia and Tremblaya princeps are known to complement each
other within mealybugs (Lopez-Madrigal et al., 2013); Serratia
complements Buchnera in aphids (von Dohlen and Moran,
2000); Carsonella eucalyptia (primary symbiont) and Heteropsylla
cubana (secondary symbiont) exhibits strict complementarity in
the biosynthesis of tryptophan in psyllids (Sloan and Moran,
2012); S. muelleri supplies amino acids to various co-residing
symbionts (Rao et al., 2015).

It is also interesting to note that the bacterial species
that complement each other the most, co-occur inside the
same bacteriocyte. For instance, Portiera and Hamiltonella
have wundergone genome reduction, exhibit metabolic
complementation and are mostly present inside a single
bacteriocyte in their host, Bemisia tabaci (Rao et al.,, 2015).
Similarly, Alonso-Pernas et al. (2017) studied the bacterial
communities localized to the hindgut wall in the forest
cockchafer, Melolontha hippocastani, and have shown that the
composition of bacterial community depends on the insect’s life
stage. Further, their data revealed the occurrence of specialized
bacterial niches (‘pockets’) attached and connected to both sides
of the distal part of the hindgut wall. In addition, they have
reported that the Poly-B-hydroxybutyrate (PHB) accumulating
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bacteria Achromobacter sp., was co-localized within these
‘pockets’ and, therefore, it was speculated that the presence
of this polymer might play a role in the colonization of these
specialized niches. These studies indicate the possibility that
the microbes within an insect are compartmentalized into
separate bacteriocytes based on their functional capabilities and
complementation. However, due to the lack of sufficient and
reliable experimental evidences, this is merely a conjecture.

Currently, there is enough information available regarding
the nutritional and metabolic collaboration among bacterial
endosymbionts of insects. However, it is still uncertain how these
intricately intertwined metabolic networks have evolved. Is it
a random phenomenon driven by evolutionary forces such as
mutation and genetic drift or is guided by selection? The last
decade has witnessed several studies in this regard that indicate
the complexity and intricacy of the evolutionary mechanisms that
are responsible for shaping an insect’s microbiome and will be
discussed in the following section.

MECHANISMS DRIVING THE
TRANSITIONAL EVOLUTION OF INSECT
ENDOSYMBIONTS

It is observed that the parasites and symbionts undergo
‘simplification’ rather than evolving complex metabolic pathways
inside their insect host and ‘genome reduction’ is considered
a dominant mode of evolution of endosymbionts (Wolf and
Koonin, 2013). Taken together, studies strongly indicate the
likelihood of ‘community-level selection’ being imposed on
these bacterial species residing within their insect host. The
famous ‘black-queen hypothesis (BQH)’ proposed by Morris et al.
(2012) appears to hold true in several cases of insect-microbe
symbiosis. According to BQH, insect-microbiome dependencies
and collaborations are a consequence of selection-driven
reductive genome evolution of endosymbiotic bacterial species.
Lee and Marx (2012) have already shown the prevalence of
selection-driven genome reduction in experimental populations
of Methylobacterium extorquens. They observed parallel deletions
(resulting in ~10% reduction in genome size) in a megaplasmid
present in this bacterium when cultured for ~1500 generations
under constant selection under laboratory conditions. Their data,
therefore, provide the ideal evidence to corroborate the concept
of selection-driven reductive evolution of gut endosymbionts.
Moreover, the gene loss in these symbionts confers a selective
advantage by conserving energy and resources where gene
function is dispensable. The bacterial species within an insect host
are functionally synchronized and thereby reducing the pressure
on individual bacterial species to maintain its complete metabolic
network. This is achieved when the co-residing bacterial species
become part of a diversified metabolic network working in
partnership with each other while not subjecting their insect hosts
to additional metabolic load. Therefore, this ‘adaptive genome
streamlining’ of bacterial endosymbionts could prove to be highly
beneficial especially for the insect host. In addition, these changes
that occur in the bacterial genome, likely endow the bacteria
with structural and functional stability. The bacterial genome,

upon losing non-coding DNA and genes not critical for symbiont
function, becomes highly stable with regard to gene order and
orientation (Sabater-Mufoz et al., 2017). This implies that these
changes are non-random and adaptive and are, therefore, likely
to be driven by selection.

In contrast, this could also be brought about by the action
of genetic drift. According to “Muller’s ratchet hypothesis” the
endosymbionts evolve under the influence of drift, as they are
believed to experience a relaxed selection imposed by small
population bottlenecks within an insect gut (Pettersson and
Berg, 2007). The effect of drift and bottlenecks is profoundly
exaggerated in the symbionts that solely rely on vertical
transmission and there is no horizontal transmission for
compensation (Mira and Moran, 2002). In addition, the asexual
mode of reproduction in symbiotic bacterial species results in
their isolation from the recombination processes resulting in
rapid genome degradation (Moran and Plague, 2004). Therefore,
the degenerative trajectory of the bacterial genomes present
inside insects could be very well explained by the reduced
efficiency of natural selection. Also, it has been observed that
the endosymbionts have genomes that are highly AT-rich.
Usually, selection force and recombination events eliminate the
AT-rich sequences and favor GC-rich coding gene sequences
(Bobay and Ochman, 2017). But the fact that the genomes of
endosymbionts are AT-rich, supports the hypothesis that the
evolution of endosymbionts is under weak-selection combined
with the absence of genetic recombination.

However, it is also worth considering that the early events
involving gene-inactivating mutations and replication slippage
are biased toward the GC-rich component of the bacterial
genome (i.e., mostly in the genic regions) (Clayton et al,
2016). However, once it has adapted to the insect gut, these
events could be deleterious. Therefore, possessing an AT-rich
genome could also be an adaptive trait, conferring stability to the
bacterial genome.

Additionally, another interesting observation is that
symbionts often lose DNA replication and repair mechanisms
along with the recombination system quite early in their
association with the host (Moran et al,, 2008). And this gene
loss is not random but is both pre-determined and adaptive.
Loss of DNA repair pathway leads to increased deleterious
mutations, and in turn, gene inactivation. This also increases
the scope for introducing variation in the genome especially
when the organism is struggling to adapt to a certain lifestyle
within an insect host. A study by Giraud et al. (2001) showed
that the mutated phenotypes that arise in the natural and
laboratory-based experimental populations of bacteria are highly
similar to the mutated phenotypes present within an insect
gut. This means that these mutations are advantageous as they
facilitate symbiont adaption to the insect gut environment.
Moreover, it does correlate with the loss of genes that encode
products targeted by an insect’s immune system as a part of
the adaption of bacteria to the insects body (Ratzka et al,
2012). Similarly and in congruence, data obtained by Toft and
Fares (2008) while studying the evolution of flagellar assembly
pathway in genomes of endosymbiotic bacteria, suggest that
flagellar genes in endosymbiotic bacteria, of insects, belonging
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to Gamma-proteobacteria, have functionally diverged to adapt
to the new environment and become specialized in exporting
proteins from the bacterium to the host. These processes are
too intricately organized to occur randomly and it is hard to
comprehend that merely random processes such as mutations
and drift are sufficient for driving transition of any free-living
bacteria to an obligate endosymbiont. However, owing to limited
information, it is still uncertain whether the reductive evolution
of endosymbionts is driven by genetic drift or guided by selection
or is a consequence of combination of both the evolutionary
forces acting upon it.

Furthermore, although it seems reasonable to believe that the
bacterial community within the insect gut experience relaxed
selection but what about the selection pressures experienced by
the host? Importantly, it is worth noting that changes occurring
in the bacterial genome mostly benefits the host. Moreover, now
there are indications that various environmental constraints,
dietary shifts, change in ecological niches due to colonization and
invasion of new habitats, could dramatically affect the bacterial
community within the insect (Ng et al., 2018). In fact, insects
adapt to various environmental fluctuations by modifying their
microbiome. For instance, Drosophila melanogaster survivability
under extreme conditions is determined by its microbiome
composition. Moghadam et al. (2018) showed that reshaping
the gut microbiota of D. melanogaster immensely affected its
thermotolerance capacity. Therefore, the role of insect host in
shaping its microbiome cannot be negated. The insect and its
bacterial symbiont are so tightly coupled that the selection
pressures experienced by the insect host could also play a major
role in channeling the direction of evolution of its endosymbiotic
bacteria. Rennison et al. (2019) demonstrated that changes in
the gut microbial communities take place in conjunction with
their host colonization, adaptation and speciation. They studied
the impact of host speciation and divergence on the evolution of
its gut bacteria. And their results indicate that the gut microbial
communities have shifted by undergoing parallel divergence and
speciation to be in synchrony with their stickleback hosts. Thus
suggesting the involvement of insect-microbe interactions in
driving the evolution of microbial endosymbionts.

While it is true that bacterial composition and structure inside
an insect gut is primarily determined by the action of various
evolutionary forces acting upon the residing endosymbiotic
bacteria and its host, the fact that bacterial populations within
an insect body live as a community where they have to
share limited resources, cannot be overlooked. Under such a
scenario, where the resources are limited, the constant battle
for resources amongst the co-residing microbes is bound to
occur and as a consequence, inter- and intra-specific competition
is inevitable. Though we could not find any direct evidence
of such phenomenon occurring inside an insect gut, there
are indications from studies on the human-microbe symbiotic
association and phytopathogenic bacteria vectored by insects
corroborating the above conclusion. Several studies on the
human microbiome reveal temporary shifts in the microbiome
composition depending upon the dietary intake (Leeming et al.,
2019). Recently, it has also been reported that Gardnerella
subgroups (component of human vaginal microbiome) compete

with each other and that in turn affects their population
dynamics (Khan et al., 2019). Studies by Jones et al. (2019)
indicate that the host plant directly influences the composition
of gut microbiota in Helicoverpa zea. They have shown
that the bacterial communities differ between populations of
H. zea feeding on different host plants distantly located at
different feeding sites. Additionally, a study conducted on the
phytopathogenic symbionts that are transmitted by leafhoppers
also supports this hypothesis. Rashidi et al. (2014) have shown
that though two Phytoplasmas are acquired by the leafhopper,
Euscelidius variegates, during the feeding process, i.e., Candidatus
Phytoplasma vitis, that causes Flavescence dorée (FDP), and
Candidatus Phytoplasma asteris, which is the causal agent
of Chrysanthemum yellows (CYP), only CYP was efficiently
transmitted by the doubly infected leafhoppers. Additionally, it
was shown that P. vitis was outcompeted by P. asteris and hence,
was seldom detected in the salivary glands. They conclude that
the competition between the two Phytoplasmas affected salivary
gland colonization by P. vitis and during the course of their
association with the leathoppers; P. asteris had acquired the
greater ability to colonize the insect body and thus ensuring
its transmission. Based on these studies, it is plausible to state
that microbes compete with each other for survival even within
an insect body. And as nutrient accessibility is a major limiting
factor, therefore, it is reasonable to believe that the predominance
of microbes within an insect body could also be determined
by the availability of nutrients and their rate of consumption.
Additionally, this could also account for microbiome fluctuations
observed in insects when they feed on resistant and susceptible
plants or on recalcitrant food sources. Here, it is speculated that
under certain conditions, microbes can co-exist (e.g., nutrient-
rich conditions) while under other conditions (e.g., nutrient-
poor conditions) the specific taxa are outcompeted due to acute
nutritional limitations. This would imply that the “resource ratio”
competition model, which was first proposed by Tilman (1977)
based on the work on plankton algae and later on was reported to
hold true for various bacterial communities thriving together, is
likely to hold true for insect gut endosymbionts as well. However,
additional experimental verification would be required to prove
this hypothesis.

IMPLICATIONS OF GENOME SIZE
REDUCTION FOR THE ENDOSYMBIOTIC
BACTERIA

Bacterial population that is continuously experiencing genome
degradation (either due to the selection pressure or as
a consequence of genetic drift) cannot escape extinction.
Ultimately, a critical stage of genome erosion is achieved;
wherein obligate endosymbionts start suffering from ‘genome
reduction syndrome’ (Latorre and Manzano-Marin, 2017) that
symbolizes their evolutionary “dead-end.” Extreme gene losses
lead to complete dependency of these bacteria on one another
and/or their host, as they are incapable of surviving on their
own (Husnik and Keeling, 2019). While reducing the metabolic
versatility of these endosymbionts, on a long-term evolutionary
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scale the bacteria with reduced genome have less flexibility and
thus lower chances of survival (as compared to their wild-
type forms), especially during a sudden environmental change.
Although gene loss increases the dependency of the symbiont
on the host while reducing the cost associated with symbiosis,
excessive genome decay leads to a point where the bacteria is
unable to maintain “healthy” association with its host, i.e., it
becomes incapable of fulfilling host requirement (Latorre and
Manzano-Marin, 2017). Under such a scenario, the bacterial
population either suffers a collapse or is marked for replacement.
Vogel and Moran (2013) have already shown the replacement of
Buchnera aphidicola by yeast-like endosymbionts in Cerataphis
brasiliensis. However, recently the second case of loss of this
ancient endosymbiont Buchnera from the members of aphid
genus Geopemphigus has been documented. Here, Buchnera was
found replaced by another symbiont from the bacterial phylum
Bacteroidetes (Chong and Moran, 2018).

So how do symbionts avoid such an evolutionary scenario?
One possible strategy to escape extinction is to replace the
inefficient bacterium with its free-living counterpart every now
and then. This is possible for facultative symbionts and the ones
that are environmentally acquired or horizontally transmitted.
But strict vertical transmission of some bacterial species becomes
a major obstacle for many obligate symbionts. Until recently, it
was a puzzle as to how these obligate symbionts managed to
survive for long periods in an insect gut. However, it has been
now shown that these ancient symbionts establish a di-symbiotic
relationship with newly acquired bacterial species. Manzano-
Marin et al. (2020) have reported that Erwinia, (which is a
newly acquired symbiont of aphids) complements Buchnera (an
ancient symbiont) by serial horizontal transfer of several vitamin
biosynthesis genes and thus, compensating for the massive
gene loss undergone by Buchnera during the long period of
its association with its insect host. Similarly, a horizontal gene
transfer event was observed between Cardinium and its donor
organisms, Wolbachia and Rickettsia, which counterbalance the
significant gene loss undergone by Cardinium to adapt to the
gut environment of its host (Zeng et al, 2018). In addition,
recently it has been demonstrated that genome reduction in
bacterial species is usually preceded by the acquisition of genes,
essential for host survival, from other co-residing microbes
via horizontal gene transfer. This is evident from the study
conducted by Waterworth et al. (2020) where it has been shown
that Burkholderia gladioli, present in the beetle, Lagria villosa,
has undergone extensive genome reduction over time. However,
to sustain the symbiotic relationship and avoid extinction, it has
acquired the lagriamide Iga biosynthetic gene cluster, required
to augment the metabolic pathway of the host, from other
associated symbionts. Furthermore, in some cases, the obligate
symbionts are highly reliant on the facultative symbionts for
their survival, especially, under extreme conditions. Recently, it
has been shown that aphid populations upon exposure to high
temperature have reduced lifetime, fecundity and population
densities of both obligate and facultative symbionts. However,
this reduction is significantly less in aphids that are infected
with either of the two facultative symbionts Regiella insecticola
or Fukatsuia symbiotica. Moreover, it was observed that the

reduced population density of the obligate symbiont, Buchnera,
as a result of heat shock, could be successfully recovered
in aphids infected with Regiella or Fukatsuia, but not in
uninfected insects (Heyworth et al, 2020). Thus implying
that sensitivity of Buchnera to heat shock, as a consequence
of extreme gene loss, is compensated by the co-residing
facultative symbionts.

Could These Changes Lead to
Speciation of Bacterial Species Within

Insect Gut?

Considering that genome re-arrangements and major genome
deletions are known to occur in the microbial genomes within
an insect, an obvious question that arises is do new species
of microorganism originate within insects? Recent studies have
hinted toward the incidence of sympatric speciation of bacterial
species occurring within an insect gut. For instance, Candidatus
Hodgkinia cicadicola has a highly reduced genome and is reported
to have split into two interdependent bacterial species in some
species of cicadas. However, it is interesting to note that in some
cicadas the ancestral type is found to co-exist with its newly
evolved form (Van Leuven et al., 2014). As discussed above, the
endosymbiotic bacteria undergo massive changes in its genome
and experiences high evolutionary pressures within an insect
gut, and therefore, it is plausible to believe that these changes
are manifested in the form of evolution of new species, i.e.,
leads to speciation.

In summary, although possessing a dynamic genome
facilitates bacterial adaptations to insect gut, it also has certain
disadvantages. Though recent studies have unraveled some of
the mechanisms evolved by these endosymbiotic bacteria to cope
with the repercussions of having an unstable genome, there likely
exist several other mechanisms that are yet to be discovered.

CONSEQUENCES OF
INSECT-MICROBIOME INTERACTIONS
ON INSECT HOSTS

Insect populations are exposed to various types of environmental
fluctuations and stresses periodically. And the only way for
any organism to survive the extreme conditions is ‘adaptation.’
Though insects are capable of accommodating variations in its
genome brought about by changing environmental conditions,
these variations could sometimes be deleterious. Under such
eventualities, insects can utilize its microbiome as an alternative
for ensuring its adaptation, without compromising or putting
its survival at stake. Also, it has been observed that the insect’s
microbiome is highly dynamic in terms of its structure, function
and composition as it experiences high evolutionary pressures
within an insect gut. Though there are cases where the primary
symbionts, despite possessing a highly reduced genome, are
extremely stable in terms of their gene content, still there is always
enough scope for rapid sequence evolution between closely
related bacterial species. And with the knowledge that changes
in microbiome dramatically influence the host physiology, it
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is reasonable to believe that insects could exploit this genetic
variation, present in its symbiotic species, for its own benefit.
A direct evidence of such an occurrence comes from the study
carried out on polymorphic Buchnera populations present in
its insect host, A. pisum. The Buchnera populations displayed
polymorphism in the promoter of a heat shock gene, ibpA,
which affects the thermotolerance of its insect host (Dunbar
et al., 2007). Therefore, it appears that the evolutionary changes
in the endosymbiotic bacteria have profound implications on
host biology. Infection of Rickettsiella viridis in the pea aphid,
A. pisum, is known to remarkably alter the host phenotype. Aphid
populations have red and green colored genetic morphs and it is
reported that upon infection with R. viridis, red aphids become
green due to increased production of green polycyclic quinone
pigments (Nikoh et al., 2018). This suggests that gut microbiome
can drastically influence the phenotype of their insect host.

Interestingly, endosymbionts also modulate the gene
expression of their insect hosts for ensuring their survival and
persistence within an insect body. Candidatus Liberibacter
asiaticus alters the energy metabolism of its psyllid vector,
Diaphornia. citri, in order to secure its own needs. Genome
analysis of L. asiaticus revealed the presence of an ATP
translocase, which is involved in the uptake of ATP and other
nucleotides from the medium for its growth and multiplication.
To meet its energy requirements, D. citri produces ATP and
other energetic nucleotides; however, their utilization by the
insect is competitively inhibited by L. asiaticus (Killiny et al.,
2017). This suggests that the symbiotic bacteria likely influence
the biochemical processes within their insect hosts.

In fact, several changes in the insect genome have also
been reported that are crucial to insect-microbe symbiotic
relationship. Usually, to combat microbial infections, insects have
evolved the Toll-like receptor (TLR) and Immune Deficiency
(IMD)-like pathways that are responsible for the immune
response that functions through the production of antimicrobial
peptides (AMPs). For instance, in weevils, the IMD-like pathways
are usually involved in secluding the endosymbionts within the
bacteriocytes and mediating the systemic and local immune
responses to exogenous challenges faced by insects as reported
by Maire et al. (2018). Likewise, in the red flour beetle,
Tribolium castaneum, the IMD pathway was proposed to
confer resistance against the Gram-negative and Gram-positive
pathogens Enterobacter cloacae and Bacillus subtilis, respectively
(Yokoi et al, 2012); IMD homolog (TmIMD) cloned and
functionally characterized from the mealworm beetle, Tenebrio
molitor, is involved in the expression of nine AMPs, which
confer resistance against Gram-negative bacteria (Jo et al,
2019). However, in several cases of insect-microbe symbiosis,
it is shown that the IMD pathway has been disrupted in
insects, and these disruptions likely ensure the survival of
its bacterial partners. For instance, the non-functional IMD
signaling pathway and absence of several antimicrobial peptides
in aphid has probably facilitated the Buchnera aphidicola-aphid
symbiosis (Gerardo et al., 2010) which originated ~200 million
years ago (Baumann, 2005). Dependence of insects on their
beneficial endosymbionts is believed to act as a selective force,
which has led to reduction in their immune capabilities. Similarly,

Rhodnius prolixus has lost several steps critical in the IMD
pathway rendering it inactive (Salcedo-Porras et al., 2019); the
bedbug, Cimex lectularius has a non-functional IMD pathway,
an adaptation to prevent elimination of beneficial symbiotic
gut microbes (Benoit et al, 2016). This implies that insect
hosts too have undergone biochemical and genetic changes to
accommodate these beneficial microbes and thereby indicating
co-evolution of insect host with its bacterial partner.

In recent years, researchers have also proposed a role for
epigenetics in promoting microbial persistence in insects. It
is reported that the alternation of DNA methylation patterns
by microbes attenuates immune responses in insects and
thereby, ensuring the survival of bacterial symbionts (Kim
et al., 2016). Additionally, bacterial symbionts with highly
reduced genomes have evolved various small RNAs that help
them modulate the expression of essential symbiotic genes
and regulate core housekeeping processes in their insect hosts
(Hansen and Degnan, 2014).

In addition to the biochemical and genetic changes, several
behavioral changes in insects could also be attributed to
their microbiome (Lewis and Lizé, 2015). In Drosophila, it
has been demonstrated that gut microbes play a crucial role
in determining its behavior and development, as they are
involved in the identification of suitable feeding and egg-
laying locations. Furthermore, the results of the oviposition
assays showed that while exposing Drosophila to Saccharomyces
cerevisiae, Lactobacillus plantarum, and Acetobacter malorum
promoted its development, exposure to only S. cerevisiae and
A. malorum resulted in the development of larger ovaries
and increased egg numbers (Qiao et al., 2019). Further, the
microbiome not only influences the host feeding preferences but
also determines the insect’s feeding capabilities. For instance, in
Megachile punctatissima and M. cribraria, during egg-laying the
females deposit a symbiont-containing capsule that is ingested
by the offspring upon emergence. They have evolved this
mechanism as a means to exchange bacterial species amongst
them. M. punctatissima normally feeds on pea while M. cribraria
is unable to do so. However, when there is an exchange of
bacterial species the inability of M. cribraria to feed on pea is
reversed (Hosokawa et al., 2007). Thus, evidence points toward
the role of microbiome in widening host’s niche by allowing its
survival on a particular food resource.

Endosymbionts are also known to determine the viable
temperature ranges, modulate desiccation tolerance and detoxify
xenobiotics for their insect hosts (Lemoine et al., 2020).
For instance, it was reported that the microbiome infection
frequencies determine the geographic distribution of the chestnut
weevil, Curculio sikkimensis. It was shown that higher titers
of Sodalis, Wolbachia and Rickettsia were present in weevils
found at the localities of higher temperature; lower numbers of
Wolbachia and Rickettsia were detected in the population found
in the regions with higher snowfall; and higher Curculioniphilus,
Sodalis, Serratia, Wolbachia, and Rickettsia infections were
characteristically present in weevils feeding on acorns than
on chestnuts (Toju and Fukatsu, 2011) and thus indicating
the involvement of symbionts in expanding or limiting the
insects’ abiotic niches. Based on the above examples, it would

Frontiers in Microbiology | www.frontiersin.org

June 2020 | Volume 11 | Article 1357


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gupta and Nair

Insect-Microbiome Interactions Impact Microbial Symbiont

be reasonable to state that the microbiome impacts the insect’s
ability to colonize and invade varied ecosystems on Earth.

INDICATIONS FOR EXPLOITING
MICROBIOME - A PROMISING
APPROACH TOWARD SUSTAINABLE
PEST CONTROL

With the recent advances in science and technology, we have
made significant progress in the transformation of agricultural
and horticultural industry and thus ensuring self-sufficiency in
food production in several parts of the world. However, with
rapidly increasing population coupled with rising demand for
food, feed, fodder along with a gradual decline in the area
under cultivation, have brought out new challenges that are
threatening food, nutritional and livelihood security, globally.
Though we have made remarkable progress in increasing food
production, it is ironic and unacceptable that malnutrition is still
widespread in various parts of the world especially in the under-
developed and the developing countries. According to the recent
World Resources Institute [WRI] (2019) report, food demand is
expected to increase anywhere between 60-90% by 2050 due to
exponentially increasing human population. Therefore, one of
the major global challenges is to be able to meet the rising food
requirements of a rapidly growing population. Although crop
production is adversely affected by numerous biotic and abiotic
factors, agriculture suffers an annual yield loss of ~20-40% due
to insect pests alone (FAO, 2019).

Several pestilent outbreaks of insect pests of agricultural
importance can be prevented if such occurrences can be
predicted. However, lack of proper forewarning systems and
coupled with indiscriminate use of pesticides and excessive use
of nitrogenous fertilizers (facets that have become an integral
part of the modern agricultural practices), further compounds
the problems faced by farmers. To develop an alternative to
conventional pesticides, various companies have introduced low
dosage molecules in the market but they are neither cost-
effective nor easily accessible and moreover, conventional pest-
management strategies are proving ineffective. Additionally,
invasive pests are one of major problems faced by farmers,
globally. Biological control of these ‘alien’ pests is often not
possible as the natural enemies that would keep their population
size under control are normally left behind in their aboriginal
home or at their native place. In spite of the availability of
modern agricultural techniques and practices for controlling such
pests, which are effective up to a certain extent, they often have
many ecological and environmental repercussions. Therefore,
devising a pest-management strategy without compromising
the sustainability of agro-ecosystems is a major challenge.
Researchers have shown that extensive genome degradation
makes the obligate symbionts more sensitive to environmental
fluctuations than the host itself. The southern green stinkbug,
Nezara viridula, depends on a specific Gammaproteobacterial
symbiont with a highly reduced genome for its normal growth
and survival. Severe gene loss has made this symbiont highly
sensitive to temperature fluctuations and even small shifts in

temperature would kill these symbionts and, eventually, their
hosts as well (Kikuchi et al., 2016). Thus, imposing restrictions
on the insect in its ability to colonize inhospitable niches. In
such cases, limitations imposed by obligate symbionts may help
counter the spread of invasive pests and restrict the geographic
reach of invertebrate species.

As indicated by their rapidly changing population structure,
the insects are evolving at a much faster rate than their host.
And, changing climatic and environmental conditions act as
a trigger for inducing these changes in insect pests. Based on
literature, it would be appropriate to state that throughout its
history, microbes have played a very crucial role in insect survival.
Furthermore, as gut bacteria experience high evolutionary
pressures within an insect body, it seems a likely candidate
that facilitates quick adaptations of the insect host to the ever-
changing environment. Moreover, owing to the relatively shorter
life cycle, the symbiotic bacteria can adapt more readily than
the invasive insects to the new environments (Lu et al., 2016).
Therefore, merely focusing on plant-insect interaction would be
insufficient as insects share an intimate association with its gut
microflora that influences the colonizing capabilities of insects.
Moreover, understanding the evolutionary trajectory of insects
would enable us to determine their population structure and
predict their likelihood of invading a particular area.

Indications that the microbiome could be exploited for insect
control also comes from various studies conducted on insect
that pose serious risks to human health. Insects like wasps,
hornets and bees can cause a severe, and sometimes lethal, allergic
reaction in humans. Moreover, mosquitoes are known to vector
several deadly viruses such as the Zika virus, the Dengue virus,
and the West Nile virus. Therefore, significant efforts have been
made to control their spread and manipulation of microbiota is
emerging as a novel and promising approach to vector control
(Scolari et al., 2019). For example, it has been recently shown that
wMel strain of Wolbachia induces cytoplasmic incompatibility
and when introduced into Ae. aegypti, it negatively impacts its
ability to act as a vector for the Dengue virus (Thomas et al.,
2018; Ross et al., 2019). Additional strategies have been developed
for identifying and disrupting natural symbionts of mosquitoes
such as A. gambiae or alter them genetically to express anti-
pathogen effectors (Wang and Jacobs-Lorena, 2013). Fisher et al.
(2017) demonstrated that removal of the vertically transmitted
obligate symbionts from insects results in reduced fitness and
this reduction is twice as large as that observed with horizontally
transmitted symbionts. Moreover, this increases to three times
if the symbiont is involved in providing nutritional benefits to
the host. Therefore, understanding the nature of insect-microbial
symbiosis and targeting the primary symbionts could prove to be
an efficient strategy to control the spread of harmful pests.

Some phytopathogenic bacteria, especially those belonging to
the family Enterobacteriaceae, were initially insect commensals
(i.e., non-harmful associates) but now have evolved into plant
pathogens following repeated inoculations into the phloem by
their insect hosts during feeding. Therefore, unraveling the
interactions established between phytopathogenic bacteria and
insect symbionts could also offer a promising tool to impair
and therefore, control the transmission of phloem limited plant
pathogens in a sustainable and environment-friendly manner
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(Gonella et al., 2019). Moreover, it has been shown that the
tripartite interactions between insects, microbes and plants
contribute to the success of various coleopterans such as the
Colorado potato beetle (Leptinotarsa decemlineata), cereal leaf
beetle (Oulema melanopus), western corn rootworm (Diabrotica
virgifera virgifera), red flour beetle (Tribolium castaneum), the
rice weevil (Sitophilus oryzae) and several others (Wielkopolan
and Obrépalska-Stéplowska, 2016). Therefore, understanding
and acquiring knowledge regarding the role of insect-associated
microbes would be extremely useful in the development of
effective control strategies for crop protection against these
economically important agricultural pests.

While significant efforts have been made to develop elite
plant varieties of crop plants that can tolerate or resist insect
attacks, it is well documented that resistance is often not durable.
Within a few generations, the insects are able to successfully
overcome host defenses and ultimately the plant succumbs to
the insects. Despite the progress that we have made in the
area of insect—plant interactions, the mechanisms operating in
insects, that endow them with the trait of adaptation under
stress, are still unclear. Therefore, under the circumstances, it
is pertinent to study and unravel and eventually exploit these
mechanisms to devise a long-term pest control strategy. As
it would be clear from the evidences presented here, the gut
microbiome can dramatically influence the physiology, behavior,
and genetics of its insect host, and therefore, targeting the
microbiome could be counted as an effective approach for
developing an integrated, environment-friendly and a sustainable
pest-management strategy.
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The utilization of the black soldier fly (BSF) Hermetia illucens L. for recycling organic
waste into high-quality protein and fat biomass for animal feeds has gained momentum
worldwide. However, information on the genetic diversity and environmental implications
on safety of the larvae is limited. This study delineates genetic variability and unravels
gut microbiome complex of wild-collected and domesticated BSF populations from
six continents using mitochondrial CO/ gene and 16S metagenomics. All sequences
generated from the study linked to H. illucens accessions KM967419.1, FJ794355.1,
FJ794361.1, FJ794367.1, KC192965.1, and KY817115.1 from GenBank. Phylogenetic
analyses of the sequences generated from the study and rooted by GenBank
accessions of Hermetia albitarsis Fabricius and Hermetia sexmaculata Macquart
separated all samples into three branches, with H. illucens and H. sexmaculata
being closely related. Genetic distances between H. illucens samples from the study
and GenBank accessions of H. illucens ranged between 0.0091 and 0.0407 while
H. sexmaculata and H. albitarsis samples clearly separated from all H. illucens by
distances of 0.1745 and 0.1903, respectively. Genetic distance matrix was used to
generate a principal coordinate plot that further confirmed the phylogenetic clustering.
Haplotype network map demonstrated that Australia, United States 1 (Rhode Island),
United States 2 (Colorado), Kenya, and China shared a haplotype, while Uganda
shared a haplotype with GenBank accession KC192965 BSF from United States. All
other samples analyzed had individual haplotypes. Out of 481,695 reads analyzed from
16S metagenomics, four bacterial families (Enterobactereaceae, Dysgonomonadaceae,
Wohlfahrtimonadaceae, and Enterococcaceae) were most abundant in the BSF
samples. Alpha-diversity, as assessed by Shannon index, showed that the Kenyan
and Thailand populations had the highest and lowest microbe diversity, respectively;
while microbial diversity assessed through Bray Curtis distance showed United States 3
(Maysville) and Netherlands populations to be the most dissimilar. Our findings on
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genetic diversity revealed slight phylogeographic variation between BSF populations
across the globe. The 16S data depicted larval gut bacterial families with economically
important genera that might pose health risks to both animals and humans. This study
recommends pre-treatment of feedstocks and postharvest measures of the harvested
BSF larvae to minimize risk of pathogen contamination along the insect-based feed

value chain.

Keywords: genetic diversity, gut microbiome, Hermetia illucens, mitochondrial COl gene, 16S-metagenomics

INTRODUCTION

The black soldier fly (BSF) Hermetia illucens (Linnaeus, 1758;
Diptera: Stratiomiydae) is a highly adaptable saprophagous
cosmopolitan insect species (Carles-Tolra and Andersen, 2002).
Its distribution has widely expanded over time to the warmer
parts of the world (Marshall et al., 2015). Global records of
H. illucens indicate an increased frequency of encounters in
Europe from 1950-1960, although this is not a true indication
of their abundance. It was first recorded in southern Europe
in 1926. Preceding these recordings, the first record of BSF
in South Africa, Kenya, and Ghana were in 1915, 2015, and
2018, respectively (Picker et al., 2004; Marshall et al., 2015;
Stamer, 2015; Chia et al., 2018). The exact original distribution
of H. illucens is not well known. H. illucens was recorded in the
Southeastern United States as far back as the 1800s (Marshall
et al., 2015), reflecting a northward spread from a native range
in Central America and the northern parts of South America
in historical times. Several questions remain unanswered about
the origin, invasion history and current distribution status of
H. illucens because available data are scant. However, there
is consensus that the spread of H. illucens was dependent
on maritime transport that likely played a role in repeated,
accidental introductions through trade of fruits and vegetables
along coastlines and islands (Picker et al., 2004). Currently,
molecular evidence supporting the biogeography of H. illucens
and its colonization of Africa and the world at large is lacking.
Black soldier fly larvae are among the most efficient waste
decomposers, recycling a wide range of organic waste into
high-quality edible biomass of 38.5-62.7% crude protein and
14.0-39.2% fat content that is rich in energy (5282 kcal/kg
gross energy; Sheppard et al, 1994; Tomberlin et al.,, 2005,
2009; Caruso et al., 2013; Banks, 2014; Myers et al, 2014;
Lalander et al., 2015). The larvae are also a rich source of
micronutrients (iron and zinc) and all essential amino acids
including relatively high amounts of cereal-limiting amino acids
such as lysine, threonine, and methionine. Processed larvae
are therefore used as a high-quality protein valuable for feed
ingredient for various monogastric animal species, including
poultry, pigs and fish (Bondari and Sheppard, 1987; St-Hilaire
et al., 2007). In addition, BSF is neither a pest nor a disease
vector, and does not constitute a nuisance like other flies
(Diener, 2010). Frass produced by BSF larvae is an excellent
fertilizer able to increase crop yields. Finally, insect-based
feed protein technologies, which can be implemented at low-
cost, have the potential to provide employment opportunities

and livelihood improvement for both farmers and urban
entrepreneurs (Diener et al., 2015).

Despite the economic importance of H. illucens, currently no
data is available on worldwide population genetics, including
genetic variability within and between geographic populations.
Knowledge of the genetic structure of BSF populations would
provide a sound framework for gaining insight into their
dispersion and mating compatibilities, and for identifying
their actual and potential routes of gene flow. Also, lack of
knowledge of the genetic structure of BSF populations have
prevented identification of its areas of origin in newly colonized
parts of the world, including Africa, tracing the route of its
colonization process both within and outside North America, and
assessment of colonization effects on population differentiation.
The introduction or invasion of H. illucens has been reported
in many countries with chances of the species undergoing rapid
evolutionary events.

Bacteria are an essential component of decomposing organic
waste (Burkepile et al.,, 2006; Barnes et al., 2010; Miki et al,,
2010) and are always associated with insects such as BSF that use
these resources. Many insect species including BSF largely depend
on obligate bacterial mutualism for their survival, viability
and reproduction (Werren et al, 1995). Recent efforts have
demonstrated that BSF larvae reduce pathogenic bacteria within
animal wastes (Erickson et al., 2004; Liu et al., 2008). Bacteria
isolated from BSF larvae have been extensively used as probiotic
to enhance manure reduction and subsequent larval development
(Yu et al,, 2011). Many of these beneficial bacteria could be
natural constituents of the larval environment or potentially
vertically transmitted. Although BSF might suppress potential
pathogens, it is not clear if other opportunistic pathogens
might proliferate in their presence and present potential health
and environmental risks. In this study, genetic variability
and microbial diversity among BSF populations from different
geographic locations in the world were investigated using the
barcode region of the mitochondrial cytochrome oxidase I
(mtCOI) gene and microbiome through 16 S metagenomics.

MATERIALS AND METHODS
Sampling

Larvae of BSF were collected from different indoor rearing
facilities in various countries across the globe namely: Australia,
China, Costa Rica, Ghana, Kenya, Nigeria, South Africa,
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Thailand, Netherlands, Uganda, and United States. The samples
from each location were preserved in 95% ethanol and brought
to the Arthropod Pathology Unit at the International Center
of Insect Physiology and Ecology (icipe, Nairobi, Kenya) for
further processing.

DNA Extraction, Polymerase Chain
Reaction (PCR) and Sequencing of the

Insect Larvae

Each individual insect larva was surface sterilized using
3% NaOCl and rinsed with distilled water. Genomic DNA was
extracted using the Isolate IT Genomic DNA Kit (Bioline, London,
and United Kingdom) following the manufacturer’s instructions.
The purity and concentration of the resultant DNA was
determined using a Nanodrop 2,000/2,000 ¢ spectrophotometer
(Thermo Fischer Scientific, Wilmington, United States). PCR
was performed to amplify the COI barcode region of the
mitochondrial DNA region in a total reaction volume of 20 pL
containing 5X My Taq reaction buffer (5 mM dNTPs, 15 mM
MgCl,, stabilizers, and enhancers; Bioline), 10 pmol/pl of
primers [LepF1 5 ATTCAACCAATCATAAAGATATTGG
3, LepRl 5 TAAACTTCTGGATGTCCAAAAAATCA 3/
(Hajibabaei et al., 2006)], 0.5 mM MgCly, 0.0625 U pl~! My Taq
DNA polymerase (Bioline), and 15 ng/pl of DNA template in
a Nexus Mastercycler gradient machine (Eppendorf, Hamburg,
Germany). The following cycling conditions were used: initial
denaturation for 2 min at 95°C, followed by 40 cycles of 30 s
at 95°C, 45 s annealing at 52°C, extension for 1 min at 72°C,
and a final elongation step of 10 min at 72°C. The amplified
PCR products were resolved through a 1.2% agarose gel. DNA
bands on the gel were analyzed and documented using KETA GL
Imaging System Trans-Illuminator (Wealtec Corp, Meadowvale
Way Sparks, United States). Successfully amplified products were
excised and purified using Isolate II PCR and Gel Kit (Bioline)
following the manufacturer’s instructions. Purified samples were
shipped to Macrogen Europe BV (Meibergdreef, Amsterdam,
Netherlands) for bi-directional sequencing.

Next Generation Sequencing

Insect samples from each locality were surface sterilized in 3%
NaOCl then washed thrice in sterile water. The cuticle was excised
using a sterile scalpel and then the whole gut contents were
transferred into 1.5 ml Eppendorf tubes from which genomic
DNA was extracted as described above. The resultant DNA
were lyophilized into 1.5 ml DNAstable tubes (Biomatrica, San
Diego, United States) then sent to Macrogen Europe BV for
16 S metagenomics [Illumina 16 S amplicon (V3-V4 region)
library preparation + Illumina MiSeq 2 x 300 bp sequencing,
100,000 reads per sample].

Data Analyses

Mitochondrial DNA Data Analysis

The sequences obtained were assembled and edited using
Chromas Lite Version 2.1.1' and Geneious Version 8> (Kearse

Uhttps://technelysium.com.au/wp/chromas/
Zhttp://www.geneious.com

et al., 2012). The primer sequences were identified and removed
from the consensus sequences generated from both the forward
and reverse reads. Pairwise and multiple alignments were
performed in Clustal X software (version 2.1; Thompson et al.,
1997). The evolutionary history was inferred by using the
maximum likelihood method based on the Kimura 2-parameter
model (Kimura, 1980) using MEGA X (Kumar et al., 2018).
The tree with the highest log-likelihood (-1906.90) is shown.
Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioN] algorithms to a matrix
of pairwise distances estimated using the maximum composite
likelihood (MCL) approach, and then selecting the topology with
superior log-likelihood value. The reliability of the clustering
pattern in the tree was evaluated using a bootstrap analysis
with 1,000 replicates and involving 76 nucleotide sequences.
Evolutionary divergence over sequence pairs between groups
were calculated using the Kimura 2-parameter distance model
(Kimura, 1980) in MEGA X and principal coordinate plots
constructed from the genetic distances using GenAlEx 6.41
(Peakall and Smouse, 2006).

Bayesian analysis was carried out with MrBayes V.3.2
(Ronquist et al., 2012). The GTR + I + G model (general
time reversible model incorporating variant sites and a gamma
distribution) model was selected for Bayesian analysis as
determined by MrModelTest V.2.3 (Nylander, 2008). In Bayesian
analysis, the Markov chain Monte Carlo process was generated
at four chains and 4,000,000 generations resulting in 40,000
trees. The sampling frequency was 100 generations. Analyses
ran until the average standard deviation of split frequencies
were below 0.01. The trees were checked for convergence of
parameters (standard deviation of split frequencies and potential
scale reduction factor) in MrBayes V.3.2. Effective sample
size (ESS) was also checked using Tracer V1.5 (Rambaut and
Drummond, 2007). The first 1,000,000 generations (10,000 trees)
were excluded as the burn-in step, corresponding to the standard
deviation of split frequencies below 0.01, potential scale reduction
factor equal to 1.0 and ESS value above 200, indicating a good
posterior probability distribution sample. The remaining trees
(30,000 trees) were used to evaluate the posterior probabilities.
The Bayesian topology was visualized using the FigTree V.1.4
program (Rambaut, 2012).

For conclusive identification of the species, similarity searches,
phylogenetic analyses and genetic divergence of the COI
barcoding gene were conducted. Similarity searches were carried
out by querying the consensus sequences via the basic local
alignment search tool (BLAST). The BLAST algorithm finds
regions of local similarity between sequences, in which consensus
sequences were compared to reference sequences in the GenBank
database. All the sequences generated in the study were submitted
to GenBank and assigned accession numbers (Table 1).

BSF 16S Metagenome Data Analysis

Sample data consisted of pooled samples per location, comprising
of 5 individuals from each of the 13 different geographical regions
and 2,819 taxa. [llumina-sequenced paired-end fastq sequences
were checked for quality using FastQC v 0.11.28 (Andrews, 2010)
and pre-processed to remove adapters and sequencing primers
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TABLE 1 | Sample collection details and identification and GenBank accessions of Hermetia illucens from different regions.

Country of collection Collection points Sample name GenBank similarity E-value GenBank accession
and accession numbers assigned
Australia (Tucki) 28° 46/ 13.79” S, 153° 18 Aus 49-54 Hermetia illucens, 0 MT483920 — MT483925
29.89" E, 129 m.a.s.| FJ794367.1
China (Pudang) 26° 07" 48.4" N, 119° 19/ Chi 56-57, 59-60 Hermetia illucens, 0 MT483914 — MT483917
49.0” E, 13 m.a.s.| FJ794367.1
Costa Rica (Escazu) 09° 55’ 15.06” N, 84° 08’ CosR 1 Hermetia illucens, 0 MT483918
45.86” W, 1087 m.a.s.| KC192965.1
Ghana (Greater Accra) 05° 41’ 38.06” S, 00° 01/ Ghana 7-12 Hermetia illucens, 0 MT483926 — MT483931
58.93” W, 298 m.a.s.| FJ794361.1
Kenya (Nairobi) 01° 13 14.6" S, 036° 53’ Ken 31-36 Hermetia illucens, 0 MT483937 — MT483942
44.5" E, 1612 m.a.s.l FJ794367.1
Netherlands (Wageningen) 52° 08" 28.15” N, 05° 35’ Neth 1-2, 4, 6-7 Hermetia illucens, 0 MT483932 — MT483936
42.91" E, 7 m.a.s.l KY817115.1
Nigeria (Awka) 06° 22" 18.60" N, 07° 04’ Nig 25-30 Hermetia illucens, 0 MT520657 — MT520662
16.51” E, 39 m.a.s.l FJ794361.1
South Africa (Cape Town) 33° 55 14.79" S, 18° 25’ SA 1-6 Hermetia illucens, 0 MT520651 — MT520656
27.17" E, 30 m.a.s.l KY817115.1
Thailand (Chiang Mai) 18° 56’ 04.63" N, 98° 57’ Thai 1-6 Hermetia illucens, 0 MT520663 — MT520666;
39.09” E, 833 m.a.s.| KM967419.1 and MT520687
FJ794355.1
Uganda (Kampala) 00° 21/ 08.99” N, 32° 34/ Uga 19-24 Hermetia illucens, 0 MT520675 — MT520680
55.09” E, 1186 m.a.s.| KC192965.1 and
FJ794367.1
United States (Rhode 41° 34’ 48.34" N, 71° 28’ United States _1: 37-42; Hermetia illucens, 0 MT520681 — MT520686;
Island; Boulder; Maysville 38.74” W, 22 m.a.s.l; 39° 56 United States _2: 15-18; FJ794367.1 and MT520671 — MT520674;
for United States 1, 2, and 20.92” N, 105° 10" 37.67" W, United States _3: 44-46, FJ794355.1 MT520667 — MT520670

2235 m.a.s.l; 38° 35 41.69” N, 48
83° 47’ 05.69” W, 254 m.a.s.|

3, respectively)

using Cutadapt v1.18 (Martin, 2011). Illumina-sequenced paired-
end fastq sequences were imported and assembled in QIIME2-
2018.11 (Bolyen et al., 2019). The DADA2 pipeline (Callahan
et al., 2016) was used to denoise the reads based on per base
quality scores and merge the paired-end-reads the sequences into
amplicon sequence variants (ASVs). Subsequently, the denoised
representative sequences was checked for chimeric sequences
using Qiime-Vsearch and the chimeric sequences filtered using
Uchime and these were excluded from the downstream analyses.
The resulting representative sequence set was aligned and given
a taxonomic classification using SILVA 32 database’. Additional
analyses, such as rarefaction curves and Good’s coverage, were
carried out with QIIME2. During data filtering, a total of 77
low abundance features were removed based on prevalence.
Data were normalized as described by Weiss et al. (2017). The
bacterial reads were binned into OTUs using an open OTU-
picking strategy with 97% similarity and taxonomic assignment
against the SILVA 32 database, which uses a bacterial and archaeal
classification based on Bergey’s Taxonomic Outlines (Boone and
Mabh, 2001; Garrity et al., 2005; De Vos et al., 2009; Krieg et al.,
2012). Taxonomic composition was performed using stacked
bar/area plot and a pie charts, a minimum abundance cut-off
of 0.1% was used to select the most abundant taxa in each
sample. Taxa with cumulative read counts below the 0.1% cut-off
were collapsed into the “Others” category. Both alpha and beta

3 https://www.arb-silva.de/

diversity analyses were performed using the phyloseq package
(McMurdie and Holmes, 2013) while Hierarchical Ward’s linkage
clustering based on the Pearson’s correlation coefficient of the
microbial taxa abundance was performed with the hclust function
in the package stat generated with R version 3.4.3 (RStudio Team,
2015). In our study, the haplotype networks of the closely related
species were constructed in R version 3.5.1 (RStudio Team, 2015).

RESULTS
BSF Identification and Phylogeny

Both similarity and phylogenetic analyses were conducted
for identification of species (Table 1). BLAST search linked
all the sequences generated in the study to H. illucens
accessions KM967419.1, FJ794355.1, FJ794361.1, F]794367.1,
KC192965.1, and KY817115.1 with a percentage IDs ranging
from 97 to 100%. The tree separated all the samples into
three branches, with a paraphyletic relationship between
the H. illucens and Hermetia sexmaculata clusters. Samples
from this study formed a monophyletic clade with H. illucens
from GenBank. Within the H. illucens clade, the samples
from West Africa (Nigeria and Ghana) formed a distinct
cluster, samples from Thailand and United States 3 were
closely related, while some samples from Uganda clustered
separately. All samples from Australia, Netherlands,
South Africa, Kenya, United States 1, United States 2, and
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FIGURE 1 | Phylogenetic relationship between for the Hermetia illucens samples collected from different countries and other GenBank accessions of closely related
species inferred using Maximum Likelihood method by MEGA X (Kumar et al., 2018).

from BOLD

China, clustered together (Figure 1). These results were further
substantiated with the Bayesian analysis (Supplementary
Figure 1). Estimates of evolutionary divergence over sequence
pairs between groups were successfully generated from all
sequenced samples and GenBank accessions of H. illucens,
H. sexmaculata and Hermetia albitarsis. Numbers of base
substitutions are presented as a genetic distance matrix

(Table 2). The intraspecific genetic distance between

H. illucens samples from the study and the GenBank
accessions of H. illucens ranged between 0.91% and 4.07%
which falls within the acceptable range of species limit. The
H. sexmaculata and H. albitarsis samples clearly separated
from all H. illucens by distances of 17.45% and 19.03%,
respectively, confirming the phylogenetic analyses. The
distance matrix was used to generate a Principal Coordinate
Analysis (PCoA) where the first two axes in the PCoA
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TABLE 2 | Estimates of Evolutionary divergence over sequence pairs between groups generated by MEGA X (Kumar et al., 2018).

Hsexmaculata Thailand United Hillucens Costa_ Uganda Nigeria Ghana United SA Australia China Kenya Holland United Halbitarsis

States 3 Rica States 2 States 1

Hsexmaculata 0.00%

Thailand 17.74% 0.00%

United States 3 17.37% 1.44% 0.00%

Hillucens 17.33% 0.91% 1.07% 0.00%

Costa_Rica 16.75% 1.88% 1.80% 1.46% 0.00%

Uganda 17.89% 3.24% 3.16% 2.49% 3.32% 0.00%

Nigeria 17.59% 2.73% 1.47% 2.28% 2.70% 3.97% 0.00%

Ghana 17.55% 2.69% 1.43% 2.25% 2.66% 3.91% 0.10% 0.00%

United States 2 17.47% 4.57% 4.12% 3.97% 4.54% 3.50% 4.83% 4.77% 0.00%

SA 17.60% 4.66% 4.10% 4.07% 4.64% 3.69% 4.78% 4.74% 0.48% 0.00%

Australia 17.45% 4.60% 417% 4.03% 4.59% 3.56% 4.88% 4.83% 0.16% 0.56% 0.00%

China 17.41% 4.63% 417% 4.03% 4.60% 3.51% 4.88% 4.83% 0.12% 0.53% 0.21% 0.00%

Kenya 17.41% 4.52% 4.06% 3.92% 4.49% 3.48% 4.78% 4.74% 0.05% 0.43% 0.13% 0.10% 0.00%

Holland 17.33% 4.31% 3.94% 3.73% 4.16% 3.47% 4.69% 4.66% 0.61% 0.92% 0.68% 0.66% 0.56% 0.00%

United States 1 17.41% 4.52% 4.06% 3.92% 4.49% 3.48% 4.78% 4.74% 0.05% 0.43% 0.13% 0.10% 0.00% 0.56% 0.00%

Halbitarsis 21.34% 19.69% 19.11% 19.15% 17.70%  19.28% 19.86% 19.81% 18.79% 18.95% 18.73% 18.86% 18.73% 18.99% 18.73% 0.00%

Distances were calculated as percentage of pairwise distances (p-distances) under the Kimura 2-parameter model.
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FIGURE 2 | Plots of the principal coordinate analysis (PCoA) for the Hermetia illucens samples collected from different countries and other GenBank accessions of

plot explained 66.88% of the variation (the first axis 42.56%
and the second axis 24.32%) between all the Hermetia samples
analyzed from the study and GenBank accessions (Figure 2).
The PCA clustered all H. illucens samples in the study with
the GenBank accession of H. illucens in one axis though in
specific clusters. However, that of two other species, H. albitarsis
and H. sexmaculata occurred in the other axis, which further
confirmed the phylogenetic analyses. The haplotype network
map demonstrated that samples from Australia, United States 1,
United States 2, Kenya, and China had a shared haplotype,
while samples from Uganda shared a haplotype with a GenBank
accession (KC192965) of H. illucens (Figure 3). The other
samples each occupied an individual haplotype (Figure 3).

BSF Bacterial Microbiota Diversity

The bacterial microbiota analysis was based on a total
of 188,863 sequences. The final dataset per sample was;
Australia (16,840), China (14,766), Costa Rica (27,383),
Ghana (10,376), Kenya (11,444), Netherlands (6,915),
Nigeria (15,278), South Africa (12,658), Thailand (18,589),
Uganda (8,973), United States 1 (12,199), United States 2
(19,263), and United States 3 (14,179). The direct quantitative
comparison of the abundance of the microbiota showed
the most abundant families were Wohlfahrtiimonadaceae

(18.22%), Enterobacteriaceae  (16.85%), Enterococcaceae
(16.05%), and Dysgonomonadaceae (10.03%; Figure 4A).
The comparison at genus level showed Ignatzschineria
(22%), Enterococcus (20%), and Dysgonomonas (11%) to
be the most abundant genera (Figure 4B). The cumulative
abundance of the bacterial genera in the BSF populations
showed that Enterobacteriaceae was the most abundant
family in samples from Australia, China, Nigeria, Thailand
and United States 3 while Dysgonomonadaceae was the
most abundant in samples from Kenya, United States 1, and
United States 2. Wohlfahrtiimonadaceae was the most abundant
family in Ghana, South Africa and Uganda samples while
Enterococcaceae was the most abundant in Costa Rica and
Netherlands samples (Figure 5A). The most abundant genus
in the samples from Australia, Costa Rica, and Netherlands
was Enterococcus. Ghana, South Africa and Uganda had
Ignatzschineria as the most abundant genus, Nigeria, and
Thailand had Providencia, United States 1, and United States
2 had Dysgonomonas, China had Morganella, Kenya had
Mobheibacter, and United States 3 had Lactobacillus as the most
abundant genus (Figure 5B). The intra population diversity
(alpha diversity), as assessed by Shannon index, showed that
the Kenyan population was the most diverse with a Shannon
index of 3.5 while the Thailand population with a Shannon
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FIGURE 3 | Haplotype network map of the BSF samples.

index of 2.1 had the least microbiome diversity (Figure 6).
The microbial diversity between the populations as assessed
through Bray Curtis distance showed the populations from
United States 3 and Netherlands were the most dissimilar
populations. Principal component analysis showed two main
clusters: Australia, China, Ghana, Kenya, Nigeria, Thailand,
Uganda, United States 1, and United States 2 in one cluster
and Netherlands, South Africa, and Costa Rica in a second
cluster (Figure 7). The hierarchical clustering as seen in the
heatmap, showed the relative abundance of bacterial taxa within
the populations of BSF analyzed in the study. The hierarchical
linkage clustering based on Pearson’s correlation coefficient of
the microbial taxa abundance showed three main clusters with
Ghana, Uganda and South Africa similarly clustered, Australia,
China, Costa Rica, Kenya, Nigeria, and Thailand similarly
clustered while Netherlands, United States 1, United States 2,
and United States 3 were similarly clustered. The correlation
between the bacterial abundance and the source countries
as shown in the quantitative comparison of the microbiota,
indicated that the most abundant genus in each country was
positively correlated to the source country in all the samples
analyzed (Figure 8). All the 16S metagenomic data generated in

this study has been submitted to GenBank and available through
BioProject PRINA625868.

DISCUSSION

It is believed that BSF has a common ancestry, and the
phylogenetic analysis has shown very limited variation between
the different populations based on mitochondrial COI barcode
region. Common trade routes and similar feedstocks in these
regions could be one of the reasons for this phenomenon.
Furthermore, several studies have shown that other gene regions
like Cytochrome b (CytB) gene (Chen et al,, 2019) and NADH
dehydrogenase 4 (ND4) gene (Tang et al., 1995) may be more
polymorphic and thus give better resolution of intraspecific
divergence of certain arthropod species. Therefore, an evaluation
of the complete mitochondrial genome as well as other regions
such as the nuclear microsatellites can be employed to resolve the
population genetic structure of these closely related populations.
The maximum likelihood and Bayesian analysis trees resulted in
two branches of the BSF samples with clear separation of the
two outgroups that were included in the analyses, H. sexmaculata
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and H. albitarsis. Despite the low genetic differences amongst the
BSF populations in this study, five samples from four geographic
regions (Australia, China, Kenya, and United States) shared
a haplotype indicating a single origin for these populations.
The Ugandan samples also shared a haplotype with GenBank
accession of H. illucens from United States indicating the
probable origin of the Uganda H. illucens sample. Two haplotypes
were identified from the samples from West Africa (Nigeria
and Ghana), but the variation between them was low and the
phylogeny showed that they both also linked closely to a sample
from the United States 3. The haplotype network also showed
that the United States 3 haplotype was a centroid to the other
haplotypes. Furthermore, the H. illucens samples from the study
are closely related to samples from the United States as observed
in the phylogeny and the haplotype network. Further research
work comparing BSF samples from the native range in Northern

South America countries such as Colombia, Venezuela, Guyana,
Suriname, French Guiana, and Ecuador is crucial to establish the
dispersal pattern from its native range to other parts of the world.

Based on the 16S rRNA sequencing and from the 481,695
reads analyzed, Enterobacteriaceae, Dysgonomonadaceae,
Wohlfahrtiimonadaceae and Enterococcaceae were the most
abundant families across the different countries. In addition,
through taxonomic profiling, alpha-diversity (within-sample
diversity) showed that the Kenyan and Thailand populations had
the highest and the lowest microbiome diversity, respectively.
Enterobacteriaceae, the most abundant family in Australia,
China, Thailand, and United States 3, consists of bacterial genera
that are ubiquitous in nature with many species free-living in
diverse ecological niches, while some being associated with
animals, plants or insects. Some of the species belonging to
Enterobacteriaceae are significant human, animal, and plant

Frontiers in Microbiology | www.frontiersin.org

137

July 2020 | Volume 11 | Article 1538


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Khamis et al.

Genetics and Gut Microbiome of BSF

A 100%

90%

80%

70%

60%

50%

Relative Abundance

40%

30%

20%

10%

0%

100%

90%

80%

70%

60%

50%

Relative Aundance

40%

30%

20%

10%

0%

identified in Hermetia illucens larvae analyzed from different countries.

FIGURE 5 | Incidence of the major bacterial taxonomic groups. The stacked bar chart shows the relative abundances of bacterial (A) Family and (B) genera

mWeeksellaceae

m Staphylococcaceae
mSphingobacteriaceae
mRhizobiaceae
mPseudomonadaceae
mOrbaceae
oMoraxellaceae
oMicrococcaceae
oleuconostocaceae
mCarnobacteriaceae
mBurkholderiaceae
mBacillaceae
mDysgonomonadaceae
mFlavobacteriaceae

mRuminococcaceae

mActinomycetaceae
mlLachnospiraceae
mRhodobacteraceae
oWobhlfahrtimonadaceae
mTannerellaceae
mEnterococcaceae

mEnterobacteriaceae

muncultured compost bacterium
mThiopseudomonas
mPseudomonas
mPseudochrobactrum
mMoheibacter
mlgnatzschineria
oFlavobacterium
mBacteroides
oAtopostipes
oAcinetobacter
mRuminiclostridium
mPaenalcaligenes
mDesulfovibrio
muncultured
mWeeksella
mProteus
mLactobacillus
mStaphylococcus
mProvidencia
mEnterobacter
oMorganella
oWeissella
mEnterococcus
mDysgonomonas

pathogens causing a range of infections, hence the emphasis
on sterile conditions for the rearing of the BSF. However,
most of the species are not pathogenic and are utilized in
several processes such as production of various recombinant

proteins and non-protein products, control of infection diseases,
anticancer agents, and biowaste recycling and bioremediation
(Octavia and Lan, 2014). The family Dysgonomonadaceae was
predominant in samples from Kenya, United States 1, and
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United States 2. Bacteria belonging to this family are capable of
degrading various polysaccharides derived from host-ingested
food, such as algae (Murakami et al, 2018) and could be
an integral part in the role of BSF larvae as bioremediation
organisms. Wohlfahrtiimonadaceae was the most abundant
family in samples from Ghana, Nigeria and South Africa.
This family consists of the genus Wohlfahrtiimonas which
was described by Toth et al. (2008) and consist of only one
species, Wohlfahrtiimonas chitiniclastica S5T. This species has
been associated with myiasis (Campisi et al., 2015) and so far,
two cases of sepsis have been reported (Rebaudet et al., 2009;
Almuzara et al., 2011). The most abundant family detected in the
samples collected from Costa Rica was Enterococcaceae. This
family is comprised of Gram-positive, facultatively anaerobic,
anaerobic, or microaerophilic bacteria with some species being
carboxyphilic or halophilic. They are associated with a wide
range of ecological sources including; plants, humans, animals,

the gastrointestinal tract of insects, fermented foods, drinking
water, surface water, and seawater (Ludwig et al., 2009). The
diverse bacterial genera identified from the different countries in
this study could be indicative of the different diets in addition to
the key BSF microbiota in the sampled countries with varying
implications on the biology of the BSF as well as the industrial
applications of BSF. For example, Providencia, which is vertically
transmitted through the insect life cycle (De Smet et al., 2018)
but can also be a pathogen in humans (Galac and Lazzaro, 2011)
was most abundant in Nigeria and Thailand. Furthermore, BSF
fed on fish diet has been shown to be exposed to gut dysbiosis
because of a microbiota severely dominated by Providencia
species (Bruno et al., 2019). Ignatzschineria which was the most
abundant genus, in Ghana, South Africa and Uganda, has been
shown to trigger repellency in H. illucens and thus reduce egg
deposition (De Smet et al., 2018). Dysgonomonas which has
been reported to degrade complex polysaccharides, was most
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abundant in two populations from United States (Bruno et al.,
2019), and the high abundance of Lactobacillus in one population
from United States has been shown to enhance biodegradation of
food waste by H. illucens (Jiang et al., 2019).

Although the 16S data provides poor resolution at the species
level, it has been able to unravel the families with genera
that might pose risks to both animals and human health. As
such the introduction of insects such as BSF as a high-quality
protein ingredient in animal feed should be accompanied by
proper safety measures. This postharvest treatment measures
such as processing of the BSF larvae into dried products,
defatting and proper storage in hermetic bags (Moreno-Martinez
et al, 2000; Murdock et al, 2012) would be essential to
minimize microbial spoilage and reduce the risk of pathogen
contaminations along the insect-based feed value chain. Also,
the choice of rearing substrate is crucial because of the putative
transmission of microbiota to BSF larva with possible clinical
implications. Although pre-treatment or sterilization of organic
waste substrates before usage in all rearing systems across the
world is a possible option, it is usually time-consuming and
expensive. Therefore, we strongly recommend that harvested
larvae of BSF from various waste substrates should be carefully
sterilized during processing to eliminate potential microbial
contaminants. Unfortunately, there are no published reports
which provide evidence for the role of hygienic design, cooling
facilities, sanitation programs and personal hygiene as measures
to prevent microbial feed safety hazards for insect-based feed
value chain. Therefore, potential preventive measures and
intervention strategies as described above become crucial at all
stages of the supply chain with thorough investigations in the
insect-based protein feed enterprises globally.
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As one of the most detrimental citrus pests worldwide, the citrus red mite, Panonychus
citri (McGregor), shows extraordinary fecundity, polyphagia, and acaricide resistance,
which may be influenced by microbes as other arthropod pests. However, the
community structure and physiological function of microbes in P citri are still largely
unknown. Here, the high-throughput sequencing of 16S rDNA amplicons was employed
to identify and compare the profile of bacterial communities across the larva,
protonymph, deutonymph, and adult stages of P citri. We observed a dominance
of phylums Proteobacteria and Firmicutes, and classes «-, y-, pB-Proteobacteria and
Bacilli in the bacterial communities across the host lifespan. Based on the dynamic
analysis of the bacterial community structure, a significant shift pattern between the
immature (larva, protonymph, and deutonymph) and adult stages was observed.
Accordingly, among the major families (and corresponding genera), although the relative
abundances of Pseudomonadaceae (Pseudomonas), Moraxellaceae (Acinetobacter),
and Sphingobacteriaceae (Sphingobacterium) were consistent in larva to deutonymph
stages, they were significantly increased to 30.18 + 8.76% (30.16 + 8.75%),
20.78 £+ 10.86% (18.80 £ 10.84%), and 11.71 + 5.49% (11.68 =+ 5.48%), respectively,
in adult stage, which implied the important function of these bacteria on the adults’
physiology. Actually, the functional prediction of bacterial communities and Spearman
correlation analysis further confirm that these bacteria had positively correlations with
the pathway of “lipid metabolism” (including eight sublevel pathways) and “metabolism
of cofactors and vitamins” (including five sublevel pathways), which all only increased in
adult stages. In addition, the bacterial communities were eliminated by using broad-
spectrum antibiotics, streptomycin, which significantly suppressed the survival and
oviposition of P, citri. Overall, we not only confirmed the physiological effects of bacteria
community on the vitality and fecundity of adult hosts, but also revealed the shift
pattern of bacterial community structures across the life stages and demonstrated
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the co-enhancements of specific bacterial groups and bacterial functions in nutritional
metabolism in P, citri. This study sheds light on basic information about the mutualism
between spider mites and bacteria, which may be useful in shaping the next generation
of control strategies for spider mite pests, especially P, citri.

Keywords: Panonychus citri (McGregor), spider mites,

developmental stages, 16S rDNA amplicon

pyrosequencing, dynamics of bacterial community, bacterial metabolism

INTRODUCTION

Many arthropods harbor diverse microbial communities in
their digestive systems or intracellular/intercellular niches for
symbiotic systems (Dillon and Dillon, 2004). Many of these
microbiota play important roles in interactions with their
hosts for improved physiology, life history traits, environmental
adaptability, reproduction, and are even essential for the host’s
survival (Engel and Moran, 2013; Kwong and Moran, 2016).
In addition to the beneficial effect on host nutritional digestion
of varied diets, especially the diets with poor or unbalanced
nutrition or recalcitrant components (Hongoh et al., 2008; Huang
et al., 2010), microbiota may (1) increase arthropod host fitness
through protecting the host from parasites and pathogens or
improving the host’s tolerance to heat stress (Dillon and Dillon,
2004; Hartman et al.,, 2020), (2) influence the hosts lifespan
(Storelli et al., 2011; Noman et al,, 2020), (3) improve the
insect’s social communication (Dillon et al., 2002), and (4)
govern mating and reproductive systems (Sharon et al., 2010).
In some cases, microbiota facilitated the pest hosts survival
under traditional pest control by enhancing pesticide resistance
(Kikuchi et al., 2012; Zhou and Yao, 2020). The microbiota are
even involved in the pest status of the stinkbug species, Megacopta
punctatissima (Hosokawa et al., 2007). The diversity and structure
of microbial communities in some important pests have been
identified (Engel and Moran, 2013). Based on the advantage of
microbial relationships with host, some new pest management
strategies have been developed. For instance, commensal bacteria
were genetically modified as novel biocides by expressing toxic
substances, such as Bacillus thuringiensis toxin protein (CytlA)
and dsRNA of critical genes for pest population persistence or
expansion (Kuzina et al., 2002; Whitten et al.,, 2016). In some
insect vectors of specific diseases (e.g., mosquito borne disease),
Wolbachia have been successfully used in the biological control
of these diseases (Pan et al., 2012).

Despite the recent massive increase in studies of the
microorganisms living in arthropod guts, the mechanism of
microbial biofunction is just beginning to emerge. In addition,
the arthropods are the most diverse and abundant animal
clade, so the diversity and function of microbial communities
in the arthropods should be extremely diverse, and need
more investigation in more species groups, especially in pests.
The spider mites, including Tetranychus urticae, are one of
serious agricultural pest groups in agro-ecosystems, especially for
horticultural crops (Hoy and Jeyaprakash, 2005). The life cycle
of spider mites consists of five stages, the egg, larva (with three
pairs of legs), protonymph, deutonymph, and adult stages (with
four pairs of legs in the last three stages) (Kasap, 2009), which

is quite different from that of other arthropods, such as insects.
Although the distributions, abundances, and bio-functions of
some important genera or species of microorganisms, including
bacteria, rickettsiae, fungi, and viruses, have been investigated
in several spider mite species (mainly in Tetranychus species)
(Poinar and Poinar, 1998; Hoy and Jeyaprakash, 2005; Niu et al.,
2019; Ribeiro et al., 2020), only a few reports have mentioned the
biofunctions and profiles of microbial communities across the life
stages in spider mites (Zhu et al., 2019b), thus their biofunctions
and profiles are still largely unknown. In addition, similar with
other arthropods (Meng et al, 2019; Yao et al, 2019), the
compositions and structures of the bacterial communities may
alter across the lifespan of spider mites to adapt to the nutritional
and/or physiological requirements of their hosts’ developments,
which deserves investigations.

The citrus red mite, Panonychus citri (McGregor) (Acari:
Tetranychidae), is a spider mite with worldwide distribution
and is regarded as one of the most important citrus pests in
many countries (Takafuji and Fujimoto, 1986). Consistent with
other spider mites, it performs a lifespan consisting of egg,
larva, deutonymph, protonymph and adult stages, and feeds on
leaves, fruits and/or green twigs by piercing-sucking across the
immature and adult stages (Zanardi et al., 2015). P. citri possess
several critical characteristics for its environmental adaptation
and plant damage, including (1) strong fertility (Ali et al., 2017),
(2) a wide range of host plants (111 species of citrus and wood
plants) (Gerson, 2003), and (3) high levels of resistance to
various acaricides (Ran et al., 2009; Pan et al., 2020). All these
characteristics facilitate this important fruit pest to live on diverse
host plants with high fecundity, and also survive fatal acaricides,
which may be associated with the inner-bacterial community.
However, it is still unidentified the role of inner-bacterial
community in the physiology and vitality of P. citri. Although
very few researches on the symbiont bacteria have been reported,
which indicated no existence of Wolbachia and Cardinium in the
tested P. citri population (Chen et al., 2009), the structure and
diversity of the microbial community across the lifespan of P. citri
remain largely unknown. As understanding the characteristics of
microbial community is the first critical step for developing the
novel symbiont-based strategy of controlling pests (Mereghetti
et al,, 2017), the physiological function, profile and dynamics of
microbial community in citrus red mite deserve investigations.

In the current study, the bacterial community structures
across immature (including larva, protonymph, and
deutonymph) and adult stages of citrus red mite were
determined and compared by pyrosequencing of the 16S
rDNA V3-V4 region, which is the next-generation DNA
sequencing approach with low-cost, high throughput, and high
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accuracy developed in recent years (Meng et al., 2019; Yao
et al., 2019). Our results indicated a significant shift pattern
of bacterial communities between the immatures and adults,
which may influence the predicted Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways of “lipid metabolism” and
“metabolism of cofactors and vitamins.” Finally, the effects of
bacteria on survival and oviposition were confirmed by treatment
with broad-antibiotic, streptomycin.

MATERIALS AND METHODS

Cultivation of P. citri

To control the significant variation of microbiota associated
with the outdoor environment, P. citri were collected from the
sweet orange orchard (N 30° 28’ 26, E 114° 21’ 5), Huazhong
Agricultural University, Hubei Wuhan, China, and reared for at
least 15 populations in indoor condition as follow: the citrus red
mites were kept on fresh leaves of Citrus maxima (Burm.) Merr.,
which were placed ventral-side up and surrounded by wet cotton
sliver, and placed on 5 mm layer of distilled water-saturated
sponge; leaf disks were renewed weekly; the temperature and
moisture were controlled at 26 & 1°C and 60 £ 5% Relative
Humidity (RH), respectively and the photoperiod was 14 h
(light):10 h (dark).

P, citri Sample Preparation

Samples of P. citri at four stages, including larvae, protonymphs,
deutonymphs and female adults, were collected separately in
three repetitions (each repetition containing at least 300 mites).
All these mites were collected from the P. citri cultivation
originating from eggs laid in the same day (called one-day
cultivations) in the same generation reared in parallel. To
remove surface contaminants, each repetition of pooled mite
individuals was surface-sterilized with 75% ethanol for 3 min
and rinsed three times in sterile water. Then, the pool of mite
individuals was used for subsequent DNA extraction for high
throughput sequencing.

DNA Extraction

The total DNA for the high-throughput sequencing was extracted
by Fast DNA SPIN extraction kit (MP Biomedicals, Santa Ana,
CA, United States) according to the manufacturer’s instruction,
and stored at —20°C. The quality and quantity of DNA
sample was determined by the agarose gel electrophoresis
and NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, United States), respectively.

16S rDNA Amplicon Pyrosequencing

The V3-V4 region in bacterial 16S rDNA was amplified by
PCR with the primers of 338F (5'-ACTCCTACGGGAGGCA
GCA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3") (Xu
etal., 2016). The PCR system consisted of Q5 reaction buffer (5x,
5 nL), Q5 high-fidelity GC buffer (5%, 5 nL), Q5 high-fidelity
DNA polymerase (5 U/uL, 0.25 pL), dNTPs (2.5 mM, 2 pL),
each primer (10 pM, 1 pL), a total DNA template (2 wL), and
ddH,0 (8.75 pL). The PCR reaction was performed as initial

denaturation (98°C for 2 min), 25 reaction cycles (each at 98°C
for 15 s, 55°C for 30 s, and 72°C for 30 s), and a final extension
(72°C for 5 min). PCR products were purified and quantified
using Agencourt AMPure Beads (Beckman Coulter, Indianapolis,
IN, United States) and PicoGreen dsDNA Assay Kit (Invitrogen,
Carlsbad, CA, United States), respectively. Then, PCR amplicons
were sequenced (paired-end 2 x 300 bp) using the Illlumina
MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China).

Sequence Analysis

The Quantitative Insights Into Microbial Ecology (QIIME,
v1.8.0) pipeline were employed to analyze the raw sequencing
data as previously described (Caporaso et al., 2010). Briefly, the
low-quality sequences that had average Phred scores < 20 bp,
had length < 150 bp, contained ambiguous bases, and contained
mononucleotide repeats > 8 bp were first filtered. Then the
remained paired-end reads were assembled using Fast Length
Adjustment of SHort Reads (FLASH) (Magoc and Salzberg,
2011). After chimera detection, the high-quality sequences were
clustered into operational taxonomic units (OTUs) at 97%
sequence identity by clustering algorithm UCLUST (Edgar,
2010), which followed by selecting a representative sequence
for each OTU using default parameters. To classify the OTU
taxonomy, the OTU sequences were aligned by Basic Local
Alignment Search Tool (BLAST) to search the representative
sequences set against the Greengenes Database using the best
hit (DeSantis et al., 2006). The extremely rare OTUs (<0.001%
of total sequences across all samples) were discarded. Finally,
an averaged, rounded rarefied OTU table was constructed by
averaging 100 evenly resampled OTU subsets under the 90% of
the minimum sequencing depth to minimize the differences in
sequencing depths across all samples.

Bioinformatics Analysis

The bioinformatics analysis of sequence data were mainly
performed using QIIME and R packages (v3.2.0). Alpha
diversity indices (OUT level), including the Shannon diversity
index, Simpson index, Berger-Parker dominance index, observed
richness (Sobs), Abundance-based Coverage Estimator (ACE)
metric, and Chao richness estimator, were calculated using the
OTU table in QIIME. To investigate the structural variation
of microbial communities across the life stage samples, beta
diversity analysis was performed using weighted UniFrac
distance metrics (Lozupone and Knight, 2005) and then
visualized via the heatmap at class level, unweighted pair-
group method with arithmetic means (UPGMA) hierarchical
clustering at genus level, and principal coordinate analysis
(PCoA) at OTU level (Ramette, 2007). Analysis of similarities
(ANOSIM) using R package “vegan” was employed to assess
the significance of differentiation of microbiota structure among
groups. Based on the occurrence of OTUs across samples
regardless of their relative abundance, R package “VennDiagram”
was employed to generate Venn diagram for visualizing the
shared and unique OTUs among different life stages. The
functions of bacterial community were predicted by PICRUSt
(Langille et al., 2013).
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Antibiotic Treatment via Feeding Assays

To identify the physiological function of bacterial communities
on P. citri performance, the bacteria were eliminated by
streptomycin. For antibiotic treatment, we followed a protocol
that was previously established for spider mites with minor
modification (Zhu et al., 2019a): selected fresh leaves were
prewashed with double-distilled water and cut into small pieces
of equal sizes (3 cm in diameter), then dried at a constant
temperature of 45°C for 15 min. This was followed by dipping
the leaf pieces in the antibiotic solutions (3 mg/ml of penicillin or
streptomycin) for 1.5 h. After being dried for 3 min with a laminar
flow of air, the antibiotic-treated leaves were surrounded by a
wet cotton sliver and kept on sponges saturated with 1% of the
antibiotic solutions. Thirty days young female adults (1-2 days
after last molting), which had been starved for 3 h before use,
were placed on antibiotic-treated leaves. The antibiotic-treated
leaves and the antibiotic solutions for saturating sponges were
changed every 3 days. All experiments were repeated three times.
At each of 1, 3, 5,7, and 9 days after the beginning of antibiotic
treatment, the mite survival status (the numbers of survived and
dead mites) and the number of laid eggs between the measured
and the previous time points were detected. The number of
laid eggs per female at each time point was calculated as (the
number of laid eggs between the measured and the previous
time points)/(survived female number at the measured time
point)/duration. The cumulative number of laid eggs per female
in 9 days was calculated by accumulating all of (the number of laid
eggs per female at each time point) x duration. In addition, the
total contents of nitrogen, phosphorus, potassium, and soluble
sugar were determined as described in Supplementary Methods.

Real-Time Quantitative PCR for Bacterial
Counting

The mite samples (three repetitions for each time point; about 50
individuals per repetition) with or without antibiotic treatments
were first surface-sterilized with 75% ethanol for 3 min and rinsed
three times in sterile water. Then, the total DNA containing
both bacterial genomic DNA and host DNA was extracted as
mentioned above for subsequent real-time quantitative PCR.

The amounts of total bacteria were quantified by real-time
quantitative PCR of partial 16S rDNA with the universal primers
(Eub338F, 5'-ACTCCTACGGGAGGCAGCAG-3; Eub518R,
5'-ATTACCGCGGCTGCTGG-3') (Yao et al, 2019) and
normalized by real-time quantitative PCR of alpha tubulin as
internal control with the specific primers (TUBA-F, 5'-CGAA
TCCATTTCCCCTTAGT-3'; TUBA-R, 5'-CAACGTCTCCTCG
GTAAAGA-3') (Niu et al,, 2012). Each PCR mixture consisted
of 10 nL of SYBR Green Mix (Bio-Rad, Hercules, CA,
United States), 100 nM of each primer and 2 pL of total
DNA. The amplification program consisted of preincubation at
95°C for 2 min, and 40 cycles at 95°C for 5 s and annealing at
60°C for 30 s.

Statistical Analysis
The variations among the different stages of P. citri were
statistically analyzed by one-way analysis of variance (ANOVA),

which was followed by the post hoc Duncan’s Multiple Range
Test (DMRT). The difference in cumulative mortality, daily
or cumulative laid egg numbers between the adults with
and without antibiotic-treatment was statistically analyzed by
Student’s t-test. The significant correlations between bacterial
species and KEGG pathways were analyzed by Spearman’s
correlations and illuminated by heatmaps by GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, United States). P-value < 0.05
was representative of statistical significance. Results are presented
as the means = standard error of mean (SEM).

RESULTS

16S rDNA -Sequencing Data of Bacterial
Communities Across the Life Stages of

P. citri

The bacterial composition in the larvae, protonymphs,
deutonymphs, and adults of P. citri were quantified by Illumina
MiSeq platform of 16S rDNA gene amplicons. The sequencing
data yielded 588,357 high-quality pyrosequencing reads with
an average read length of 452.7 bp of the 16S rDNA spanning
the variable regions V3-V4 from mite samples, each of which
possessed 36,023-47,660 valid sequences with high quality
(Table 1). Based on the 97% similarity threshold, these sequences
yielded 357-724 OTUs of each sample with over 99% coverage,
which indicated that most bacterial taxa (>99%) in each sample
was covered (Table 1). According to the rank-abundance curves
(Supplementary Figure S1A), most of the OTUs in the bacterial
communities belonged to rare species. The rarefaction curves
showed that the accumulation of OTUs tended toward saturation
in the numbers of reads, which indicated that the samples were
sufficient to reveal the bacterial communities (Supplementary
Figure S1B). These results indicated that our sequencing
captured most of the bacterial diversity associated with P. citri.

Varied Diversities of Bacterial
Communities Across the Life Stages of

P. citri

To identify the diversity of bacteria in the larvae, protonymphs,
deutonymphs, and adults of P. citri, six indexes were detected,
including Shannon, Simpson and Berger-Parker for bacterial
diversity, and observed species (Sobs), ACE and Chao for species
richness. The diversity indexes were highest in larvae (Simpson
and Berger-Parker) or protonymphs (Shannon), then decreased
in the following life stages, especially in the adult stage with
significant differences for Shannon and Berger-Parker indexes (all
P <0.05, post hoc DMRT) (Figures 1A-C). When considering the
species richness indexes (i.e., Sobs, ACE, and Chaol), there was
no significant difference between any stage (Figures 1D-F).

Varied Compositions of the Bacterial
Communities Across the Life Stages of

P. citri
A Venn diagram analysis showed that subsets of 342
bacterial OTUs were shared across the lifespan of P. citri
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TABLE 1 | Summary of the 16S rRNA read counts of endo-bacteria across the life stages of P, citri*.

Sample ID Read NO. Mean length (bp) Phylum Class Order Family Genus Species ouT Coverage
L4 48717 452.9 24 53 81 152 245 275 724 0.996
L5 49976 450.8 21 39 63 126 199 219 574 0.997
L7 54413 449.7 24 49 76 142 222 244 619 0.997
PN4 49231 453.3 23 51 82 152 242 267 572 0.997
PN5 49068 453.2 22 53 85 160 243 274 589 0.997
PN6 46153 445.4 22 53 79 150 226 252 497 0.997
DN4 52141 450.3 21 43 73 138 218 247 631 0.998
DN5 51455 450.3 20 42 63 120 189 214 357 0.999
DN7 49628 452 23 48 73 135 210 240 445 0.999
A4 39288 463.4 20 42 72 134 204 228 452 0.997
A6 43734 459.3 21 45 78 144 227 252 560 0.999
A7 54553 454.3 18 4 64 120 173 194 432 0.997

*L, PN, DN, and A indicated the larvae, protonymphs, deutonymphs, and adults, respectively.

(Supplementary Figure S2A). According to the OTU
classification based on the Greengenes Database, 24 bacterial
phyla were detected in the bacterial communities of larvae,
protonymphs, deutonymphs, and adults. Proteobacteria
was the dominant and most diverse phylum in all samples
(69.48 £+ 1.57% of average relative abundance), followed by
Firmicutes (11.76 4+ 1.20%), Actinobacteria (7.42 £ 1.14%),
Bacteroidetes (5.93 &+ 1.65%), and Cyanobacteria (1.90 & 0.53%)
(Supplementary Figure S2B; see detailed phylum lists in
Supplementary Table S2). Accordingly, at the class taxa
level, the major classes were a-, y-, and p-Proteobacteria
(45.22 4+ 4.36%, 16.96 + 5.18%, and 7.00 + 0.65% of relative
abundances, respectively) in phylum Proteobacteria, Bacilli and
Clostridia (7.09 £ 0.98% and 4.24 + 0.44%, respectively) in
Firmicutes, Actinobacteria (6.99 £ 1.12%) in Actinobacteria,
and Sphingobacteria and Chitinophagia (2.96 + 1.92% and
1.51 £ 0.36%, respectively) in Bacteroidetes (Supplementary
Figure S2C; see detailed class lists in Supplementary Table S3).
Furthermore, the relative abundances of the major families
(and corresponding genera) varied across the lifespan of
P. citri in six patterns (Figures 2, 3; see detailed family and
genus lists in Supplementary Tables S3, S4, respectively):
(1) the relative abundances of families Pseudomonadaceae
(genus Pseudomonas), Moraxellaceae (Acinetobacter), and
Sphingobacteriaceae (Sphingobacterium) were consistent in
larvae, protonymphs and deutonymphs, but only significantly
increased to 30.18 £ 8.76% (30.16 £ 8.75%), 20.78 £+ 10.86%
(18.80 + 10.84%), and 11.71 + 549% (11.68 =+ 5.48%),
respectively, in adults in comparison to all three immature stages;
(2) the relative abundances of Brucellaceae (Ochrobactrum),
Xanthomonadaceae (Stenotrophomonas), and Streptococcaceae
were consistent in three immature stages, but only significantly
decreased to 17.96 + 5.21% (17.95 £ 5.19%), 1.00 £+ 0.29%
(0.86 £ 0.22%), and 0.59 =+ 0.22%, respectively, in adults in
comparison to the highest level in one or three immature
stage(s); (3) the relative abundances of Phyllobacteriaceae
(Mesorhizobium) and Chitinophagaceae (Sediminibacterium)
were consistent in larvae and protonymphs, but significantly
decreased in both deutonymphs and adults in comparison

to the highest level in the larva or protonymph stage; (4)
in comparison to that of larvae, the relative abundances of
Enterobacteriaceae  (Serratia), Comamonadaceae (Delftia),
Burkholderiaceae (Burkholderia), and genus Lactococcus were
all significantly increased in protonymphs, then dropped in
deutonymph and adult stages to the levels similar to that of
larvae stage, except for significantly lower levels of Serratia in
deutonymph and adult stages than that of larva stage; (5) the
relative abundances of Alcaligenaceae (Achromobacter) were
highest in larvae, and significantly decreased in the followed
three stages; (6) the relative abundances of Bacillaceae (Bacillus),
unclassified family in Actinomycetales (unclassified genus
in Actinomycetales), and other major classes (genera) were
consistent across the life stages (P < 0.05 for all significant
differences, post hoc DMRT).

Varied Structures of the Bacterial
Communities Across the Life Stages of
P, citri

Based on the compositions of the bacterial communities across
the life stages, the community dissimilarities in class, genus,
and OTU taxa levels were investigated further. According
to weighted UniFrac metrics, the heatmap analysis at the
class level (Figure 4A), the analysis using the UPGMA
based on hierarchical clustering at genus level (Figure 4B),
and PCoA analysis at the OTU level (Figure 4C) were
constructed. All analyses indicated that community structures
of bacteria in the larvae, protonymphs, and deutonymphs
were similar and clustered into one group, and that in the
adults were different and clustered into another group (except
that adult sample A2 was more similar to immature samples
than the other two adult samples, according to hierarchical
clustering analysis at the genus level). Moreover, the analysis of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>