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Abstract

Background/Methodology

Triatomine bugs are the vectors of Trypanosoma cruzi, the agent of Chagas disease. Vector
control has for decades relied upon insecticide spraying, but insecticide resistance has
recently emerged in several triatomine populations. One alternative strategy to reduce

T. cruzitransmission is paratransgenesis, whereby symbiotic bacteria are genetically engi-
neered to produce T. cruzi-killing proteins in the vector’s gut. This approach requires in-
depth knowledge of the vectors’ natural gut microbiota. Here, we use metagenomics (16S
rRNA 454 pyrosequencing) to describe the gut microbiota of field-caught Triatoma sordida—
likely the most common peridomestic triatomine in Brazil. For large nymphs (4™ and 5
stage) and adults, we also studied separately the three main digestive-tract segments—ante-
rior midgut, posterior midgut, and hindgut.

Principal findings

Bacteria of four phyla (12 genera) were present in both nymphs (all five stages) and adults,
thus defining T. sordida’s ‘bacterial core’: Actinobacteria (Brevibacterium, Corynebacterium,
Dietzia, Gordonia, Nitriliruptor, Nocardia, Nocardiopsis, Rhodococcus, and Williamsia), Pro-
teobacteria (Pseudomonas and Sphingobium), and Firmicutes (Staphylococcus). We found
some clear differences in bacterial composition and relative abundance among develop-
ment stages; overall, Firmicutes and Proteobacteria increased, but Actinobacteria
decreased, through development. Finally, the bacterial microbiotas of the bugs’ anterior
midgut, posterior midgut, and hindgut were sharply distinct.
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Conclusions/Significance

Our results identify the ‘bacterial core set’ of T. sordida and reveal important gut microbiota
differences among development stages—particularly between 153" stage nymphs and
adults. Further, we show that, within any given development stage, the vectors’ gut cannot
be regarded as a single homogeneous environment. Cultivable, non-pathogenic ‘core’ bac-
terial species may now be tested as candidates for paratransgenic control of T. cruzitrans-
mission by T. sordida.

Author summary

Triatomines are blood-sucking bugs that transmit Trypanosoma cruzi, the agent of Chagas
disease. Insecticide spraying has been very successful at controlling house-infesting bugs,
but some triatomines have developed insecticide resistance. One alternative disease-con-
trol strategy involves modifying the genomes of bacteria living inside the bugs’ gut so that
they produce T. cruzi-killing substances. An obvious requirement of this strategy is in-
depth knowledge of the natural bacterial community (the ‘microbiota’) of the vectors’ gut.
In this study, we evaluated bacterial diversity inside the guts of field-collected Triatoma
sordida—a common pest in parts of Brazil, Argentina, Paraguay, and Bolivia. We found
that a ‘core’ set of 12 bacterium genera occur in both immature (five stages) and adult
bugs (male and female), but also noticed changes in the gut’s microbiota through develop-
ment. We finally investigated whether and to what degree the microbiota differed across
the bugs’ three intestinal segments, and found clear variation. Our results will help pin-
point suitable candidates for genetic modification aimed at controlling T. cruzi inside T.
sordida—that is, non-pathogenic bacteria that belong to the ‘core’ set and are easy to rear
and maintain in the lab.

Introduction

Chagas disease is a potentially life-threatening illness caused by the protozoan Trypanosoma
cruzi. T. cruzi is a parasite of mammals primarily transmitted through the feces of infected vec-
tors—blood-sucking bugs of the subfamily Triatominae. Chagas disease is the fourth most
important infectious disease in the Americas, with about 8 million people infected and at least
120 million people living at risk of contagion [1].

Triatomines are hemimetabolous insects with five immature nymphal stages between egg
and adulthood. Adults are sexually mature and have wings, but both nymphs and adults dis-
play similar feeding behavior and occupy the same habitats. As all stages feed on vertebrate
blood, they are all prone to acquiring and transmitting T. cruzi [2]. Once the parasite arrives at
the triatomine’s midgut with a blood meal, it comes into contact with the local microbiota. To
survive and develop inside the insect’s gut, the parasite must evade the immune system and
avoid detrimental interactions with the microbiota [3]. In the anterior midgut the parasite dif-
ferentiates from the blood-borne trypomastigote to a spheromastigote, and then to the epimas-
tigote replicative form. Elongated epimastigotes attach to the waxy cuticle of the hindgut wall,
multiply by binary fission, and change into the infective metacyclic trypomastigote form,
which is excreted with the feces from the rectum, ready to begin a new infective cycle [4].
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Of the 152 formally described triatomine bug species, 67 are known to occur in Brazil [5];
the four species most frequently caught in and around houses in the country are Panstrongylus
megistus, Triatoma brasiliensis, T. pseudomaculata, and T. sordida [6,7]. T. sordida is native to
the Cerrado savannahs, although ecological niche modeling suggests that it may also occur in
the semiarid Caatinga and the Pantanal floodplains [8,9]. To the south, it has also been
recorded in the Chaco of Argentina, Bolivia, and Paraguay, suggesting that the taxon might in
fact be a species complex [10-12].

Chagas disease control has for decades relied on the reduction of domestic and peri-
domestic vector populations through pyrethroid insecticide spraying [13]. In recent years,
however, insecticide resistance has been detected in several triatomine populations [14]. This
has brought renewed thrust to research aimed at the development of alternative control
approaches. For example, both in vitro [15] and in vivo experiments [16—-18] have shown that
the gut microbiota of Rhodnius prolixus can modulate T. cruzi survival and development. A
more direct attempt at disease control has been paratransgenesis—the use of transgenic gut bac-
teria that secrete T. cruzi-killing proteins [19] or express dsSRNAs that reduce survival or hinder
reproduction of the vectors [20]. The use of the insect microbiota to combat infection and
transmission thus represents an interesting alternative to traditional control methods.

Elucidating the role played by the gut microbiota in vector survival and T. cruzi infection
and transmission may thus help devise novel disease-control strategies [21-23]. One key limi-
tation of our current knowledge about the microbiota of triatomine bugs, however, is that little
is known regarding field-collected specimens. Additionally, although enzymatic activities and
nutrient absorption differ across digestive-tract segments, the gut of triatomines has hitherto
been studied whole, as if it were a single homogeneous environment.

Until recently, the investigation of bacterial diversity in insect guts rested upon the isolation
and identification of cultivable bacteria—a method that inevitably misses many taxa. DNA
sequencing, and in particular high-throughput technologies and metagenomics, now allow
fast and accurate detection and determination of bacterial diversity (including non-cultivable
species) virtually anywhere—for example, inside animal hosts [24]. In this work, we combined
a metagenomics approach with bacterial-community analyses to investigate the gut microbiota
of field-collected T. sordida. We asked whether and how the microbiota changes through bug
development, and, for a subset of bugs, determined and compared the segment-specific micro-
biotas of the anterior midgut, the posterior midgut, and the hindgut.

Material and methods
Bug collection

Triatomine bugs were manually captured from chicken coops of six dwellings in a rural area of
Posse (14°05°197S; 46°21°18”W), state of Goias, Brazil. Property owners provided oral
informed consent to have their chicken coops surveyed for triatomines. The region is within
the Cerrado biome and has a dry tropical climate with a dry season from May to September, a
rainy season from December to March, and two shorter, transitional seasons. Fieldwork took
place in three (five-day) trips in December 2013 (rainy season; 201mm total rainfall, 27.8°C
mean temperature), May 2014 (dry season; 107mm, 25.2°C), and November 2014 (transitional
season; 170mm; 26.9°C). The bugs were transported alive to the laboratory, where they were
morphologically identified based on Lent and Wygodzinsky’s keys [8].

Specimen selection and dissection

We randomly selected five apparently fully blood-engorged bugs of each development stage
(1*" to 5™ instar nymphs plus male and female adults) for dissection. Each stage-specific pool
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(pyrosequencing sample) included bugs caught in the dry (two bugs), rainy (two bugs), and
transitional (one bug) seasons. Prior to dissection, we sterilized each bug’s external cuticle by
immersion in 70% ethanol (2 min) followed by five rinses in phosphate-buffered saline (PBS)
[25]. Bugs were individually dissected on sterile glass slides with sterilized forceps and dispos-
able needles. After dissection, the guts of larger nymphs (4™ and 5" stage) and male and
female adults (five specimens each) were cut into three segments corresponding to the major
anatomic sections of the bugs’ digestive tract-the anterior midgut (AM), the posterior midgut
(PM) and the hindgut (H). Due to their small size, the guts of 1%, 2", and 3" stage nymphs
were left whole. For comparisons of whole guts among development stages, the three segments
of 4™-5"™ stage nymphs and adults were analyzed jointly (i.e., grouping the sequences of the
three libraries together). Although this grouping might introduce taxonomic biases and thus
brings limitations to the analyses, it allows for a more comprehensive view of bacterial-com-
munity changes along the entire development process. Comparisons involving whole guts
th_5% stage nymphs
and adults are presented as supporting information (S1 Table, S1 and S2 Appendices, all in S1
Text). Dissected material was isolated in 1.5 ml tubes, aseptically macerated in 300 pl of PBS
solution with 50% glycerol, and stored at —80°C until DNA extraction.

from 1%, 2™, and 3™ stages and each of the three intestinal segments from 4

Molecular detection of T. cruziin T. sordida samples

To identify the presence of T. cruzi in field-collected bugs, DNA was extracted from individual
triatomines with the Qiamp blood mini kit (Qiagen) to PCR- amplify the kinetoplast DNA of
T. cruzi as described by Cummings et al. [26]. The reaction mix was prepared using a Taqg PCR
Master Mix Kit (Qiagen; as recommended by the manufacturer), 10 pmol of each primer
(TCZ-F* 5°-GCTCTTGCCCACAMGGGTGC-3’ and TCZ-R 5-CCAAGCAGCGGATAGT
TCAGG-3’ [26], and 10ng of DNA in a final volume of 20 pl. Three ul of the PCR products
were run in a 2% agarose-TBE gel stained with ethidium bromide (10 ug/ml); samples yielding
a 182-bp band were considered positive for T. cruzi DNA. DNA extracted from two T. cruzi
strains (CL Brener and Y) was used as a positive control. The Y strain belongs to the major
lineage circulating in the study area, T. cruzi II, whereas CL Brener is a T. cruzi I/ T. cruzi Il
hybrid.

Metagenomic library construction and 454 pyrosequencing

The following assemblages were considered as individual samples for DNA library construc-
tion: the whole gut of 1% stage nymphs (11); the whole gut of 2™ stage nymphs (21); the whole
gut of 3" stage nymphs (31); the anterior midgut of 4™ stage nymphs (4AM); the posterior
midgut of 4™ stage nymphs (4PM); the hindgut of 4™ stage nymphs (4H); the anterior midgut
of 5™ stage nymphs (5AM); the posterior midgut of 5™ stage nymphs (5PM); the hindgut of 5
stage nymphs (5H); the anterior midgut of adult females (FAM); the posterior midgut of adult
females (FPM); the hindgut of adult females (FH); the anterior midgut of adult males (MAM);
the posterior midgut of adult males (MPM); and the hindgut of adult males (MH).

Sample codes are composed of a first character that identifies the bugs’ development stage
(4, 4™ stage nymphs; 5, 5 stage nymphs; F, adult female; M, adult male), followed by letters
that identify intestinal segments (AM, anterior midgut; PM, posterior midgut; H, hindgut)

We extracted DNA with the DNeasy Blood & Tissue Kit (Qiagen) according to the manu-
facturer’s instructions. The hypervariable regions (V3 to V5) of the bacterial 16S rRNA gene
were amplified with primers 357F (5-CCTACGGGAGGCAGCAG-3’) and 926R (5-CCGTC
AATTCMTTTRAGT-3’) containing 454 sequencing adapters and Multiplex Identifier (MID)
tags [27]. PCR was performed with High Fidelity Platinum Taq DNA Polymerase (Invitrogen),
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with initial denaturation at 95°C for 2 min and 30 cycles of denaturation at 95°C for 20 sec,
annealing at 50°C for 30 sec, and extension at 72°C for 5 min. Each 16S rRNA amplicon library
was constructed from five independent PCRs pooled in equimolar concentration. PCR prod-
ucts were purified with the Agencourt AMPure XP kit (Beckman Coulter). Pyrosequencing
was performed using a 454 Genome Sequencer Junior System (Roche).

Bacterial 16S rRNA assembly and taxonomic classification

We removed low-quality sequences shorter than 250 nucleotides or containing more than one
ambiguous base, as well as sequences of the 16S rRNA primers and MID tags, using the trim.seqs
script of Mothur v.1.30.2 [28]. The remaining sequences were aligned against the SILVA align-
ment database (http://www.mothur.org/w/images/9/98/Silva.bacteria.zip). We used Mothur pre.
cluster scripts denoise sequences, and the screen.seq, filter.seq, and chimera.slayer scripts to screen
for high-quality sequences. Then we used Mothur sub.sample scripts to (i) assemble three normal-
ized subsets of sequences from 4™-5™ nymphal stages and adults and (i) merging their respective
anterior midgut, posterior midgut and hindgut libraries. Operational taxonomic units (OTUs)
were determined using the cluster script with the nearest-neighbor algorithm and a 3% distance
level cutoff (see [28,29]). We classified bacteria based on each sequence’s best match in the SILVA
database. Sequences identified as DNA from mitochondria, Archaea, and Eukarya, as well as sin-
gletons, were removed from the bacterial community analysis.

Operational Taxonomic Unit (OTU)-based approach for bacterial
community analysis

We used Good’s coverage index (the number of OTUs sampled more than once divided by the
total number of OTUs), as implemented in Mothur, to estimate sequencing depths [25]. Rare-
faction curves were produced by plotting the number of unique sequence tags as a function of
the number of randomly sampled tags with the vegan package in the R computing environ-
ment [30,31].

We computed OTU richness as the number of observed OTUs; however, to ensure that our
richness estimate was reliable we used the bias-corrected Chaol estimator. We also computed
Shannon’s diversity index, which takes into account both the abundance and the evenness of
species in a community [32]. These indices were calculated with the Mothur software [28].

In this paper, we define T. sordida’s ‘bacterial core’ as the set of bacterial OTUs that are
present in all of the bug’s development stages—that is, the intersection of all development stage-
specific OTU sets.

Statistical comparison of T. sordida bacterial communities

Nonmetric multidimensional scaling (NMDS) represents the pairwise dissimilarity between
samples in a low-dimensional space [33]. We used the ‘ordinate’ function of the R Phyloseq
package [34] to simultaneously perform weighted UniFrac and a Principal Coordinates Analy-
sis (PCoA) using differences in OTU relative abundances within each sample. We conducted
exploratory analyses of similarities (ANOSIM), with Bonferroni-adjusted p-values, to assess
and compare the differences between the groups identified through PCoA [33].

Results
T. sordida collection and T. cruzi infection

We collected 304 T. sordida specimens; our KDNA PCR did not detect T. cruzi DNA in any of
the samples (see S2 Table in S1 Text, for details).
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Bacterial diversity of the T. sordida intestinal microbiota

Pyrosequencing of 15 T. sordida samples (i.e., 15 pools of five whole guts or five gut segments)
generated a total of 98,872 good-quality sequences (overall abundance > 1%; mean+SE 6591.5
+1072.1 sequences per sample). These sequences were taxonomically identified to the genus
level based on a 97% sequence similarity cutoff. Sequences were clustered into 52 bacterial
OTUs representing 49 genera in 38 families and four phyla. Rarefaction curves, supported by
Good’s coverage index, showed that sampling depth was sufficient (>0.93 mean+SE 0.959
+0.003) to accurately characterize T. sordida’s bacterial communities (53 Table and S3 Appen-
dix in S1 Text).

Bacterial diversity across T. sordida development stages

This subsection addresses the question, “does T. sordida’s gut bacterial community change
through bug development?” The Chaol index of OTU richness increased from 25.0+2.30 SE
OTUs in 1% stage nymphs to 50.0+2.10 SE OTUs in both 5™ stage nymphs and adult males.
Similarly, Shannon’s diversity index rose from 1.44+1.05 SE bits in 1*' stage nympbhs to 3.37
+1.20 SE bits in adult males (Table 1).

A representative sequence of each OTU present in each sample was used in a principal
coordinate analysis (PCoA) based on weighted UniFrac distances as well as in ANOSIM. Prin-
cipal Coordinate Analysis (PCoA) revealed a trend towards separation of 1¥'-3" stage nymphs
from older nymph stages and adults along Axis 2 (Fig 1). ANOSIM results confirmed OTU
divergence between adults and the first three nymphal stages; they suggested, in addition, that
the microbiota of 4™ stage nymphs differed from that of adult males but not from that of adult
females (Table 2).

Taxonomic classification of T. sordida’s gut microbiota revealed the steady presence of four
bacterial phyla (Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria) in all of the
bugs’ development stages. Actinobacteria was the predominant phylum (Fig 2A), particularly
in the first three nymph stages. The second most abundant bacterial phylum was Firmicutes,
which was present in very low numbers in 1* stage nymphs (0.34%) but increased sharply in
abundance in 2™ stage nymphs and remained high until adulthood. There was an apparent
increase of Firmicutes and Proteobacteria, at the expense of Actinobacteria, with bug develop-
ment (Fig 2A).

We found no signs of genus-level bacterial dominance or abrupt change in relative abun-
dance with bug development (Fig 2B). Twelve bacterial genera were common to all develop-
ment stages (Brevibacterium, Corynebacterium, Dietzia, Gordonia, Nitriliruptor, Nocardia,

Table 1. Bacterial richness and diversity in Triatoma sordida’s gut microbiota through bug development. Bacterial Operational Taxonomic Units (OTUs) were
defined based on a 97% 16S rRNA sequence identity cutoff.

Sample*
1I

21

31

41

51

FI

MI

23
41
36
51
50
51
51

N°. observed OTUs

Chaol richness estimator (mean+SE OTUs) Shannon’s diversity index (mean+SE bits)
25.0 £2.30 1.44 £1.05
42.2+1.20 2.77 £ 1.12
37.0+1.25 294 +1.10
49.0 + 1.50 3.18 £ 2.10
50.0 £ 2.10 335+ 1.25
48.0 + 3.00 3.26 £ 1.20
50.0 £ 2.10 3.37+1.20

*Samples: 11-31, whole intestine of 1** to 37 stage nymphs; 41 to MI, pooled results from separately processes samples from the anterior midgut, posterior midgut, and

hindgut of 4™ and 5" stage nymphs (41 and 51, respectively) and adult female and male bugs (FI and MI, respectively)

https://doi.org/10.1371/journal.pntd.0006709.t001
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Fig 1. Principal Coordinate Analysis (PCoA) of weighted UniFrac distances comparing Triatoma sordida’s gut bacterial
communities through development. Weighted UniFrac distance matrices were calculated for each sample using one
representative sequence for each OTU (3%) with Bonferroni correction. Axes represent the greatest proportion of variance in
the communities for each comparison. Samples: 11-31, whole intestine of 1% to 3" stage nymphs; 41 to ML, pooled results from
separately processes samples from the anterior midgut, posterior midgut, and hindgut of 4" and 5% stage nymphs (41 and 5I,
respectively) and adult female and male bugs (FI and MI, respectively).

https://doi.org/10.1371/journal.pntd.0006709.g001

Nocardiopsis, Rhodococcus, Pseudomonas, Sphingobium, Staphylococcus, and Williamsia), with
no obvious differences in abundance. No single development stage had unique bacterium gen-
era (Fig 2B). The most abundant genera in the 1" and 2" stages were Williamsia (22.37% and
17.69%, respectively) and Rhodococcus (16.85% and 14.91%, respectively) (Fig 2B). Dietzia and
Enterococcus were the most abundant genera in 3" stage nymphs (12.98% and 12.16%, respec-
tively). Clostridioides, Enterococcus, Kocuria, and Serratia were present from the 3™ stage
onwards (Fig 2B). Species of Bacillus, Streptococcus, and Lactobacillus appeared in 4™ stage
nymphs and remained until adulthood (Fig 2B).

Bacterial diversity in T. sordida intestinal segments I: Variation across
segments

This subsection addresses the question, “does T. sordida’s gut microbiota composition differ
across the three intestinal segments for each development stage?” Estimates of bacterial OTU
richness and diversity in each intestinal segment and are shown in Table 3. Overall, we found
no clear differences in bacterial OTU diversity across intestinal segments in the development
stages we studied (Table 3).

Bacterial communities present in the intestinal segments were also compared using PCoA
based on pairwise weighted UniFrac distances and ANOSIM. PCoA-based comparisons
revealed differences in the intestinal segment-specific gut microbiota of each development
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Table 2. Analysis of similarity (ANOSIM) of Triatoma sordida gut bacterial communities through development: p values. Statistically significant differences
(p < 0.008 after Bonferroni correction) are shown in bold.

Samples* 11 21 31 41 51 FI MI

11 - 0.0682 0.0173 0.0233 0.0471 0.0001 0.0001
21 - 0.0122 0.0111 0.0411 0.0001 0.0007
31 - 0.8622 0.0233 0.0006 0.0003
41 - 0.0623 0.1314 0.0007
51 - 0.0097 0.5204
FI - 0.6422
MI -

*Samples: 11-31, whole intestine of 1°* to 3" stage nymphs; 41 to MI, pooled results from separately processed samples from the anterior midgut, posterior midgut, and

hindgut of 4™ and 5™ stage nymphs (41 and 5I, respectively) and adult female and male bugs (FI and MI, respectively)

https://doi.org/10.1371/journal.pntd.0006709.t002
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Fig 2. Relative abundance of gut bacterial phyla (A) and genera (B) through Triatoma sordida development. Samples: 11-31, whole intestine of 1% to 3™
stage nymphs; 41 to ML, pooled results from separately processes samples from the anterior midgut, posterior midgut, and hindgut of 4™ and 5" stage nymphs

(41 and 5I, respectively) and adult female and male bugs (FI and MI, respectively).

https://doi.org/10.1371/journal.pntd.0006709.g002
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Table 3. Bacterial taxon richness and diversity in Triatoma sordida gut. Operational Taxonomic Units (OTUs) were defined based on a 97% 16S rRNA sequence iden-

tity cutoff.

Sample* No. observed OTUs Chaol richness estimator (mean+SE OTUs) Shannon’s diversity index (mean+SE bits)
4AM 36 32.5+0.70 2.89 £ 0.75
4PM 44 442 £0.35 3.20£0.25
4H 33 28.5 £ 1.06 2.81 +£0.80
5AM 44 41.7 £ 1.06 3.11+1.10
5PM 38 38.5+0.70 2.93 £ 0.90
5H 42 41.5+0.70 2.92 +0.90
FAM 43 41.0+1.41 2.85+0.38
FPM 41 41.5+0.70 2.82+0.72
FH 44 43.5+0.70 2.91 +£0.90
MAM 48 46.0 £ 1.41 3.17 £1.20
MPM 42 39.0 £+ 1.41 2.90 £ 0.90
MH 43 41.5+0.70 295+ 1.25

* Sample codes are composed of a first character that identifies the bugs’ development stage (4, 4™ stage nymphs; 5, 5 stage nymphs; F, adult female; M, adult male),

followed by letters that identify intestinal segments (AM, anterior midgut; PM, posterior midgut; H, hindgut)

https://doi.org/10.1371/journal.pntd.0006709.t003

stage (4™ and 5" stages nymphs and adults) (Fig 3; S4 and S5 Appendices and S5 Table, all in
S1 Text). ANOSIM results suggested that (i) all three intestinal segments of 4™ stage nymphs
have distinct microbiotas; (i) in 5™ stage nymphs, the hindgut microbiota is different from

that in the other two segments; and (iii) in adults, the posterior midgut microbiota may be

slightly different from that in the other two segments (Table 4).

0.1
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0.0
1
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@ :Am
B s5am
A FAM
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@ 4PM
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A\ FH
< MH

Fig 3. Principal Coordinate Analysis (PCoA) of weighted UniFrac distances comparing Triatoma sordida’s gut
bacterial communities across intestinal segments. Sample codes are composed of a first character that identifies the
bugs’ development stage (4, 4™ stage nymphs; 5, 5" stage nymphs; F, adult female; M, adult male), followed by letters

that identify intestinal segments (AM, anterior midgut; PM, posterior midgut; H, hindgut).

https://doi.org/10.1371/journal.pntd.0006709.g003
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Table 4. Analysis of similarity (ANOSIM) of Triatoma sordida gut bacterial communities across intestinal segments: p values. Statistically significant differences
(p < 0.01 after Bonferroni correction) are shown in bold; those involving biologically meaningful comparisons are italicized (i.e. between same stage segments and between
same segments through development.

Sample* 4AM 4PM 4H 5AM 5PM 5H FAM FPM FH MAM MPM MH
4AM - 0.0001 0.0052 0.0826 0.0008 0.0051 0.0155 0.0015 0.0023 0.0457 0.0013 0.0001
4PM - 0.0008 0.3495 0.2010 0.0012 0.0001 0.0729 0.2733 0.0826 0.0802 0.0022
4H - 0.0094 0.0280 0.0495 0.0070 0.2395 0.0010 0.0085 0.0999 0.0981
5AM - 0.0290 0.0039 0.0222 0.0052 0.0090 0.0012 0.0119 0.0099
5PM - 0.0013 0.0224 0.0829 0.0042 0.0822 0.0830 0.5115
5H - 0.0053 0.0334 0.0110 0.1000 0.2113 0.0612
FAM - 0.0015 0.0110 0.0015 0.0010 0.1002
FPM - 0.0083 0.0322 0.0210 0.0011
FH - 0.0112 0.3924 0.1001
MAM - 0.0100 0.1021
MPM - 0.0010
MH -

* Sample codes are composed of a first character that identifies the bugs’ development stage (4, 4™ stage nymphs; 5, 5 stage nymphs; F, adult female; M, adult male),
followed by letters that identify intestinal segments (AM, anterior midgut; PM, posterior midgut; H, hindgut)

https://doi.org/10.1371/journal.pntd.0006709.1004

We found a consistent increase in abundance of Firmicutes, at the expense of Actinobac-
teria, from anterior midgut to hindgut in all development stages (Fig 4A). This was also the
case when samples were clustered together by intestinal segment (S6A Appendix in SI Text).

The relative abundance of some bacterial genera tended to change across intestinal seg-
ments (Fig 4B). For example, Enterococcus was rare in the anterior midgut (4AM 0.71%; 5AM
1.69%; FAM 0.41%; and MAM 1.49%) but became more common in the posterior midgut
(4PM 6.85%; 5PM 4.31%; FPM 7.70%; and MPM 5.48%) and, except for 4™ stage nymphs, in
the hindgut (4H 4.58%; 5H 12.87%; FH 10.36%; and MH 10.37%) (Fig 4B). Kocuria is another
example-it was nearly absent from the anterior and posterior midguts of 4™ (0.04% and
0.25%, respectively) and 5™ stage nymphs (0.07% and 0.39%, respectively), but rose to 4.38%
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Fig 4. Relative abundance of gut bacterial phyla (A) and genera (B) across Triatoma sordida intestinal segments.
Sample codes are composed of a first character that identifies the bugs’ development stage (4, 4™ stage nymphs; 5, 5™
stage nymphs; F, adult female; M, adult male), followed by letters that identify intestinal segments (AM, anterior
midgut; PM, posterior midgut; H, hindgut).

https://doi.org/10.1371/journal.pntd.0006709.9004
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and 2.13% in the hindguts (Fig 4B). Kocuria was likewise nearly absent from the adult bugs’
anterior midgut (females 0.01%, males 0.02%), but its abundance was much higher, particu-
larly in females, in the posterior midgut (4.47% and 2.48%) and the hindgut (4.40% and
2.08%) (Fig 4B).

To further investigate these differences in the microbiota of the three intestinal segments,
we pooled the sequences from each stage-specific sample by intestinal segment (S4 and S5
Tables and S4 Appendix, all in S1 Text). PCoA analysis of these intestinal segment-specific
sequence pools confirmed the distinctness of the three intestinal segments, and ANOSIM sug-
gested that the hindgut was significantly different from the two other segments (S5 Table and
S4 Appendix in S1 Text).

Bacterial diversity in T. sordida intestinal segments II: Variation through
development

This subsection addresses the question, “does T. sordida’s gut microbiota composition in each
intestinal segment change with development (i.e. from one stage to the next)?” Estimates of
bacterial OTU richness and diversity in each intestinal segment through development are
shown in Table 3. PCoA and ANOSIM revealed some indication of within-segment homoge-
neity (Fig 3). The only differences suggested by ANOSIM were (i) between the anterior midgut
microbiota of males and that of 5 stage nymphs and females; and (ii) between the hindguts of
4™ stage nymphs and females (Table 4).

We found no differences in bacterial phylum composition in the anterior midgut across
development stages. The posterior midgut microbiota was similar in phylum composition
both in 4™ stage nymphs and females and in 5 stage nymphs and males. A decrease in the
abundance of Actinobacteria was observed in the hindgut of 4™ to 5™ stage nymphs and adults
(Fig 4B).

We identified only small differences in bacterial dominance or abundance when we com-
pared intestinal segment-specific microbiotas through development. Thus, in the posterior
midgut, Gordonia decreased in abundance from the 4™ nymphal stage (18.68%) to females
(4.15%); Nitriliruptor, on the other hand, increased in abundance from the 5™ nymphal stage
(1.74%) to adults (4.07% for females and 8.27% for males). In the hindgut, Dietzia decreased in
abundance from the 4™ nymphal stage (12.4%) to males (1.14%), and Williamsia also decreases
in abundance from the 4™ nymphal stage (11.18%) to the 5 stage (1.79%) and adults (2.7%)
(Fig 4B).

The bugs’ anterior midguts had a higher abundance of Williamsia, Rhodococcus, Lactobacil-
lus, and Nocardia (16.41%, 11.81%, 10.78%, and 4.52%, respectively). Bacillus (17.10%) was the
most abundant genus in posterior midgut samples, followed by Williamsia and Gordonia
(15.13% and 10.86%). Bacillus was also dominant in hindgut samples (13.65%), followed by
Gordonia and Enterococcus (12.75% and 9.34%, respectively) (Fig 4B, S6B Appendix in S1
Text). Some bacterial genera, although present in all intestinal segments, seemed to favor one
specific segment (e.g. Enterococcus, Clostridioides and Dermacoccus are more abundant in the
hindgut), whereas other genera were absent from certain segments (e.g. Bacillus from the ante-
rior midgut; Corynebacterium and Serratia from the posterior midgut, and Rhodococcus from
hindgut samples) (Fig 4B, S6B Appendix in S1 Text).

Discussion

The three most salient findings of this study are the observations that: (1) the bacterial commu-
nity of T. sordida’s intestinal tract undergoes important compositional changes during bug
development, with particularly prominent differences between young nymphs (1%-3™ stages)
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and adults; (2) within three development stages tested (4™ and 5™ stage nymphs plus male and
female adults), the three major gut segments contain distinct microbiotas and, hence, cannot
be regarded as a single homogeneous environment; and (3) the microbiota of each gut segment
does not undergo substantial changes from 4™ stage nymphs to adults.

Bacteria found inside insects’ guts may develop many kinds of relations with their hosts,
ranging from lethal pathogenesis to obligate mutualism. Some are even unable to stably colo-
nize the gut and are just transient residents quickly eliminated through defecation. In general,
gut-colonizing bacteria need to multiply in the gut at a rate that equals or exceeds their rate of
elimination [35]. Those that live in stable, close association with the digestive tract of their
insect hosts are usually involved in key processes such as resistance against pathogens [36],
nutrient supplementation [37,38], digestion [39], or detoxification [40]. In the absence of their
gut microbiotas, the mosquito vectors Aedes aegypti and Anopheles gambiae cannot develop
normally [41]. The absence of the symbiotic bacterium Rhodococcus rhodnii in R. prolixus’ gut
may result in delayed larval development, defective blood digestion and excretion, underdevel-
opment of the tracheal system, and, more generally, higher bug mortality [37]. Experimental
removal of gut bacteria impairs Anopheles gambiae’s immune system and hence affects the
interactions between the mosquito and mosquito-borne pathogens of the genus Plasmodium
[42]. Similarly, symbiotic bacteria of the genus Wigglesworthia are key to the normal function-
ing of the immune system in the tsetse fly, Glossina morsitans [43]. Given the important role it
plays in insect physiology and, crucially, given its potential for modulating the interactions
between disease vectors and the pathogens they transmit, the insect gut microbiota holds
much promise for the development of novel vector-borne disease control strategies [22,44].

The gut microbiota of triatomine bugs has been studied using isolation of cultivable bacteria,
denaturing gradient gel electrophoresis, and 16S rRNA gene fragments-both by conventional
PCR and by next-generation sequencing [45-48]. Although informative, most of these studies
relied on laboratory-reared bugs; the extent to which their results may apply to natural popula-
tions therefore remains unclear. Our study, in which only field-caught bugs were used, was
designed to overcome this common drawback. In addition, we sampled bugs in the dry, rainy,
and transitional seasons, thus covering the likely seasonal variation of bacterial communities [49].

All our 304 field-caught T. sordida tested negative for T. cruzi KDNA. This agrees with pre-
vious reports suggesting that T. cruzi infections can be rare in peridomestic T. sordida popula-
tions (which, as in our case, are often associated with avian hosts that are refractory to T. cruzi
infection) [50]. Most importantly, infection with T. cruzi can affect the bugs’ gut microbiota
[47]; its absence discounts one major complicating factor and thus allows for a more straight-
forward interpretation of our results.

Bacterial diversity of the T. sordida gut microbiota

We identified 52 bacterial OTUs in the 15 T. sordida samples we analyzed. This observed OTU
richness is higher than reported for field-caught T. pseudomaculata (23 OTUs) or T. brasilien-
sis (35 OTUs) [46]. The numbers of OTUs found in the guts of these Triatoma species are,
however, much smaller than those reported for other insects-e.g., 300 OTUs in the Asian long-
horn beetle Anoplophora glabripennis [51] or 417 OTUs in the tiger mosquito Aedes albopictus
[52]. This suggests that the digestive tract microbiota of triatomines may encompass much
fewer phylotypes than the gut microbiotas of other insects. T. sordida gut-associated OTUs
belonged in four main phyla: Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes.
Species of 12 genera were present in all development stages and both sexes, and can therefore
be collectively regarded as T. sordida’s gut ‘bacterial core set’: Brevibacterium, Corynebacte-
rium, Dietzia, Gordonia, Nitriliruptor, Nocardia, Nocardiopsis, Rhodococcus, Williamsia
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(Actinobacteria), Pseudomonas, Sphingobium (Proteobacteria), and Staphylococcus (Firmi-
cutes). Given their persistence across all development stages, one should expect that at least
some species of these 12 genera play important roles in T. sordida physiology, so that bugs car-
rying them in their guts have improved chances of survival and reproduction.

Actinobacteria species of the genus Rhodococcus play important roles in the life cycle of tria-
tomine bugs, providing their hosts with essential B-complex vitamins [37]. Dietzia, Gordonia,
and Williamsia species, among others, produce secondary metabolites with antibacterial and
antifungal properties and that contribute to gut microbiota homeostasis [53,54].

Proteobacteria can modulate the interaction between insect vectors and the pathogens they
transmit. Thus, Pseudomonas putida decreases Plasmodium falciparum levels in Anopheles
gambiae mosquitoes [23], and Pseudomonas fluorescens causes T. cruzilysis in vitro [55]. It is
possible that some of the Pseudomonas species present in all T. sordida development stages and
intestinal segments confer some degree of refractoriness to infection by T. cruzi.

Bacterial diversity across T. sordida development stages

The number of phylotypes in the gut bacterial community of T. sordida increased through bug
development, with clear differences in richness between the first nymph stages and later stages
(Table 1). We however found no differences in Shannon’s diversity index values among the
bugs’ development stages (Table 1).

PCoA analyses revealed a tendency for separation of the first three nymph-stage sequences
from those of the later stages (Fig 1), and ANOSIM suggested significant differences in gut bacte-
rial composition between the first three stages and adults, and between 4™ stage nymphs and
males. These observations strongly suggest that the composition of T. sordida gut bacterial com-
munity changes through bug development. Gut bacterial communities also change through devel-
opment in other insect groups, such as mosquitoes (e.g., [41]). Mosquitoes, however, undergo
complete metamorphosis, with larvae developing in aquatic environments and only adult females
feeding on vertebrate blood. In T. sordida, as in all Hemiptera, metamorphosis is incomplete and
morphology, behavior, habitats, and habits including blood-feeding are all similar through devel-
opment-yet the bugs’ gut microbiota still changes from early to late development stages. We note,
in addition, that such changes were observed in bugs caught in chicken coops and, hence, most
likely fed on chickens. These observations might indicate that environmental factors including
bloodmeal sources have relatively little effect on the bugs’ gut bacterial communities, which may
instead be to some degree directly linked to development-through, e.g., maturation of the
immune system or selection of particular bacterial species that increase host fitness.

Bacteria of four phyla were present in all development stages: Actinobacteria (the most
abundant), Bacteroidetes, Firmicutes, and Proteobacteria (Fig 2A). The abundance of Actino-
bacteria decreased, whereas Firmicutes and Proteobacteria species became more abundant,
through the bugs’ development. These results are consistent with findings of Actinobacteria as
the main phylum in field-caught T. brasiliensis, T. pseudomaculata, and R. pallescens; Proteo-
bacteria species, however, predominated in peridomestic T. maculata [46,48]. Recent studies
spanning a more comprehensive taxonomic sample of insects reported a clear dominance of
Proteobacteria (60%) and Firmicutes (20%) among 218 and 62 insect species, respectively
[56,57]. Proteobacteria species also seem to predominate in mosquitoes [52]. Proteobacteria
are commonly found in the gut communities of a wide range of animals, including humans
and insects, and are involved in vitamin biosynthesis [54], protection against pathogens [17],
and degradation of plant compounds [58]. Proteobacteria species also increased in abundance
with the reduction of Actinobacteria species, except for 4™ stage nymphs. No single develop-
mental stage presented unique genera.
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Although nearly absent from the guts of 1°' stage nymphs, Firmicutes rose sharply from the 2™
stage onwards; overall, this was the second most abundant bacterial phylum in our samples. It is
worth noting that some genera, such as Streptococcus and Bacillus, were absent from the first three
stages of development, but appeared and became abundant from the 4™ stage on; Lactobacillus
species also appeared only on 4™ stage nymphs and remained until adulthood (Fig 2B).

No overall differences were detected between males and females, but we found some evi-
dence of intestinal segment-specific sex differences (see below).

Bacterial diversity in T. sordida intestinal segments I: Variation across
segments

Our results suggest that the digestive tract of T. sordida should not be regarded as a single
homogeneous environment. Pairwise comparisons of the three intestinal segments of 4™ and
5™ stage nymphs and adults show at least two significant differences in bacterial community
OTU richness per stage (Table 4). One such difference is between the anterior midgut of males
and females (note that no differentiation was detected when pooling the segment-specific
data). This indicates that unless intestinal segments are analyzed individually, some differences
might go undetected.

We observed no differences in OTU diversity among intestinal segments. OTU relative
abundance, however, varied significantly among intestinal segments. We found an increase of
Firmicutes abundance at the expense of Actinobacteria along the T. sordida intestinal tract.
This was also the case when samples were clustered together by intestinal segment. Certain
genera appeared to be better represented in specific segments; for example, Enterococcus, Clos-
tridioides and Dermacoccus were more abundant in the hindgut. On the other hand, some gen-
era were absent from certain segments; for example, Bacillus was absent from the anterior
midgut, Corynebacterium and Serratia were absent from the posterior midgut, and Rhodococ-
cus was absent from hindgut samples (Fig 4B, S6B Appendix in S1 Text). Enterococcus bacteria
produce cytolysin, a lytic molecule with activity against diverse prokaryotic and eukaryotic
cells such as Gram-positive bacteria, erythrocytes, leucocytes, and epithelial cells [59]. Serratia
marcescens also secretes cytolysin [60] and is capable of inhibiting T. cruzi development inside
the triatomine gut by attaching itself to the parasite surface [21]. The presence of Serratia sp. in
the anterior midgut of T. sordida can contribute to the observed reduction of T. cruzi numbers
in this compartment in the first days of infection [59,60]. Conversely, the absence of Serratia
sp. in the posterior midgut may facilitate the replication and establishment of T. cruzi in the
bugs’ gut, although the presence of Enterococcus may inhibit parasite differentiation in the
hindgut.

Bacterial diversity in T. sordida intestinal segments II: Variation through
development

When each intestinal segment is compared across development stages, there is an indication of
within-segment homogeneity in OTU richness. Only minor differences were observed between
the anterior midgut of males and 5" stage nymphs and females, and hindguts of 4™ stage
nymphs and females. No single segment had a notably higher richness among the stages we ana-
lyzed. We found no differences in bacterial phylum composition in the anterior midgut across
development stages (Fig 4A). In the posterior midgut, phylum composition was very similar in
4™ stage nymphs and females, as well as in 5™ stage nymphs and males (Fig 4A). The abundance
of hindgut Actinobacteria decreased from 4™ to 5 stage nymphs to adults (Fig 4A).

These differences in bacterial composition along the three major anatomical segments of T.
sordida’s gut may be explained by the specific function of each segment during blood meal
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digestion. The anterior midgut of triatomines has a neutral-basic pH near 7.2 and functions as
areservoir of the ingested blood, which remains essentially undigested [61]. Only water elimi-
nation, erythrocyte lysis [59], and inhibition of blood clotting by anticoagulants [62] take
place. The anterior midgut harbors several symbiotic bacteria [37], which (especially actino-
mycetes) may reach densities of up to 10° colony-forming units per insect after a blood meal
[63]. Actinobacteria species are also predominant in T. sordida’s anterior midgut (Fig 4A).
This dense bacterial population may result from high nutrient contents; in addition, triato-
mines decrease reactive oxygen species (ROS) levels immediately after blood meal ingestion by
reducing the production of mitochondrial superoxide [64]. In contrast, the proliferation of
bacteria in the anterior midgut activates the bug’s immune response, as evidenced by the high
antibacterial activity seen in this segment when compared to the posterior midgut in R. pro-
lixus [65]. This immune activation, coupled with the presence of Serratia sp. (mentioned
above), can be important for the reduction of trypomastigote populations observed in this seg-
ment [62,63]. On the other hand, the presence of T. cruzi also decreases bacterial abundance in
the anterior midgut of R. prolixus in the first days of infection [18]. The parasite can induce a
Kazal-type protease inhibitor during the first hours of infection, which allows microbiota
modulation and thus its successful maintenance in the host [66].

The posterior midgut is where complete blood digestion and nutrient absorption takes
place, with participation of cathepsin L, carboxypeptidases, and aminopeptidases [67]. Symbi-
ont population density is strongly reduced in this intestinal segment after a blood meal [63].
This suggests that proteases involved in blood digestion may also participate in microbiota
control. In R. prolixus, digestion seems to have unequal lytic effects on different T. cruzi strains
[68].

The hindgut receives and stocks blood remains until defecation. We observed a tendency of
increasing abundance of Firmicutes species in the hindgut and in the posterior midgut com-
pared with the anterior midgut in all development stages (with the exception of adult males).
Firmicutes bacteria also produce antimicrobial molecules such as polyketides and lipopeptides
[69].

The balance between ROS production, immune activation, microbiota proliferation and
bacterial profile changes along the digestive tract must be critical for proper establishment
(replication and differentiation) of the T. cruzi parasite in the bug, with obvious consequences
in terms of triatomine vectorial competence.

Early studies on triatomine endosymbionts described R. rhodnii (Actinobacteria) as respon-
sible for providing nutrients (e.g. vitamins) that enable the successful growth of R. prolixus
[37,70]. Several genes for the biosynthesis of natural products have been identified in the
genome of R. rhodnii such as polyketide and fatty acid synthases, nonribosomal peptide
synthases, phytoene, carotenoid and vitamin B synthases [71]. The genome of the Actinobac-
teria Wigglesworthia, a tsetse fly obligate symbiont, has genes related to the biosynthesis of
chorismic and folic acids and phenylalanine [72], which may affect host physiology and vector
competence to trypanosomes [73]. The Actinobacteria also produce a wide variety of second-
ary metabolites and antimicrobial compounds (antibacterial and antifungal) that may protect
hosts against pathogens [53]. This might explain why Actinobacteria are dominant in the T.
sordida’s anterior midgut.

Conclusions

We have described the gut microbiota of field-collected T. sordida through all the bugs’ devel-
opment stages and across the three major intestinal segments. Species in 12 genera were con-
sistently found in all development stages and can be regarded as T. sordida’s ‘bacterial core set’.
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Some of these bacteria species, if proven cultivable, and non-pathogenic for humans or domes-
tic animals, could be tested further for genetic tractability, stability after insertion, and fitness
compared with wild type populations. They would hence become good candidates to be used
in novel control strategies that make use of the vectors’ own microbiota to reduce pathogen
transmission. For example, some bacteria can naturally control parasite loads through superac-
tivation of the insect immune system, secretion of anti-pathogenic molecules, or by physically
inhibiting their development inside the vector [23]. A second strategy is paratransgenesis,
whereby specific bacteria are genetically transformed so that they secrete pathogen-killing
molecules inside the vector [74,75] or synthesize double-stranded RNA molecules that inter-
tere with the vectors’ development, survival, or reproduction [20]. The development of insecti-
cide resistance has brought to our attention the immediate need we have to diversify our tools
to control vectors and vector-borne diseases.

Supporting information

S1 Text. All supporting information.
(PDF)

Acknowledgments

Many thanks to Dr. Fernando Abad-Franch whose comments and suggestions greatly
improved a final version of the manuscript. 454 sequencing was conducted at the Oswaldo
Cruz Institute high-throughput sequencing facility.

Author Contributions

Conceptualization: Ana C. Bahia, Fernando A. Monteiro.

Data curation: Juliano C. Cury.

Formal analysis: Joana L. Oliveira, Juliano C. Cury, Ana C. Bahia, Fernando A. Monteiro.
Funding acquisition: Ana C. Bahia, Fernando A. Monteiro.

Investigation: Joana L. Oliveira, Ana C. Bahia, Fernando A. Monteiro.

Methodology: Joana L. Oliveira, Rodrigo Gurgel-Gongalves, Ana C. Bahia, Fernando A.
Monteiro.

Resources: Rodrigo Gurgel-Gongalves, Ana C. Bahia.
Supervision: Ana C. Bahia, Fernando A. Monteiro.

Writing - original draft: Joana L. Oliveira, Juliano C. Cury, Ana C. Bahia, Fernando A.
Monteiro.

Writing - review & editing: Ana C. Bahia, Fernando A. Monteiro.

References

1. World Health Organization. WHO Technical Report of the TDR Disease Reference Group on Chagas
disease, Human African Trypanosomiasis and Leishmaniasis; 2012.

2. Schofield C J. Triatominae: biology & control. 1sted. Bognor Regis: Eurocommunica Publications;
1994.

3. Garcia ES, Azambuja P. Development and interactions of Trypanosoma cruziwithin the insect vector.
Parasitol Today. 1991; 7: 240—4. PMID: 15463507

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006709  August 23, 2018 16/20


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006709.s001
http://www.ncbi.nlm.nih.gov/pubmed/15463507
https://doi.org/10.1371/journal.pntd.0006709

@ PLOS | RSHEAE Biseases

The natural gut microbiota of Triatoma sordida

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Tyler KM, Engman DM. The life cycle of Trypanosoma cruzirevisited. Int J Parasitol. 2001; 31: 472-81.
PMID: 11334932

Gurgel-Gongalves R, Komp E, Campbell LP, Khalighifar A, Mellenbruch J, Mendonga VJ, et al. Auto-
mated identification of insect vectors of Chagas disease in Brazil and Mexico: the Virtual Vector Lab.
Peerd. 2017; 5:3040. https://doi.org/10.7717/peer|.3040 PMID: 28439451

Coura JR. The main sceneries of Chagas disease transmission. The vectors, blood and oral transmis-
sions-a comprehensive review. Mem Inst Oswaldo Cruz. 2015; 110: 277-282. https://doi.org/10.1590/
0074-0276140362 PMID: 25466622

Dias JCP, Ramos AN, Gontijo ED, Luquetti A, Shikanai-Yasuda MA, Coura JR, et al. 2nd Brazilian Con-
sensus on Chagas disease, 2015. Rev Soc Bras Med Trop. 2016; 49: 3-60.

Lent H, Wygodzinsky P. Revision of the Triatominae (Hemiptera, Reduviidae), and their significance as
vectors of Chagas disease. Bull Am museum Nat Hist. 1979; 163: 123-520.

Gurgel-Gongalves R, Galvao C, Costa J, Peterson AT. Geographic distribution of Chagas disease vec-
tors in Brazil based on ecological niche modeling. Journal of Tropical Medicine. 2012; 2012: 705326.
https://doi.org/10.1155/2012/705326 PMID: 22523500

Monteiro FA, Jurberg J, Lazoski C. Very low levels of genetic variation in natural peridomestic popula-
tions of the Chagas disease vector Triatoma sordida (Hemiptera: Reduviidae) in southeastern Brazil.
Am J Trop Med Hyg. 2009; 81: 223-7. PMID: 19635874

Justi SA, Russo CAM, Mallet dos S JR, Obara MT, Galvao C. Molecular phylogeny of Triatomini (Hemi-
ptera: Reduviidae: Triatominae). Parasit Vectors. 2014; 7: 149. https://doi.org/10.1186/1756-3305-7-
149 PMID: 24685273

Panzera F, Pita S, Nattero J, Panzera Y, Galvao C, Chavez T, et al. Cryptic speciation in the Triatoma
sordida subcomplex (Hemiptera, Reduviidae) revealed by chromosomal markers. Parasit Vectors.
2015; 8: 495. https://doi.org/10.1186/s13071-015-1109-6 PMID: 26419232

Grtler RE, Cecere MC, Canale DM, Castafiera MB, Chuit R, Cohen JE. Monitoring house reinfestation
by vectors of Chagas disease: A comparative trial of detection methods during a four-year follow-up.
Acta Trop. 1999; 72: 213-34. PMID: 10206120

Abad-Franch F, Diotaiuti L, Gurgel-Gongalves R, Gurtler RE. Certifying the interruption of Chagas dis-
ease transmission by native vectors: Cui bono? Mem Inst Oswaldo Cruz. 2013; 108: 251—4. https://doi.
org/10.1590/0074-0276108022013022 PMID: 23579810

Azambuja P, Feder D, Garcia ES. Isolation of Serratia marcescens in the midgut of Rhodnius prolixus:
impact on the establishment of the parasite Trypanosoma cruziin the vector. Exp Parasitol. 2004; 107:
89-96. https://doi.org/10.1016/j.exppara.2004.04.007 PMID: 15208042

Castro DP, Seabra SH, Garcia ES, de Souza W, Azambuja P. Trypanosoma cruzi. ultrastructural stud-
ies of adhesion, lysis and biofilm formation by Serratia marcescens. Exp Parasitol. 2007; 117: 201-7.
https://doi.org/10.1016/j.exppara.2007.04.014 PMID: 17570364

Garcia ES, Castro DP, Figueiredo MB, Azambuja P. Immune homeostasis to microorganisms in the
guts of triatomines (Reduviidae)—A Review. Mem Inst Oswaldo Cruz. 2010; 105: 605—10. PMID:
20835604

Castro DP, Moraes CS, Gonzalez MS, Ratcliffe NA, Azambuja P, Garcia ES. Trypanosoma cruzi
immune response modulation decreases microbiota in Rhodnius prolixus gut and is crucial for parasite
survival and development. PLoS One. 2012; 7: e36591. https://doi.org/10.1371/journal.pone.0036591
PMID: 22574189

Durvasula RV, Gumbs A, Panackal A, Kruglov O, Aksoy S, Merrifield RB, FF, Beard CB. Prevention of
insect-borne disease: an approach using transgenic symbiotic bacteria. Proc Natl Acad Sci U S A.
1997; 94: 3274-8. PMID: 9096383

Taracena ML, Oliveira PL, Aimendares O, Umafia C, Lowenberger C, Dotson EM, et al. Genetically
modifying the insect gut microbiota to control Chagas disease vectors through systemic RNAi. PLoS
Negl Trop Dis. 2015;12: 9(2):e0003358. https://doi.org/10.1371/journal.pntd.0003358 PMID: 25675102

Jones RT, Knight R, Martin AP. Bacterial communities of disease vectors sampled across time, space,
and species. Nature. 2009; 4: 223-31.

Cirimotich CM, Ramirez JL, Dimopoulos G. Minireview Native Microbiota Shape Insect Vector Compe-
tence for Human Pathogens Minireview. Cell Host Microbe. 2011; 10: 307-10. https://doi.org/10.1016/].
chom.2011.09.006 PMID: 22018231

Bahia AC, Dong Y, Blumberg BJ, Mlambo G, Tripathi A, Chandra R, et al. Exploring Anopheles gut bac-
teria for Plasmodium blocking activity. Env Microbiol. 2014; 16: 2980-94.

Clarridge JE 3rd. Impact of 16S rRNA gene sequence analysis for identification of bacteria on clinical
microbiology and infectious diseases. Clin Microbiol Rev. 2004; 17: 840-62. https://doi.org/10.1128/
CMR.17.4.840-862.2004 PMID: 15489351

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006709  August 23, 2018 17/20


http://www.ncbi.nlm.nih.gov/pubmed/11334932
https://doi.org/10.7717/peerj.3040
http://www.ncbi.nlm.nih.gov/pubmed/28439451
https://doi.org/10.1590/0074-0276140362
https://doi.org/10.1590/0074-0276140362
http://www.ncbi.nlm.nih.gov/pubmed/25466622
https://doi.org/10.1155/2012/705326
http://www.ncbi.nlm.nih.gov/pubmed/22523500
http://www.ncbi.nlm.nih.gov/pubmed/19635874
https://doi.org/10.1186/1756-3305-7-149
https://doi.org/10.1186/1756-3305-7-149
http://www.ncbi.nlm.nih.gov/pubmed/24685273
https://doi.org/10.1186/s13071-015-1109-6
http://www.ncbi.nlm.nih.gov/pubmed/26419232
http://www.ncbi.nlm.nih.gov/pubmed/10206120
https://doi.org/10.1590/0074-0276108022013022
https://doi.org/10.1590/0074-0276108022013022
http://www.ncbi.nlm.nih.gov/pubmed/23579810
https://doi.org/10.1016/j.exppara.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15208042
https://doi.org/10.1016/j.exppara.2007.04.014
http://www.ncbi.nlm.nih.gov/pubmed/17570364
http://www.ncbi.nlm.nih.gov/pubmed/20835604
https://doi.org/10.1371/journal.pone.0036591
http://www.ncbi.nlm.nih.gov/pubmed/22574189
http://www.ncbi.nlm.nih.gov/pubmed/9096383
https://doi.org/10.1371/journal.pntd.0003358
http://www.ncbi.nlm.nih.gov/pubmed/25675102
https://doi.org/10.1016/j.chom.2011.09.006
https://doi.org/10.1016/j.chom.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22018231
https://doi.org/10.1128/CMR.17.4.840-862.2004
https://doi.org/10.1128/CMR.17.4.840-862.2004
http://www.ncbi.nlm.nih.gov/pubmed/15489351
https://doi.org/10.1371/journal.pntd.0006709

@ PLOS | RSHEAE Biseases

The natural gut microbiota of Triatoma sordida

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

Andrews ES. Analyzing Arthropods for the Presence of Bacteria. Current Protocols in Microbiology;
2003. Chapter 1. Unit1E.6. https://doi.org/10.1002/9780471729259.mc01e06s28 PMID: 23408130

Cummings KL, Tarleton RL. Rapid quantitation of Trypanosoma cruziin host tissue by real-time PCR.
Mol Biochem Parasitol. 2003; 129: 53—-9. PMID: 12798506

The Humam Microbiome Project Consortium. Structure, function and diversity of the healthy human
microbiome. Nature. 2012;13; 486: 207—-14. https://doi.org/10.1038/nature11234 PMID: 22699609

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. App Environ Microbiology. 2009; 75: 7537-7541.

Nam Y, Jung M, Roh SW, Kim M, Bae J. Comparative analysis of Korean human gut microbiota by bar-
coded pyrosequencing. 2011; 6(7): €22109. https://doi.org/10.1371/journal.pone.0022109 PMID: 21829445

Dixon P VEGAN, a package of R functions for community ecology. Journal of Vegetation Science,
2003; 14: 927-930.

Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al. Orchestrating high-
throughput genomic analysis with Bioconductor. Nat Methodol. 2015; 12: 115-21.

Legendre P, Bocard D, Peres-Neto PR. Analysing beta diversity: partitioning the spatial variation of
community composition data. Ecol Monogr. 2005; 75: 435-50.

Clarke KR. Non-parametric multivariate analyses of changes in community structure. Aust J Ecol. 1993;
18: 117-43.

Mcmurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS One. 2013; 8(4): e61217. https://doi.org/10.1371/journal.pone.0061217
PMID: 23630581

Dillon RJ, Dillon VM. The gut bacteria of insects: nonpathogenic interactions. Annu Rev Entomol. 2004;
49: 71-92. https://doi.org/10.1146/annurev.ento.49.061802.123416 PMID: 14651457

Ramirez JL, Short SM, Bahia AC, Saraiva RG, Dong Y, Kang S, et al. Chromobacterium Csp_P
reduces malaria and dengue infection in vector mosquitoes and has entomopathogenic and in vitro anti-
pathogen activities. PLoS Pathog. 2015; 10(10): e1004398.

Eichler S, Schaub GA. Development of symbionts in triatomine bugs and the effects of infections with
trypanosomatids. Exp Parasitol. 2002; 100: 17-27. hitps://doi.org/10.1006/expr.2001.4653 PMID:
11971650

Ohbayashi T, Takeshita K, Kitagawa W, Nikoh N, Koga R, Meng X. Insect’s intestinal organ for symbi-
ont sorting. Proc Natl Acad Sci U S A. 2015; 112: 5179-88.

Warnecke F, Luginbiihl P, lvanova N, Ghassemian M, Richardson TH, Stege JT, et al. Metagenomic
and functional analysis of hindgut microbiota of a wood-feeding higher termite. Nature. 2007;22; 450:
560-5. https://doi.org/10.1038/nature06269 PMID: 18033299

Kikuchi Y, Hayatsu M, Hosokawa T, Nagayama A, Tago K, Fukatsu T. Symbiont-mediated insecticide
resistance. Proc Natl Acad Sci U S A. 2012; 29; 109: 8618-22. https://doi.org/10.1073/pnas.
1200231109 PMID: 22529384

Coon KL, Vogel KJ, Brown MR, Strand MR. Mosquitoes rely on their gut microbiota for development.
Molecular Ecology. 2014; 23: 2727-2739. https://doi.org/10.1111/mec.12771 PMID: 24766707

Rodrigues J, Brayner FA, Alves LC, Dixit R, Barillas-Mury C. Hemocyte Differentiation Mediates Innate
Immune Memory in Anopheles gambiae Mosquitoes. Science. 2010; 329(5997): 1353—-1355. https://
doi.org/10.1126/science.1190689 PMID: 20829487

Weiss BL, Maltz M, Aksoy S. Obligate symbionts activate immune system development in the tsetse fly.
J Immunol. 2012; 188(7): 3395—403. https://doi.org/10.4049/jimmunol.1103691 PMID: 22368278

Beard CB, Cordon-Rosales C, Durvasula RV. Bacterial symbionts of the Triatominae and their potential
use in control of Chagas disease transmission. Annu Rev Entomol. 2002; 47: 123—41. https://doi.org/
10.1146/annurev.ento.47.091201.145144 PMID: 11729071

da Mota FF, Marinho LP, Moreira JC, Lima MM, Mello CB, Garcia ES, et al. Cultivation-independent
methods reveal differences among bacterial gut microbiota in triatomine vectors of Chagas disease.
PLoS Negl Trop Dis. 2012; 6(5): €1631. https://doi.org/10.1371/journal.pntd.0001631 PMID: 22563511

Gumiel M, Faria F, Rizzo VDS, Sarquis O, Castro DP De, Lima MM, et al. Characterization of the micro-
biota in the guts of Triatoma brasiliensis and Triatoma pseudomaculata infected by Trypanosoma cruzi
in natural conditions using culture independent methods. Parasit Vectors. 2015; 8: 1-17. https://doi.org/
10.1186/s13071-014-0608-1

Diaz S, Villavicencio B, Correia N, Costa J, Haag KL. Triatomine bugs, their microbiota and Trypano-
soma cruzi: asymmetric responses of bacteria to an infected blood meal. Parasit Vectors. 2016; 9: 636.
https://doi.org/10.1186/s13071-016-1926-2 PMID: 27938415

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006709  August 23, 2018 18/20


https://doi.org/10.1002/9780471729259.mc01e06s28
http://www.ncbi.nlm.nih.gov/pubmed/23408130
http://www.ncbi.nlm.nih.gov/pubmed/12798506
https://doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
https://doi.org/10.1371/journal.pone.0022109
http://www.ncbi.nlm.nih.gov/pubmed/21829445
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1146/annurev.ento.49.061802.123416
http://www.ncbi.nlm.nih.gov/pubmed/14651457
https://doi.org/10.1006/expr.2001.4653
http://www.ncbi.nlm.nih.gov/pubmed/11971650
https://doi.org/10.1038/nature06269
http://www.ncbi.nlm.nih.gov/pubmed/18033299
https://doi.org/10.1073/pnas.1200231109
https://doi.org/10.1073/pnas.1200231109
http://www.ncbi.nlm.nih.gov/pubmed/22529384
https://doi.org/10.1111/mec.12771
http://www.ncbi.nlm.nih.gov/pubmed/24766707
https://doi.org/10.1126/science.1190689
https://doi.org/10.1126/science.1190689
http://www.ncbi.nlm.nih.gov/pubmed/20829487
https://doi.org/10.4049/jimmunol.1103691
http://www.ncbi.nlm.nih.gov/pubmed/22368278
https://doi.org/10.1146/annurev.ento.47.091201.145144
https://doi.org/10.1146/annurev.ento.47.091201.145144
http://www.ncbi.nlm.nih.gov/pubmed/11729071
https://doi.org/10.1371/journal.pntd.0001631
http://www.ncbi.nlm.nih.gov/pubmed/22563511
https://doi.org/10.1186/s13071-014-0608-1
https://doi.org/10.1186/s13071-014-0608-1
https://doi.org/10.1186/s13071-016-1926-2
http://www.ncbi.nlm.nih.gov/pubmed/27938415
https://doi.org/10.1371/journal.pntd.0006709

@ PLOS | RSHEAE Biseases

The natural gut microbiota of Triatoma sordida

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

Montoya-Porras LM, Omar TC, Juan FA, Moreno Herrera XC, Cadavid-Restrepo GE. 16S rRNA gene
amplicon sequencing reveals dominance of Actinobacteria in Rhodnius pallescens compared to Tria-
toma maculata midgut microbiota in natural populations of vector insects from Colombia. Acta Trop.
2017;15; 178: 327-332. https://doi.org/10.1016/j.actatropica.2017.11.004 PMID: 29154947

Duguma D, Hall MW, Smartt CT, Neufeld JD. Temporal variations of microbiota associated with the
immature stages of two Florida Culex mosquito vectors. Microbial Ecology. 2017; 74: 979-989. https://
doi.org/10.1007/s00248-017-0988-9 PMID: 28492989

Oliveira AWS, Silva IG. Distribuicdo geografica e indicadores entomoldgicos de triatomineos sinantropi-
cos capturados no estado de Goids. Rev Soc Bras Med Trop. 2007; 40: 204—208.

Scully ED, Geib SM, Carlson JE, Tien M, McKenna D, Hoover K. Functional genomics and microbiome
profiling of the Asian longhorned beetle (Anoplophora glabripennis) reveal insights into the digestive
physiology and nutritional ecology of wood feeding beetles. BMC Genomics. 2014; 15: 1096. https://doi.
org/10.1186/1471-2164-15-1096 PMID: 25495900

Minard G, Mavingui P, Moro CV. Diversity and function of bacterial microbiota in the mosquito holobiont.
Parasit Vectors. 2013;20; 6:146. https://doi.org/10.1186/1756-3305-6-146 PMID: 23688194

Kaltenpoth M. Actinobacteria as mutualists: general healthcare for insects? Trends Microbiol. 2009; 17:
529-35. https://doi.org/10.1016/j.tim.2009.09.006 PMID: 19853457

Fiorez LV, Biedermann PHW, Engl T, Kaltenpoth M. NPR. Defensive symbioses of animals with pro-
karyotic and eukaryotic microorganisms. Nat Prod Rep. 2015; 32: 904—36. https://doi.org/10.1039/
¢5np00010f PMID: 25891201

Mercado TI, Colon-Whitt A. Lysis of Trypanosoma cruziby Pseudomonas fluorescens. Antimicrob.
Agents Chemother. 1982; 22: 1051-1057. PMID: 6818898

Yun J, Roh W, Whon W, Jung M, Kim M, Park D, et al. Insect Gut Bacterial Diversity Determined by
Environmental Habitat, Diet, Developmental Stage, and Phylogeny of Host. Appl Environ Microbiol.
2014; 80: 5254—64. https://doi.org/10.1128/AEM.01226-14 PMID: 24928884

Colman DR, Toolson EC, Takacs-Vesbach CD. Do diet and taxonomy influence insect gut bacterial
communities? Mol Ecol. 2012; 21: 5124-5137. https://doi.org/10.1111/j.1365-294X.2012.05752.x
PMID: 22978555

Hansen A. K. and Moran N. A. The impact of microbial symbionts on host plant utilization by herbivorous
insects. Mol Ecol. 2014; 23: 1473—1496. https://doi.org/10.1111/mec.12421 PMID: 23952067

Cox CR, Coburn PS, Gilmore MS. Enterococcal cytolysin: a novel two component peptide system that
serves as a bacterial defense against eukaryotic and prokaryotic cells. Curr. Protein Pept. Sci. 2005; 6
(1): 77-84. PMID: 15638770

Hertle R. Serratiatype pore forming toxins. Curr Protein Pept Sci. 2000; 1(1): 75-89. PMID: 12369921

Dias F de A, Guerra B, Vieira LR, Perdomo HD, Gandara AC, Amaral RJ, Volli RE, Gomes SA, Lara
FA, Sorgine MH, Medei E, de Oliveira PL, Salmon D. Monitoring of the Parasite Load in the Digestive
Tract of Rhodhnius prolixus by Combined gPCR Analysis and Imaging Techniques Provides New
Insights into the Trypanosome Life Cycle. PLoS Negl Trop Dis. 2015; 9(10): €0004186. https://doi.org/
10.1371/journal.pntd.0004186 PMID: 26496442

Ferreira RC, Kessler RL, Lorenzo MG, Paim RM, Ferreira Lde L, Probst CM, Alves-Silva J, Guarneri
AA. Colonization of Rhodnius prolixus gut by Trypanosoma cruziinvolves an extensive parasite killing.
Parasitology. 2016; 143(4): 434—43. https://doi.org/10.1017/S0031182015001857 PMID: 26818093

Balczun C, Pausch J, Schaub G. Blood digestion in triatomines—a review. Mitteilungen der Deutschen
Gesellschaft fur Allgemeine und Angewandte Entomologie. 2012; 18: 331-334.

Gandara AC, Oliveira JH, Nunes RD, Goncalves RL, Dias FA, Hecht F, Fernandes DC, Genta FA, Laur-
indo FR, Oliveira MF, Oliveira PL. Amino acids trigger down regulation of superoxide via TORC pathway
in the midgut of Rhodnius prolixus. Biosci Rep. 2016; 36(2): €00321. https://doi.org/10.1042/
BSR20160061 PMID: 26945025

Vieira CS, Waniek PJ, Mattos DP, Castro DP, Mello CB, Ratcliffe NA, et al. Humoral responses in Rhod-
nius prolixus: bacterial feeding induces differential patterns of antibacterial activity and enhances
mRNA levels of antimicrobial peptides in the midgut. Parasit Vectors. 2014;20; 7: 232. https://doi.org/
10.1186/1756-3305-7-232 PMID: 24885969

Soares TS, Buarque DS, Queiroz BR, Gomes CM, Braz GR, Araujo RN, Pereira MH, Guarneri AA,
Tanaka AS. A Kazal-type inhibitor is modulated by Trypanosoma cruzito control microbiotainside the
anterior midgut of Rhodnius prolixus. Biochimie. 2015; 112: 41-8. https://doi.org/10.1016/j.biochi.2015.
02.014 PMID: 25731714

Terra WR, Ferreira C, Garcia ES. Origin, distribution, properties and functions of the major Rhodnius
prolixus midgut hydrolases. Insect Biochemistry 1988; 18: 423—434.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006709  August 23, 2018 19/20


https://doi.org/10.1016/j.actatropica.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29154947
https://doi.org/10.1007/s00248-017-0988-9
https://doi.org/10.1007/s00248-017-0988-9
http://www.ncbi.nlm.nih.gov/pubmed/28492989
https://doi.org/10.1186/1471-2164-15-1096
https://doi.org/10.1186/1471-2164-15-1096
http://www.ncbi.nlm.nih.gov/pubmed/25495900
https://doi.org/10.1186/1756-3305-6-146
http://www.ncbi.nlm.nih.gov/pubmed/23688194
https://doi.org/10.1016/j.tim.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19853457
https://doi.org/10.1039/c5np00010f
https://doi.org/10.1039/c5np00010f
http://www.ncbi.nlm.nih.gov/pubmed/25891201
http://www.ncbi.nlm.nih.gov/pubmed/6818898
https://doi.org/10.1128/AEM.01226-14
http://www.ncbi.nlm.nih.gov/pubmed/24928884
https://doi.org/10.1111/j.1365-294X.2012.05752.x
http://www.ncbi.nlm.nih.gov/pubmed/22978555
https://doi.org/10.1111/mec.12421
http://www.ncbi.nlm.nih.gov/pubmed/23952067
http://www.ncbi.nlm.nih.gov/pubmed/15638770
http://www.ncbi.nlm.nih.gov/pubmed/12369921
https://doi.org/10.1371/journal.pntd.0004186
https://doi.org/10.1371/journal.pntd.0004186
http://www.ncbi.nlm.nih.gov/pubmed/26496442
https://doi.org/10.1017/S0031182015001857
http://www.ncbi.nlm.nih.gov/pubmed/26818093
https://doi.org/10.1042/BSR20160061
https://doi.org/10.1042/BSR20160061
http://www.ncbi.nlm.nih.gov/pubmed/26945025
https://doi.org/10.1186/1756-3305-7-232
https://doi.org/10.1186/1756-3305-7-232
http://www.ncbi.nlm.nih.gov/pubmed/24885969
https://doi.org/10.1016/j.biochi.2015.02.014
https://doi.org/10.1016/j.biochi.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25731714
https://doi.org/10.1371/journal.pntd.0006709

@ PLOS | RSHEAE Biseases

The natural gut microbiota of Triatoma sordida

68.

69.

70.

71.

72.

73.

74.

75.

Azambuija P, Garcia ES, Ratcliffe NA. Gut microbiota and parasite transmission by insect vectors.
Trends Parasitol. 2005; 21: 568—72. https://doi.org/10.1016/j.pt.2005.09.011 PMID: 16226491

Aleti G, Sessitsch A, Brader G. Genome mining: Prediction of lipopeptides and polyketides from Bacillus
and related Firmicutes. CSBJ. 2015; 13: 192—203. https://doi.org/10.1016/j.csbj.2015.03.003 PMID:
25893081

Baines BYS. The role of symbiotic bacteria in the nutrition of Rhodnius prolixus (Hemiptera). Exp Biol.
1956; 33: 533-541.

Pachebat JA, van Keulen G, Whitten MM, Girdwood S, Del Sol R, Dyson PJ et al. Draft genome
sequence of Rhodococcus rhodnii strain LMG5362, a symbiont of Rhodnius prolixus (Hemiptera, Redu-
viidae, Triatominae), the principle vector of Trypanosoma cruzi. Genome Announc. 2013;20; 1(3).pii:
e€00329-13.

Akman L, Yamashita A, Watanabe H, Oshima K, Shiba T, Hattori M et al. Genome sequence of the
endocellular obligate symbiont of tsetse flies, Wigglesworthia glossinidia. Nat Genet. 2002; 32: 402—
407. https://doi.org/10.1038/ng986 PMID: 12219091

Rio RVM, Symula RE, Wang J, Lohs C, Wu Y, Snyder AK, et al. Insight into the transmission biology
and species-specific functional capabilities of tsetse (Diptera: Glossinidae) obligate symbiont Wiggle-
sworthia. MBio. 2012;14: 3(1): e00240-11. https://doi.org/10.1128/mBio0.00240-11 PMID: 22334516

Araujo CA, Waniek PJ, Stock P, Mayer C, Jansen AM, Schaub GA. Sequence characterization and
expression patterns of defensin and lysozyme encoding genes from the gut of the reduviid bug Triatoma
brasiliensis. Biochem Mol Biol. 2006; 36: 547—-60.

Durvasula RV, Ranjini KS, Philipp K, lvy H, Crawford CV, Dotson E et al. Genetic transformation of a
Corynebacterial symbiont from the Chagas disease vector Triatoma infestans. Exp Parasitol. 2009;
119: 94-8.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006709  August 23, 2018 20/20


https://doi.org/10.1016/j.pt.2005.09.011
http://www.ncbi.nlm.nih.gov/pubmed/16226491
https://doi.org/10.1016/j.csbj.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25893081
https://doi.org/10.1038/ng986
http://www.ncbi.nlm.nih.gov/pubmed/12219091
https://doi.org/10.1128/mBio.00240-11
http://www.ncbi.nlm.nih.gov/pubmed/22334516
https://doi.org/10.1371/journal.pntd.0006709

