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Abstract

The symbiotic microbial consortium in the gut of Spodoptera littoralis shows dramatic,
but reproducible changes in line with the development of the insect from the egg via
six larval instars to the pupa. Since the food is kept constant during development, fac-
tors from the insect host and certain microbial symbionts are assumed to control the
composition of the microbiome. A GFP-tagged Enterococcus mundtii, one of the major
players of the consortium, easily integrates into the microbiome and can be moni-
tored in all gut segments at all developmental stages. The reporter organism can be
recovered from the gut using a preparative flow cytometry allowing subsequent RNA
extraction for transcriptomic analyses. The transcriptomic profile from the fluorescent
Enterococcus cells provides information on the adaptation of the reporter organism
to the local gut conditions. The concept of using a fluorescent reporter organism that
can be recovered at any time from any area of the intestinal tract will allow a holistic
analysis of adaptation strategies used by the microbes to adapt to the insect gut. In
combination with the analysis of transcript patterns from the gut membranes, a first
insight into the molecular interaction between the insect host and the microbiome can
be expected.

Keywords: Enterococcus mundtii, Spodoptera littoralis, gut microbiome, transcriptomics,
flow cytometry

1. Introduction

The development of a gut in multicellular organisms is an evolutionary achievement of the
highest order. The gut allows the host to exploit the metabolic and catabolic abilities of a mul-
titude of microbial inhabitants to degrade and digest recalcitrant and complex organic matter.
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The symbionts may also be involved in the detoxification of poisonous metabolites in food
[1, 2]. The membranes of the intestinum carefully separate the bacterial symbionts from the
host organism and prevent infection by invasive and deleterious members of the microbiome.
Accordingly, the gut membrane is a complex structure that allows the exchange of nutri-
ents with both high- and low-molecular weight (signaling) compounds and, on the other,
blocks the entry of microbes and many of their macromolecular components [3]. The flux of
nutrients and even more complex metabolites across the membrane is controlled by transport
proteins expressed in the gut membrane [4, 5]. The microbiome also defends against parasites
or pathogens [6-8]. The diverse functions provided by the microbial partners are vital for the
insect’s survival, especially in adverse ecological niches.

Although almost all organisms rely on core microbiomes [9], in many cases the gut com-
munity changes according to the insect’s developmental stage. In early instars of Spodoptera
littoralis, several Enterococcus spp. dominate, whereas in late instars, Clostridia contribute
significantly (ca. 50%) to the microbial population [10]. A core community, consisting of
Enterococci, Lactobacilli and Clostridia was revealed in the insect larvae. These bacteria were
always present in the digestive tract at a relatively high frequency; although developmen-
tal stage and diet have a great impact on shaping bacterial communities, clearly the insect
gut selects for particular bacterial phylotypes. Enterococci are also prominent in the gut of
insects such as Drosophila, ground beetles and desert locusts [11, 12]. The strong dependence
of the gut community on the developmental stage of the insect host suggests that unknown
low- and high-molecular weight factors control symbiotic interactions among the partners.
For example, in Drosophila melanogaster, the immune system not only plays a central role in
preventing pathogen infection, but also controls the resident bacterial population. The intesti-
nal homeobox gene Caudal regulates the resident gut microbial community by repressing the
antimicrobial peptide genes that are dependent on the nuclear factor kappa B. Silencing the
Caudal gene by RNAI resulted in the overexpression of antimicrobial peptides, which in turn
reduced the microbial population in the gut [13].

To monitor such developmentally controlled changes in the microbiome of S. littoralis, a flu-
orescent member of the gut symbionts—in particular, the dominant Enterococcus mundtii—
appeared to be an ideal reporting organism. A GFP-labeled E. mundtii [14] would easily
integrate into the gut community and survive adverse conditions embedded in the commu-
nity of enterococci, bacteria which are largely resistant to environmental stresses, such as
antibiotic exposure, disinfection, desiccation and starvation [15]. As the transgenic E. mundtii
are fluorescent, their presence can be monitored in all gut areas of the larvae and at develop-
mental stages such as the pupa and the adult. Moreover, the reporter organisms can be easily
recovered from the gut and used for transcriptomic analyses. By comparing transcriptomes
from adjacent gut tissue and from the microbes, a “dialog” between the insect host and the
symbiotic bacteria could be unraveled. This concept is generally applicable and can be used to
holistically analyze host microbial interactions. The protocol of the approach based on the use
of a fluorescent reporter organism—for example, using GFP-tagged E. mundtii—is described
in this chapter.
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2. Fluorescent reporters and their applications for in vivo imaging in
microbiomes

The green fluorescent protein (GFP) isolated from the jellyfish, Aequorea victoria, is widely
used as a reporter for studying gene expression [16], and the localization and structure of
living cells [17]. The GFP has a major excitation peak at about 395 nm and an emission peak
at about 508 nm. The GFP contains 238 amino acids with a molecular weight of 26.9 kDa. It
emits green fluorescence when exposed to light in the blue to ultraviolet range [18]. The GFP
requires only oxygen as a cofactor for chromophore formation, which gives it an advantage
over other reporter proteins [19]. It is sensitive and non-toxic, and does not affect cell growth
[20, 21]. In addition, the GFP is stable at temperatures below 65°C and pH 6-11 [22]. Since the
GFP was discovered, many mutants have been developed with modification in spectral and
folding properties, or enhanced fluorescence intensity [23-26]. The choice of a GFP variant
depends on several factors, such as pH, environmental temperature, toxicity, multimerization
and photostability [26]. The first ¢fp gene was cloned in 1992 [27], and 2 years later, the gene
was successfully expressed in both eukaryotes and prokaryotes [20]. Apart from GFP, many
variants of red fluorescent proteins, such as mCherry and tdTomato have been developed
based on DsRed originally isolated from Discosoma sp. [28]. Since then, over 40 coral fluores-
cent proteins with different colors, from cyan to chromo-red, have been described [29].

The reporter proteins provide important tools with which to monitor gene expression from
within the cells in real time and in the in vivo environment, such as the gastrointestinal tract.
For a gene to be selected as a reporter, it must be able to easily detect signals secreted by the
expressed reporter gene in the cells [30]. The [ux gene derived from bacteria, and luciferase
from the firefly and click beetle (luc), are two other common reporter genes used in biolumi-
nescence imaging. Fluorescence imaging is commonly associated with the use of green and
red fluorescence proteins [31, 32]. Rats and mice are popular model organisms which study
the proliferation and colonization of lactic acid bacteria (LAB) [33, 34]. LAB has been tagged
with green fluorescent protein (GFP) and mCherry to study their colonization of the intestinal
tract of chickens, mice and zebrafish [35-39].

2.1. Construction of a GFP fluorescent system for E. mundtii

LAB is widely used as probiotics due to the benefits they bring to human and animal health
by balancing the gut microbiome and by eliminating pathogenic microorganisms through the
production of antimicrobial peptides [40, 41]. Due to the importance of LAB in many appli-
cations, it is essential to study how they survive and colonize by monitoring their metabolic
activities in vivo through the development of fluorescent reporter microorganisms. It is impor-
tant that the reporter gene in the fluorescent bacteria is stably expressed [42].

Plasmids are present in most of the members of LAB, including Enterococcus, Lactobacillus,
Lactococcus, Bifidobacterium, Streptococcus, Pediococcus, Leuconostoc, etc. Plasmids found in LAB
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vary in size (0.87 kb to more than 250 kb), copy number (1 or more per cell) and gene content
[43—46].

Enterococci harbor plasmids that are resistant to a wide range of antibiotics, including eryth-
romycin, tetracycline, gentamicin and vancomycin [47-50]. Some of these plasmids encode
bacteriocins [51-53], virulence factors [54, 55], toxins [56] and sex pheromones [57]. Plasmids
replicate via rolling circle replication (RCR) and theta replication [58]. Theta-replicating
plasmids can carry large DNA fragments and are more stable than RCR plasmids [59]. The
enterococci plasmid pAM[f31 replicates via theta mode. In the early 1990s, shuttle vectors in
the pTRK family of high and low copy number carrying the origin of replication of pAMp1
for LAB and p15A for E. coli were developed [60]. The plasmids carrying the replicon pAMf31
isolated from Enterococcus faecalis [61] have been reported to replicate in Gram-positive
bacteria [62].

The choice of a reliable expression vector depends on several factors, such as the mode
of replication, copy number and stability [63]. The expression vector used in this study is
derived from pTRKHS3 plasmid with a broad host range. pTRKH3 is a shuttle vector for
E. coli, Enterococcus, Lactococcus, Streptococcus and Lactobacillus [60]. The vector has a copy
number (30-40) in E. coli, and a somewhat higher copy number (45-85) in Lactococcus and
Streptococcus species [64]. It carries a gene for erythromycin resistance, which is expressed
in E. coli and LAB. In this chapter, we report the expression of mutated gfp (mgfp5) on a
pTRKH3 plasmid controlled by a strong constitutive promoter, erythromycin ribosomal
methylase (ermB) [61], in E. mundtii (Figure 1A). The lactate dehydrogenase (Idh) promoter
from Lactobacillus acidophilus [65] has also been used to control the expression of GFP. In
contrast, the use of a surface-layer (slp) promoter from L. acidophilus [66] was not able to
induce the expression of GFP [14]. Accordingly, the selection of an appropriate promoter
to achieve a high level of GFP expression is crucial. Nisin-inducible promoters have been
used for heterologous gene expression in lactobacilli [67, 68]. Nisin that can be degraded
within the intestinal environment is a drawback of this inducible expression system [69, 70].
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Figure 1. Construction of GFP-tagged E. mundtii by electroporation. (A) Plasmid map of pTRKH3 harboring the mgfp5
gene regulated by an erythromycin ribosomal methylase (ermB) promoter. The plasmid is an E. coli-LAB shuttle vector
with p15A and pAMJ1 as the origins of replication. (B) The ermB promoter was used to increase the expression of GFP
from E. mundtii grown in Todd-Hewitt Bouillon (THB) broth culture. Scale bar: 10 pum [14].
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Therefore, the use of constitutive or native-based promoters would be favorable, as these
promoters could ensure the constant production of the target protein, especially in the gut
environment. Several studies using homologous promoters have been reported to achieve
efficient gene expression [71, 72], as the transcriptional signal induced by native promoters
is recognized by the host bacteria. Bacteria with the gfp gene cloned downstream of a native
constitutive promoter express GFP efficiently in broth culture (Figure 1B).

2.2. Transformation of E. mundtii KD251 using electroporation

Several methods have been used to introduce exogenous DNA into microbial cells; these
include chemical treatment, electroporation, the use of a biolistic gun, ultrasound, polyethyl-
ene glycol, microwave and hydrogel [73]. Of all the methods, electroporation most efficiently
transforms a broad array of microorganisms [74] by introducing foreign DNA-like plasmid
into bacteria. Electroporation is one of the transformation techniques for rapid introduction
of foreign DN A-like plasmid into bacteria. The method uses an electric pulse that forms pores
on the bacterial cell walls so that DNA can pass into the cell. In recent years, numerous lactic
acid bacteria have been transformed using electroporation [75]. The success rate of electro-
transformation depends on the cell wall becoming sufficiently permeable to allow DNA to
enter. In some cases, to improve a cell’s electro-transformation efficiency, the cell wall is pre-
treated with chemicals such as lysozyme [76, 77], threonine [78, 79], penicillin G [80], ethanol
[81] and glycine [82, 83]. These weaken the cell walls only for certain bacteria species. It has
been shown that the efficiency of electro-transformation of Lactococcus lactis was affected by
several parameters, such as the cell’s growth phase and density, the medium, the plasmid
concentration and the strength of the electrical field [84].

The choice of method in the preparation of the competent cells is important for a success-
ful transformation. Although competent E. coli cells have reportedly been prepared with
ice-cold calcium chloride [85], the transformation achieved with this method is less suc-
cessful than that achieved using the electroporation method [86]. The electrocompetent
cells, the equipment and the washing buffers all have to be prepared at cold temperatures
[87, 88].

In this chapter, we report the use of a conventional method to transform E. mundtii based on
the modified protocol of Escherichia coli [89]. The electrocompetent cells and electroporation
protocol for E. mundtii have been published [14]. Briefly, the bacterial cells were grown to
the exponential phase and then washed with ice-cold water for two rounds to remove salts
from the growth medium. Glycerol at a final concentration of 10% was added to the bacterial
suspension so that the cells could be preserved and stored frozen. A concentration of plas-
mids between 0.15 and 0.2 pug worked fine for us. The competent cells were mixed with the
plasmid DNA and then transferred to a 0.2 cm plastic cuvette for electroporation at a pulse of
1.8 kV, 600 Q) parallel resistance and 10 uF capacitance. The pulsed cells were recovered with
fresh broth medium, and the cell suspension was incubated at 37°C for 2 hours before plating
on plates containing antibiotic erythromycin. After 2 days, the bacterial transformants were
screened for the plasmid-containing gfp gene.
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2.3. Colonization of GFP-tagged bacterium in the gut of S. littoralis

The fluorescent reporter E. mundtii has been integrated into the gut microbiome across all
developmental stages of S. littoralis [14], indicating its symbiotic relationship with the insect
host. Microorganisms have the ability to face environmental stresses, particularly those
within the gastrointestinal environment. Constructing the fluorescent reporter E. mundtii,
we explored the mechanisms these bacteria use to adapt to stress; we recovered the reporter
bacteria from the gut of S. littoralis using the state-of-the-art technology of flow cytometry.
The dominance and persistence of E. mundtii in the gut motivates us to look deeper into
their gene expression system. Therefore, it is important to unravel the mechanisms used by
microorganisms living within the gastrointestinal environment. Construction of the fluo-
rescent reporter E. mundtii is one of the strategies to find out those mechanisms, since it has
been possible to recover the reporter bacteria from the gut of the very same insects using
the state-of-the-art technology of flow cytometry. Fluorescence-activated cell sorting (FACS)
enabled us to pick out the GFP-tagged reporter E. mundtii from a mixture of insect and other
bacterial cells.

3. Fluorescence-activated cell sorting

Flow cytometry separates cells based on their intrinsic physical and chemical characteristics,
integrating electronics, fluidics and optics. The sample, from which the cells of interest are to
be sorted, is passed through a flow cell. The sheath fluid escorts the cells down the channel,
where they encounter a laser beam. Light beams of specific frequencies and wavelength are
emitted. Detectors measure the forward scatter (FSC) and the side scatter (SSC) based on cell
size and granularity. FSC and SSC are unique for every particle. A combination of the two can
differentiate among cell types within a cohort of cells. This way, the qualitative and quantita-
tive data of a particular kind of cell can be assessed.

Fluorescence-activated cell sorting is an application of flow cytometry. The cells of inter-
est are fluorescently tagged and sorted by the machine. Here the GFP-tagged fluorescent
E. mundtii is isolated from a mixture containing insect gut homogenate with other bacteria.
The solution is delivered to the flow channel and carried by the sheath fluid. The pressure
from the compressor, which is adjustable, forces the solution through a laser beam using
hydrodynamic focusing. Then monochromatic beams of high intensity interrogate cells one
at a time. Depending on the excitation wavelength of the fluorophore, the laser wavelength
is chosen. The scatters are then recorded. The forward scatter (FSC), which refers to light
that is refracted by the cell and continues in the same direction, tells us about the size of the
cell. In contrast, the side scatter (SSC), which refers to light that is refracted by the cells and
travels at right angles to the excitation axis, tells us about the fluorescence and granularity
of the cells. The more granular a cell, the more scattered light it produces. Furthermore, each
cell enclosed in a droplet is assigned a charge, depending on the extent of the cell’s deflec-
tion [90]. After passing through an electrical field, the cells are deflected to the collection
tubes and the uncharged droplets are directed to the waste. The detector system consists of



The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

a set of photo multiplier tubes that have specific filters to select for certain wavelengths of
the beam and are set at the excitation range to view GFP.

Once the larvae are fed with the fluorescent E. mundtii, the number of larvae that survive can
be determined and eventually recovered for further studies. The E. mundtii cells are sorted
and their transcriptomes can be studied. This technology has made it possible to focus on a
single cell or cells of interest, to study their function or their physiological state.

4. RNA extraction

The GFP-tagged E. mundtii are sorted by the flow cytometer and collected in a RN A-protective
reagent (RN Alater®). The role of such reagents is twofold: first, they preserve the integrity of
RNA, which has a very short half-life, for a few minutes. We need the RNA to be intact and
of good quality in order to process it for sequencing. Second, addition of protective reagents
minimizes subsequent changes from being introduced when the cells are handled. As soon as
the cells are collected in a Falcon tube filled with the protective reagent (RNA Protect or RNA
Later), the reagent percolates into the cells and prevents an alteration in the gene expression
[91]. Additionally, the entire process is maintained at 4°C, as all metabolic activities slow
down at low temperatures. The Falcon tube is centrifuged at a high speed to pellet down the
cells, and care is taken not to disturb it while draining the supernatant.

RNA is very sensitive to exogenous and endogenous RNases. The entire extraction procedure
is done in an area free of RNase. Moreover, RNase inhibitors are used to clean all equipment,
ranging from gloves to microcentrifuge tubes to get rid of RNase. E. mundtii is a Gram-positive
bacterium with a cell wall containing a thick layer of peptidoglycan and lipoteichoic acid,
followed by a single lipid membrane. The cell wall is anchored to the membrane by diacylg-
lycerols. To release the nucleic acid from the cell, it has to be detached from its peptidoglycan-
containing cell wall and membrane. Lysozyme is a glycoside hydrolase that hydrolyzes the
1,4-beta linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues of the
peptidoglycan. Additionally, guanidium thiocyanate, beta-mercaptoethanol and a detergent
called dithiothreitol help in cell lysis and deproteinization. Proteinase K frees the RNA from
the bound proteins and endogenous RNase.

Following lysis, the RNA is separated by density gradient centrifugation using phenol, chlo-
roform and isoamyl alcohol, and further precipitation with ethanol. The RNeasy® Mini Kit
(Qiagen) based on silica-matrix RNA extraction was used in our work. Several studies have
reported on extraction of high quality bacterial RNA using this kit [92-94]. Thus, RNA is
obtained from the cells of the sorted E. mundtii [95].

The extraction of total RNA from the low number of bacterial cells that remain after sorting by
the flow cytometer is challenging. The concentration of RNA was as low as a few picograms
to 50 ng. The minimum threshold quantity for a successful RNA library preparation is 100 ng.
This is too low an amount to proceed with RNA sequencing. Hence, the total RNA must be
amplified before we can use it further.
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4.1. Amplification of RNA

Amplification of RNA is required if the aim is to create an effective transcriptomic profile
from a very low starting quantity of RNA. MessageAmp Il aRNA amplification kit (Ambion)
was used for amplification [96-99]. The principle is based on in vitro transcription. The steps
are as follows:

4.1.1. Polyadenylation of RNA

Bacterial RNA is devoid of a poly (A) tail. The E. coli poly (A) polymerase enables a poly (A)
tail to be added at the ends of RNA. This stretch is required for cONA synthesis.

4.1.2. Synthesis of first-strand cDNA

Primers against the poly (A) stretch are used to synthesize the first strand of cDNA by
reverse transcription. The primers are anchored with a bacteriophage promoter sequence: T7
oligo(dT) sequence, T3 or SP6. dNTPs are added to the reaction mix.

4.1.3. Synthesis of second-strand cDNA

RNaseH is used to degrade the RNA from the RNA-cDNA pair; DNA polymerase is required
to synthesize the second strand of cDNA. The result is a double-stranded cDNA fragment
with a T7 promoter sequence.

4.1.4. Purification of cDNA

cDNA is cleaned by removing the fragmented RNA, enzymes and salts, all of which could
hinder in vitro transcription.

4.1.5. In Vitro transcription

Multiple copies of antisense RNA are generated using DNA-dependent RNA polymerase.
Linear amplification is employed for this. Depending on the bacteriophage promoter sequence
attached to the cDNA, a polymerase is selected. Promoter-specific dNTPs are added to the
reaction mix. 37°C is optimum for this reaction. The reaction time depends on the extent to
which one wants to amplify the RNA.

4.1.6. Purification of amplified RNA

The residual enzymes, salts and unincorporated dNTPs must be removed from the final prod-
uct [100-104].

At this point, the RNA has been amplified several fold: 1-2 ug.

RNA amplification procedures have a drawback. When the concentration of RNA is brought
to a point at which successful transcriptomic profiling is possible, certain biases are unavoid-
ably introduced.
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Certain amplified transcripts may be misunderstood as duplicates and vice versa, which could
give a false positive read [105]. In PCR-based amplification procedures, duplicates that can
arise from sample handling may have features such as fragmentation, sequencing depth
or library complexity; unfortunately, these cannot be distinguished from PCR duplicates.
Removing duplicates does not improve the accuracy of quantification or the power; rather,
makes it worse [106]. The Tag polymerases used for the PCR-based approach are more prone
to introduce errors than the RNA polymerases for in vitro transcription. Thus, in vitro tran-
scription is favored over PCR-based amplification [105], although premature transcription
termination can occur in low complexity sequences [107]. Nevertheless, in vitro transcription
is an efficient method to follow when the starting quantity is limited [107].

5. Transcriptomics

At this point, we have enough RNA to get a transcriptomic profiling of the bacterial cells
done. The transcriptome is the entire set of genes expressed in a type of cell at a particular
time point and/or condition. This is in contrast to a genome, which refers to the full comple-
ment of genes in a cell-type. Not all genes are constitutively induced. Information about tran-
scripts, or genes expressed, may shed light on the developmental or physiological state of
the cell. It also talks about other species of RNA, small RNAs and non-coding RNAs, novel
transcripts, the transcriptional start sites, splicing regions, post-transcriptional modifications,
and 3’ and 5’ ends. Another purpose of transcriptomic profiling is to quantify the expressed
genes. One can judge the extent of regulation of a particular gene in the given conditions. As
compared to one situation, when cells behave differently in another, one can now say which
genes are differentially regulated to bring about the same.

In this chapter, our aim has been to investigate the survival and adaptation strategies of E. mundtii
living inside the gut of S. litforalis as compared to in the laboratory. This unraveling has been
done by cataloging the genes of E. mundtii which are differently regulated and which make it as
one of the dominant bacterial species in the gut.

5.1. RNASeq

Transcriptome sequencing has improved dramatically over the past few years, starting with
EST-based Sanger sequencing. The early method was mainly useful with the most abundant
transcripts, whereas subsequent next-generation sequencing has been successfully carried
out on all transcripts with sensitivity and accuracy even allowing the identification of low
expressed genes. The situation has ameliorated with the advent of deep sequencing, which
can increase the average number of times a nucleotide is sequenced. The deeper the sequenc-
ing is, the better the probability of detecting the less abundant transcripts. Next-generation
sequencing has several hierarchies of its own. These days, RNA-seq is more widely used than
the microarrays. The former gives us a base-pair level of resolution. Whereas microarrays can
be used only when the reference genome sequence is available, RNA-seq can build the tran-
scriptome de novo. Also, background noise is taken better care of in the case of RN A-seq. These
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days, sequencing is not confined to a larger number of cells. It is possible to obtain resolution
up to a single cell. Naturally, the amount of RNA obtained from one single cell is in pico-
grams and must be processed as discussed above. Among all the increased sensitivity of next-
generation technologies, so far, Illumina allows us to start with the smallest amount of RNA.

The fragmented and adapter-ligated cDNA is allowed to flow through a flow cell of the sequencer,
which has oligonucleotides that complement the adapter sequences embedded in them. After
hybridization, the oligonucleotides prime the polymerization process with the provided dNTPs
and DNA polymerase. Each of the dNTPs is tagged with a fluorophore. As the nucleotide is
incorporated, the resulting fluorescence is detected. With the addition of each nucleotide, the flu-
orophore is released, regenerating the 3" hydroxyl group for the next nucleotide to join. This way,
the fluorescent intensity is recorded and converted into nucleotide identity using an algorithm.

The amplified RNA from the fluorescent E. mundtii cells sorted by flow cytometry went
through deep sequencing (Hiseq) to detect as many genes as possible to tell us the story of
their adaptation to the gut environment of S. littoralis (Figure 2).

The complications arising from several different forms of RNA, alternate splicing, removal
of introns, that is, the ones that are profound in eukaryotes are not required to be considered
in the case bacteria. Although, there are several regulatory and non-coding RNAs in bacteria,
but this particular case dictates one to follow a rather straightforward approach of unraveling
the upregulated and downregulated transcripts only.
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Figure 2. Overview of the workflow for bacterial RNA-seq. (A) Flow cytometry to sort fluorescent bacteria from
gut homogenates. (B) Extraction of total bacterial RNA. (C) Amplification of the total RNA by in vitro amplification
(unpublished).
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5.2. Adaptation and survival strategies of E. mundtii in the gut of the insect

The GFP-tagged E. mundtii was fed to the S. littoralis larvae at early instars. The bacterial
reporter was able to colonize the gut at various stages of the insect’s life cycle, as seen in the
fluorescent microscopic images (Figure 4).

The production of antimicrobial substances from insects or their resident symbionts is a sur-
vival strategy to keep pathogens at bay. The dominant gut bacterium E. mundtii has been
shown to produce an antimicrobial peptide called mundticin KS, which is a stable class Ila
bacteriocin. It establishes a chemical barrier, which prevents colonization by competitors
[108]. If allowed to persist, the early colonizers of the S. littoralis gut, Enterococcus faecalis and
Enterococcus casseliflavus, could be potential pathogens for the insects. Successful antimicro-
bial activities against them have been shown in the presence of E. mundtii [108].

The larvae were allowed to grow until the fifth instar, at which stag the guts were homog-
enized to retrieve the fluorescent E. mundtii by flow cytometry. The RNA of these sorted
bacteria was used to probe their differential behavior inside the gut. RNA sequencing and
analysis of differential gene expression were performed later.

Numerous genes are differentially regulated in the E. mundtii obtained from the gut, when
compared to the E. mundtii grown in bacterial culture under lab conditions (Table 1, Figure 3).
Reactive oxygen species, such as superoxide radicals, hydrogen peroxide or hydroxyl radi-
cals, from metabolic activities may cause oxidative stress and damage macromolecules. To
survive the stress, resident bacteria have to come up with means to fight it. Superoxide dis-
mutase and catalase are effective enzymes, over-produced by E. mundtii when inside the gut,
as compared to the broth culture.
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Gene/protein

Pathway

Function

Superoxide dismutase (SOD)

Catalase

LPxTG-motif cell wall anchor domain
protein

WxL domain surface cell wall-binding
protein

Accessory gene regulator (Agr)
General stress protein
Universal stress protein

Ferric (Fe'®) ABC superfamily ATP
binding cassette transporter (fetC)

Phosphotransferase systems

Oxidative stress
management

Oxidative stress
management
Cell surface adhesion

Cell surface adhesion

Two-component system
Adaptation
Adaptation

Iron transport

Sugar transport

Quenching reactive oxidation species by partial
reduction of O,

Quenching reactive oxidation species,
converting hydrogen peroxide to water and
oxygen

Signal peptide cleaved by sortase for cell surface
adhesion

Cell surface adhesion and adaptation

Virulence factor
Various stress management
Adaptation to diverse stress sources

Iron transporter permease

Regulates carbohydrate metabolism in diverse
sources and adaptation

Table 1. Upregulation of genes and pathways in E. mundtii living in the gut of S. littoralis.
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Figure 3. The gut microbiome of S. lifforalis was dominated by E. mundtii and Clostridia sp. (A) Overview of the gut
structure of fifth-instar larva of S. littoralis. (B) Illustration from within the gut space, which harbors major symbionts
E. mundtii, Clostridia sp. and other bacteria. Bacteria adhere to the mucus layer of insect gut epithelium. Unknown
interactions occur between microbe-microbe and host-microbe. (C) Illustration of some major expressed pathways E.
mundtii used for survival in the gut. (i) Secretion of mundticin, an antimicrobial peptide, keeps pathogens at bay and
helps the E. mundtii dominate the colonization process. (ii) A two-component system involving the accessory gene
regulator (agr) system, which directs a histidine kinase to phosphorylate the response regulator, leads to the activation of
transcription factors required for adaption. (iii) The induction of superoxide dismutase and catalase to manage oxidative
stress leads to the conversion of superoxide radicals to water and oxygen. (iv) General or universal stress proteins help
to overcome different kinds of stresses, such as oxygen starvation, heat or oxidative stress (unpublished).

Adhesion to the host gut epithelial surface is another key to successful colonization.
Endosymbionts employ certain proteins (motifs and domains) for this purpose. These are
mostly surface proteins associated with the cell wall and employing certain motifs, which
act as the signal peptide for attaching to the cell wall. For example, the motif called LPXTG
is a sorting peptide. The endopeptidase sortase cleaves it at the site between threonine and
glycine residues, and links the peptide covalently to the peptidoglycan of the cell wall [109].
There is up-regulation in the genes encoding this motif and also in the sortase enzymes, indi-
cating attachment of E. mundtii to the insect gut wall and biofilm formation. The up-regulation
of the WxL domain hints at the increased colonization of the bacteria by their adherence to
the gut epithelium. The WxL domain proteins are also crucial for adapting to varying envi-
ronmental conditions [110].
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The ability to adapt to variable living conditions is very much attributed to “two-component
systems.” These systems form a class of signal-transduction mechanisms that are induced when
the insect senses stress in the environment. The main players in the system are auto-inducing
proteins (AIPs), histidine protein kinases (HPKs) and response regulators. AIPs, which interact
with the HPKSs, are produced in response to stress. The signal is relayed to the response regula-
tors. This cascade ultimately produces certain factors or proteins that aid E. mundtii to survive
in the stressful environment [111]. Accordingly, the agr family of genes was found upregulated
in E. mundtii living in the insect gut.

Quorum sensing is a phenomenon where the bacterial cells interact and communicate with
one another for survival. AIPs are also key players for quorum sensing. In addition, also sev-
eral quorum-sensing strategies are two-component systems. AIPs accumulate in response to
increases in bacterial cell density; these increases are followed by a signaling cascade and lead
to cooperative gene expression by the bacteria [112].

Stress proteins are adaptive factors that are induced when living conditions become stress-
ful. There exist general and universal stress proteins. General stress proteins help bacteria
deal with oxidative stress, heat stress, salt stress or oxygen limitation [113]. Universal stress
proteins are induced in response to temperature fluctuations, heat or oxidative stress and
hypoxia. Both of these protein classes were upregulated in E. mundtii in response to the insect
gut’s living conditions [114].

The type of sugar transport system expressed by bacteria depends on the types of carbon
sources available. Phosphotransferase systems form a class of sugar transporters that sense
the sugar source available in the environment and allow the respective transporters for fruc-
tose, glucose, mannose or cellobiose to act on it. Using energy from phosphoenolpyruvate, the
transport system utilizes a cascade of cytoplasmic protein components with an accompanying
phosphorylation of each component [115]. These transporters are generally sugar specific and
because they help bacteria to survive in presence of complex carbohydrate conditions, they
are said to help in their adaptation. Several of these PTS systems are upregulated by E. mundtii
living in the gut of S. littoralis.

6. Discussion

Lactic acid bacteria are important in the production of fermented foods, such as dairy prod-
ucts. LAB is potential probiotics that provide benefits to human health [116]. Modified LAB
could also be used as live vaccines or vaccine delivery systems [117]. It has been shown that
the genetically modified L. lactis can survive and colonize the digestive tract of humans [118]
and gnotobiotic mice [119]. In this chapter, we report the use of GFP to tag E. mundtii to moni-
tor the bacteria’s survival and activities in the intestinal tract of cotton leafworm, S. littoralis.

It has been shown that spatial and temporal distribution of fluorescent E. mundtii was observed
across all developmental stages (Figure 4), as well as in the foregut, midgut and hindgut of S.
littoralis. Data from the colony forming units (CFUs) show that the midgut houses the most
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Figure 4. Photo showing the localization of fluorescent E. mundtii in the intestinal tract of S. littoralis at different life stages.
(A) Bacterial cells accumulate on the peritrophic matrix separated between gut lumen and epithelium of fourth-instar
larvae. (B) Bacteria cluster in the gut of fifth-instar larvae. (C) Fluorescent bacteria are visibly colonizing the tissue of
pupae, although no gut tissue has been formed. (D) Vertical transmission of symbiont is evident as fluorescent E. mundtii
survive first-generation and colonize second-generation first-instar progeny. Scale bars: 10-20 pm [14].

abundant bacterial counts, followed by the hindgut and foregut. Interestingly, the fluorescent
E. mundtii were also detected in the eggs of S. littoralis [14], supporting a direct symbiont trans-
mission from one generation to another. Other studies have shown that fluorescent bacteria
were transmitted from the gut to the eggs in Tribolium castaneum [120]. The symbiotic E. mundtii
was transmitted to the second-generation progeny, suggesting that the bacteria co-evolve with
the insect host (Figure 4D). In addition, the fluorescent bacteria were detected in fecal samples
of the larvae, indicating they had traveled successfully along the intestinal tract of S. littoralis
(data not shown). The details of how a bacterial symbiont is transmitted from one generation
to the next remain to be clarified. The symbiont that co-evolves with a host has a great chance
to secure vertical transmission, for example, a symbiotic relationship exists between the aphid
and its endosymbiont Buchnera aphidicola. It has been shown that the GFP-tagged Asaia strain
is vertically transmitted from the mother to the offspring in Anopheles stephensi [121]. Bacterial
symbionts can be horizontally transferred via “egg smearing,” a phenomenon that involves a
female stinkbug covering the surface of its eggs with symbiotic bacteria during oviposition.
The newly hatched juveniles acquire the symbionts by ingesting the egg case [122].

Several factors, including the pH, redox potential, oxygen availability, and the nutrient and
immune systems, can shape the microbial composition of the gut of insects [123]. Furthermore,
constant change in gut contents due to molting and metamorphosis can affect the coloniza-
tion of microorganisms. Many insects have an intestinal pH in the range of 6-8, and some
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lepidopteran larvae have an even higher pH (11-12) in their midguts [124, 125]. The hindgut
harbors high bacterial diversity and density in several insects, such as cockroaches, crickets
and termites [126-128].

Microorganisms that live in the hindgut benefit from the metabolites and ions transported
from the malpighian tubules into the hindgut. The hindgut, which stores nitrogenous and
food waste, may contain nutrients for insect gut bacteria [123]. The hindgut is involved in
water resorption [129]. The microbiota in the ileum of the hindgut of scarab beetles metabo-
lizes plant polysaccharides into components that can be used by the insect [130]. In contrast
to the hindgut, the midgut is an unfavorable environment for microorganisms. Many antimi-
crobial peptides [131] and digestive enzymes (lysozymes) [132] are secreted by the midgut
epithelium cells of D. melanogaster. The peritrophic matrix secreted by midgut epithelial cells
tends to accumulate digestive enzymes and to serve as a barrier to separate food particles, tox-
ins and microorganisms [133]. The high alkaline pH in the gut of lepidopteran insects could
kill many microorganisms. However, alkaline conditions favor the dominance of Firmicutes-
related bacteria in the midgut of the beetle Pachnoda ephippiata [134]. Both culture-dependent
and culture-independent methods have detected the presence of Enterococcus in the alkaline
midgut of the gypsy moth larva [135].

The mechanisms of bacterial colonization in specific regions of the gut are not well understood.
The gut of S. littoralis does not possess specialized structures called bacteriomes that contain
endosymbionts, such as are found in aphids, whiteflies and other insects. How S. littoralis
houses E. mundtii remains unknown, as no compartmentalized structures exist to protect the
bacterium; for example, the gut of the pupae has been strongly reduced. Several mosquito spe-
cies, especially newly emerged adults, that undergo metamorphosis eliminate their gut bacteria
[136]. The host organism selects its own microorganisms as it depends on these for growth and
development. As an example, see the case of the honeybee, whose bacterial symbionts were
unable to survive in the gut of bumble bees [137].

Only a few of the important survival strategies of E. mundtii have been mentioned. There are
several other pathways that are meant for their adaptation to the differential living conditions
inside the gut. We anticipate that further RNA sequencing will help explain some of the other
mechanisms that help the bacteria to survive in the gut.

E. mundtii is clearly a successful and a major symbiont in the gut of S. littoralis. The method
that we have developed here can be used to investigate an indigenous bacterial species within
the whole community. With further improvements and modifications, this kind of reporter
system may be useful in many other species-specific interaction studies.

7. Future prospects

The survival strategies of E. mundtii in the gut of S. littoralis have been unveiled, yet the
mechanisms employed by host insect to control the bacterium remain poorly understood.
Transcriptomic analyses of the reporter organism indicated already a pattern of relevant
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enzymes allowing the microbes to adapt to the harsh conditions of the insect gut. The studies
can be extended to the very special conditions in the pupae where fluorescent bacteria could
be observed. Thus, the concept of using a fluorescent reporter organism that can be recovered
at any time from any area of the intestinal tract will allow a holistic analysis of adaptation
strategies used by the microbes to adapt to the different developmental stages of the insect,
as well as to study the impact of food-ingested plant toxins. In combination with the analysis
of transcript patterns from the gut membranes, a first insight into the molecular interaction
between the insect host and the microbiome can be expected. In conjunction with CRISPR/
CAS9-created specific knock downs of defined metabolic capacities of the insect, detailed
questions concerning the molecular dialog between the insect host and the microbial consor-
tium can be answered.

Author details

Tilottama Mazumdar, Beng-Soon Teh and Wilhelm Boland*
*Address all correspondence to: boland@ice.mpg.de

Max Planck Institute for Chemical Ecology, Hans-Knoll-Strafle, Jena, Germany

References

[1] Dowd PF. In situ production of hydrolytic detoxifying enzymes by symbiotic yeasts in the
cigarette beetle (Coleoptera: Anobiidae). Journal of Economic Entomology. 1989;82:396-400.
DOI: 10.1093/jee/82.2.396

[2] Genta FA, Dillon R], Terra WR, Ferreira C. Potential role for gut microbiota in cell
wall digestion and glucoside detoxification in Tenebrio molitor larvae. Journal of Insect
Physiology. 2006;52(6):593-601. DOI: 10.1016/j.jinsphys.2006.02.007

3] Terra WR. The origin and functions of the insect peritrophic membrane and peritrophic
g P P P P
gel. Archives of Insect Biochemistry and Physiology. 2001;47(2):47-61. DOI: 10.1002/
arch.1036

[4] Dale C, Moran NA. Molecular interactions between bacterial symbionts and their hosts.
Cell. 2006;126(3):453-465. DOI: 10.1016/j.cell.2006.07.014

[5] Dillon RJ, Dillon VM. The gut bacteria of insects: Nonpathogenic interactions. Annual
Review of Entomology. 2004;49:71-92. DOI: 10.1146/annurev.ento.49.061802.123416

[6] Currie CR, Scott JA, Summerbell RC, Malloch D. Fungus-growing ants use antibiotic-
producing bacteria to control garden parasites. Nature. 1999;398:701-704. DOI: 10.1038/
19519



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

Kroiss J, Kaltenpoth M, Schneider B, Schwinger MG, Hertweck C, Maddula RK, et al.
Symbiotic Streptomycetes provide antibiotic combination prophylaxis for wasp off-
spring. Nature Chemical Biology. 2010;6(4):261-263. DOI: 10.1038/nchembio.331

Oliver KM, Russell JA, Moran NA, Hunter MS. Facultative bacterial symbionts in aphids
confer resistance to parasitic wasps. Proceedings of the National Academy of Sciences
of the United States of America. 2003;100(4):1803-1807. DOI: 10.1073/pnas.0335320100

Shade A, Handelsman ]. Beyond the Venn diagram: The hunt for a core microbiome.
Environmental Microbiology. 2012;14(1):4-12. DOI: 10.1111/;.1462-2920.2011.02585.x

Tang X, Freitak D, Vogel H, Ping L, Shao Y, Cordero EA, et al. Complexity and vari-
ability of gut commensal microbiota in polyphagous lepidopteran larvae. PLoS One.
2012;7(7):e36978. DOI: 10.1371/journal.pone.0036978

Cox CR, Gilmore MS. Native microbial colonization of Drosophila melanogaster and its use
as amodel of Enterococcus faecalis pathogenesis. Infection and Immunity. 2007;75(4):1565-
1576. DOI: 10.1128/IA1.01496-06

Lehman RM, Lundgren JG, Petzke LM. Bacterial communities associated with the diges-
tive tract of the predatory ground beetle, Poecilus chalcites, and their modification by
laboratory rearing and antibiotic treatment. Microbial Ecology. 2009;57(2):349-358. DOI:
10.1007/s00248-008-9415-6

Ryu JH, Kim SH, Lee HY, Bai JY, Nam YD, Bae JW, et al. Innate immune homeostasis
by the homeobox gene caudal and commensal-gut mutualism in Drosophila. Science.
2008;319(5864):777-782. DOI: 10.1126/science.1149357

Teh BS, Apel ], Shao Y, Boland W. Colonization of the intestinal tract of the polyphagous
pest Spodoptera littoralis with the GFP-tagged indigenous gut bacterium Enterococcus
mundtii. Frontiers in Microbiology. 2016;7:928. DOI: 10.3389/fmicb.2016.00928

Lebreton F, Manson AL, Saavedra JT, Straub TJ, Earl AM, Gilmore MS. Tracing the
enterococci from paleozoic origins to the hospital. Cell. 2017;169(5):849-861 e13. DOI:
10.1016/j.cell.2017.04.027

Phillips GJ. Green fluorescent protein — A bright idea for the study of bacterial protein
localization. FEMS Microbiology Letters. 2001;204(1):9-18. DOI: 10.1111/.1574-6968.2001.
tb10854.x

Margolin W. Green fluorescent protein as a reporter for macromolecular localization in
bacterial cells. Methods. 2000;20(1):62-72. DOI: 10.1006/meth.1999.0906

Tsien RY. The green fluorescent protein. Annual Review of Biochemistry. 1998;67:509-
544. DOI: 10.1146/annurev.biochem.67.1.509

Stepanenko OV, Verkhusha VV, Kuznetsova IM, Uversky VN, Turoverov KK. Fluores-
cent proteins as biomarkers and biosensors: Throwing color lights on molecular and

93



94  Metagenomics for Gut Microbes

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

cellular processes. Current Protein & Peptide Science. 2008;9(4):338-369. DOI: 10.2174/
138920308785132668

Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC. Green fluorescent protein as a
marker for gene expression. Science. 1994;263(5148):802-805

Valdivia RH, Hromockyj AE, Monack D, Ramakrishnan L, Falkow S. Applications
for green fluorescent protein (GFP) in the study of host-pathogen interactions. Gene.
1996;173(1 Spec No.):47-52. DOI: 10.1016/0378-1119(95)00706-7

Bokman SH, Ward WW. Renaturation of Aequorea gree-fluorescent protein. Biochemical and
Biophysical Research Communications. 1981;101(4):1372-1380. DOI: 10.1016/0006-291X
(81)91599-0

Cormack BP, Valdivia RH, Falkow S. FACS-optimized mutants of the green fluorescent
protein (GFP). Gene. 1996;173(1 Spec No):33-38. DOI: 10.1016/0378-1119(95)00685-0

Pedelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. Engineering and character-
ization of a superfolder green fluorescent protein. Nature Biotechnology. 2006;24(1):79-
88. DOI: 10.1038/nbt1172

Scholz O, Thiel A, Hillen W, Niederweis M. Quantitative analysis of gene expression
with an improved green fluorescent protein. p6. European Journal of Biochemistry. 2000;
267(6):1565-1570

Shaner NC, Steinbach PA, Tsien RY. A guide to choosing fluorescent proteins. Nature
Methods. 2005;2(12):905-909. DOI: 10.1038/nmeth819

Prasher DC, Eckenrode VK, Ward WW, Prendergast FG, Cormier MJ. Primary struc-
ture of the Aequorea victoria green-fluorescent protein. Gene. 1992;111(2):229-233. DOI:
10.1016/0378-1119(92)90691-H

Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY. Improved
monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red
fluorescent protein. Nature Biotechnology. 2004;22(12):1567-1572. DOI: 10.1038/nbt1037

Alieva NO, Konzen KA, Field SF, Meleshkevitch EA, Hunt ME, Beltran-Ramirez V, et al.
Diversity and evolution of coral fluorescent proteins. PLoS One. 2008;3(7):2680. DOI:
10.1371/journal.pone.0002680

Koo J, Kim Y, Kim J, Yeom M, Lee IC, Nam HG. A GUS/luciferase fusion reporter for
plant gene trapping and for assay of promoter activity with luciferin-dependent con-
trol of the reporter protein stability. Plant & Cell Physiology. 2007;48(8):1121-1131. DOI:
10.1093/pcp/pem081

Pinheiro LB, Gibbs MD, Vesey G, Smith JJ, Bergquist PL. Fluorescent reference strains
of bacteria by chromosomal integration of a modified green fluorescent protein gene.
Applied Microbiology and Biotechnology. 2008;77(6):1287-1295. DOI: 10.1007/s00253-
007-1253-9



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

Rhee KJ, Cheng H, Harris A, Morin C, Kaper JB, Hecht G. Determination of spatial and
temporal colonization of enteropathogenic E. coli and enterohemorrhagic E. coli in mice
using bioluminescent in vivo imaging. Gut Microbes. 2011;2(1):34-41. DOI: 10.4161/
gmic.2.1.14882

Botes M, van Reenen CA, Dicks LM. Evaluation of Enterococcus mundtii STASA and
Lactobacillus plantarum 423 as probiotics by using a gastro-intestinal model with infant

milk formulations as substrate. International Journal of Food Microbiology. 2008;128(2):
362-370. DOI: 10.1016/j.ijfoodmicro.2008.09.016

Duangjitcharoen Y, Kantachote D, Ongsakul M, Poosaran N, Chaiyasut C. Potential
use of probiotic Lactobacillus plantarum SS2 isolated from fermented plant beverage:
Safety assessment and persistence in the murine gastrointestinal tract. World Jour-
nal of Microbiology and Biotechnology. 2009;25(2):315-321. DOI: 10.1007/s11274-008-
9894-0

Drouault S, Corthier G, Ehrlich SD, Renault P. Survival, physiology, and lysis of Lactococcus
lactis in the digestive tract. Applied and Environmental Microbiology. 1999;65(11):
4881-4886

Wang Y, Wang ], Dai W. Use of GFP to trace the colonization of Lactococcus lactis WH-C1 in
the gastrointestinal tract of mice. Journal of Microbiological Methods. 2011;86(3):390-392

Geoffroy MC, Guyard C, Quatannens B, Pavan S, Lange M, Mercenier A. Use of green
fluorescent protein to tag lactic acid bacterium strains under development as live vac-
cine vectors. Applied and Environmental Microbiology. 2000;66(1):383-391

Russo P, Iturria I, Mohedano ML, Caggianiello G, Rainieri S, Fiocco D, et al. Zebrafish
gut colonization by mCherry-labelled lactic acid bacteria. Applied Microbiology and
Biotechnology. 2015;99(8):3479-3490. DOI: 10.1007/s00253-014-6351-x

QHY, Dong SM, Zhu WY, Yang Q. Use of green fluorescent protein to monitor Lactobacillus
in the gastro-intestinal tract of chicken. FEMS Microbiology Letters. 2007;275(2):207-213.
DOI: 10.1590/51517-838246320140556

Foulquie Moreno MR, Sarantinopoulos P, Tsakalidou E, De Vuyst L. The role and appli-
cation of enterococci in food and health. International Journal of Food Microbiology.
2006;106(1):1-24. DOI: 10.1016/j.ijfoodmicro.2005.06.026

Bhardwaj A, Gupta H, Kapila S, Kaur G, Vij S, Malik RK. Safety assessment and evalua-
tion of probiotic potential of bacteriocinogenic Enterococcus faecium KH 24 strain under in

vitro and in vivo conditions. International Journal of Food Microbiology. 2010;141(3):156-
164. DOI: 10.1016/j.ijfoodmicro.2010.05.001

Andreu N, Zelmer A, Wiles S. Noninvasive biophotonic imaging for studies of infectious
disease. FEMS Microbiology Reviews. 2011;35(2):360-394. DOI: 10.1111/j.1574-6976.2010.
00252.x

95



96 Metagenomics for Gut Microbes

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Zhang WY, Zhang HP. Genomics of lactic acid bacteria. In: Zhang, H. P, Cai YM, edi-
tors. Lactic Acid Bacteria-Fundamentals and Practice. 1st ed.. New York, NY: Springer
Publishing Inc.; 2014. pp. 235-238. DOI: 10.1007/978-94-017-8841-0

Wang TT, Lee BH. Plasmids in Lactobacillus. Critical Reviews in Biotechnology. 1997;
17(3):227-272. DOI: 10.3109/07388559709146615

Schroeter J, Klaenhammer T. Genomics of lactic acid bacteria. FEMS Microbiology Letters.
2009;292(1):1-6. DOI: 10.1111/j.1574-6968.2008.01442.x

Mills S, McAuliffe OE, Coffey A, Fitzgerald GF, Ross RP. Plasmids of lactococci — Genetic
accessories or genetic necessities? FEMS Microbiology Reviews. 2006;30(2):243-273. DOI:
10.1111/j.1574-6976.2005.00011.x

Clewell DB, Yagi Y, Dunny GM, Schultz SK. Characterization of three plasmid deoxyri-
bonucleic acid molecules in a strain of Streptococcus faecalis: Identification of a plasmid
determining erythromycin resistance. Journal of Bacteriology. 1974;117(1):283-289

Francia MV, Clewell DB. Amplification of the tetracycline resistance determinant of
pAMalphal in Enterococcus faecalis requires a site-specific recombination event involv-
ing relaxase. Journal of Bacteriology. 2002;184(18):5187-5193. DOI: 10.1128/]B.184.18.
5187-5193.2002

Tanimoto K, Ike Y. Complete nucleotide sequencing and analysis of the 65-kb highly
conjugative Enterococcus faecium plasmid pMG1: Identification of the transfer-related
region and the minimum region required for replication. FEMS Microbiology Letters.
2008;288(2):186-195. DOI: 10.1111/j.1574-6968.2008.01342.x

Flannagan SE, Chow JW, Donabedian SM, Brown W], Perri MB, Zervos M]J, et al.
Plasmid content of a vancomycin-resistant Enterococcus faecalis isolate from a patient also
colonized by Staphylococcus aureus with a VanA phenotype. Antimicrobial Agents and
Chemotherapy. 2003;47(12):3954-3959. DOI: 10.1128/AAC.47.12.3954-3959.2003

Balla E, Dicks LM. Molecular analysis of the gene cluster involved in the production
and secretion of enterocins 1071A and 1071B and of the genes responsible for the rep-
lication and transfer of plasmid pEF1071. International Journal of Food Microbiology.
2005;99(1):33-45. DOI: 10.1016/j.ijfoodmicro.2004.08.008

Ruiz-Barba JL, Floriano B, Maldonado-Barragan A, Jimenez-Diaz R. Molecular analysis
of the 21-kb bacteriocin-encoding plasmid pEF1 from Enterococcus faecium 6T1a. Plasmid.
2007;57(2):175-181. DOI: 10.1016/j.plasmid.2006.06.003

Criado R, Diep DB, Aakra A, Gutierrez ], Nes IF, Hernandez PE, et al. Complete
sequence of the enterocin Q-encoding plasmid pCIZ2 from the multiple bacteriocin pro-
ducer Enterococcus faecium L50 and genetic characterization of enterocin Q production
and immunity. Applied and Environmental Microbiology. 2006;72(10):6653-6666. DOI:
10.1128/AEM.00859-06



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

De Boever EH, Clewell DB, Fraser CM. Enterococcus faecalis conjugative plasmid pAM373:
Complete nucleotide sequence and genetic analyses of sex pheromone response.
Molecular Microbiology. 2000;37(6):1327-1341. DOI: 10.1046/j.1365-2958.2000.02072.x

Paulsen IT, Banerjei L, Myers GS, Nelson KE, Seshadri R, Read TD, et al. Role of
mobile DNA in the evolution of vancomycin-resistant Enterococcus faecalis. Science.
2003;299(5615):2071-2074. DOI: 10.1126/science.1080613

Brede DA, Snipen LG, Ussery DW, Nederbragt AJ, Nes IF. Complete genome sequence
of the commensal Enterococcus faecalis 62, isolated from a healthy Norwegian infant.
Journal of Bacteriology. 2011;193(9):2377-2378. DOI: 10.1128/]B.00183-11

Hirt H, Manias DA, Bryan EM, Klein JR, Marklund JK, Staddon JH, et al. Characterization
of the pheromone response of the Enterococcus faecalis conjugative plasmid pCF10:
Complete sequence and comparative analysis of the transcriptional and phenotypic

responses of pCF10-containing cells to pheromone induction. Journal of Bacteriology.
2005;187(3):1044-1054. DOI: 10.1128/]B.187.3.1044-1054.2005

Janniere L, Gruss A, Ehrlich SD. Plasmids. In: Sonenshein AL, Hoch J, Losick R, editors.
Bacillus subtilis and Other Gram-Positive Bacteria: Biochemistry, Physiology, and Mole-
cular Genetics. Washington, DC: American Society for Microbiology; 1993. pp. 625-644

Kiewiet R, Kok J, Seegers JF, Venema G, Bron S. The mode of replication is a major fac-
tor in segregational plasmid instability in Lactococcus lactis. Applied and Environmental
Microbiology. 1993;59(2):358-364

O'Sullivan DJ, Klaenhammer TR. High- and low-copy-number Lactococcus shuttle clon-
ing vectors with features for clone screening. Gene. 1993;137(2):227-231. DOI: 10.1016/
0378-1119(93)90011-Q

Swinfield TJ, Oultram JD, Thompson DE, Brehm JK, Minton NP. Physical characterisa-
tion of the replication region of the Streptococcus faecalis plasmid pAM beta 1. Gene.
1990;87(1):79-90

Brantl S, Behnke D. Characterization of the minimal origin required for replication of
the streptococcal plasmid pIP501 in Bacillus subtilis. Molecular Microbiology. 1992;6(23):
3501-3510

Shareck J, Choi Y, Lee B, Miguez CB. Cloning vectors based on cryptic plasmids isolated
fromlacticacid bacteria: Their characteristics and potential applications in biotechnology.
Critical Reviews in Biotechnology. 2004;24(4):155-208. DOI: 10.1080/07388550490904288

Lizier M, Sarra PG, Cauda R, Lucchini F. Comparison of expression vectors in Lactobacillus
reuteri strains. FEMS Microbiology Letters. 2010;308(1):8-15. DOI: 10.1111/.1574-6968.
2010.01978.x

Kim SF, Baek SJ, Pack MY. Cloning and nucleotide sequence of the Lactobacillus caseilactate
dehydrogenase gene. Applied and Environmental Microbiology. 1991,57(8):2413-2417

97



98 Metagenomics for Gut Microbes

[66]

[67]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Boot H]J, Pouwels PH. Expression, secretion and antigenic variation of bacterial S-layer
proteins. Molecular Microbiology. 1996;21(6):1117-1123. DOI: 10.1046/j.1365-2958.1996.
711442 .x

Sheehan VM, Sleator RD, Fitzgerald GF, Hill C. Heterologous expression of BetL, a
betaine uptake system, enhances the stress tolerance of Lactobacillus salivarius UCC118.
Applied and Environmental Microbiology. 2006;72(3):2170-2177. DOI: 10.1128/AEM.72.
3.2170-2177.2006

CM W, Chung TC. Green fluorescent protein is a reliable reporter for screening sig-
nal peptides functional in Lactobacillus reuteri. Journal of Microbiological Methods.
2006;67(1):181-186. DOI: 10.1016/j.mimet.2006.03.009

Bernbom N, Licht TR, Brogren CH, Jelle B, Johansen AH, Badiola I, et al. Effects of
Lactococcus lactis on composition of intestinal microbiota: Role of nisin. Applied and
Environmental Microbiology. 2006;72(1):239-244. DOI: 10.1128/AEM.72.1.239-244.2006

Reunanen J, Saris PE. Survival of nisin activity in intestinal environment. Biotechnology
Letters. 2009;31(8):1229-1232. DOI: 10.1007/510529-009-9995-3

Chouayekh H, Serror P, Boudebbouze S, Maguin E. Highly efficient production of the
staphylococcal nuclease reporter in Lactobacillus bulgaricus governed by the promoter of
the hlbA gene. FEMS Microbiology Letters. 2009;293(2):232-239. DOI: 10.1111/j.1574-6968.
2009.01522.x

Fang F, Flynn S, Li Y, Claesson MJ, van Pijkeren JP, Collins JK et al. Characterization of
endogenous plasmids from Lactobacillus salivarius UCC118. Applied and Environmental
Microbiology 2008;74(10):3216-3228. DOI: 10.1128/AEM.02631-07

Singh M, Yadav A, Ma X, Amoah E, Plasmid DNA. Transformation in Escherichia Coli.
Effect of heat shock temperature, duration, and cold incubation of CaCl2 treated cells.
International Journal of Biotechnology & Biochemistry. 2010;6:561-568

Miller JF, Dower W], Tompkins LS. High-voltage electroporation of bacteria: Genetic
transformation of Campylobacter jejuni with plasmid DNA. Proceedings of the National
Academy of Sciences of the United States of America. 1988;85(3):856-860

Rixon J, Warner PJ. Background, relevant genetic techniques and terms. In: Wood BJB,
Warner PJ, editors. Genetics of Lactic Acid Bacteria. New York, NY: Kluwer Academic/
Plenum Publishers; 2003. pp. 1-24. DOI: 10.1007/978-1-4615-0191-6

Powell IB, Achen MG, Hillier AJ, Davidson BEA. Simple and rapid method for genetic
transformation of lactic streptococci by electroporation. Applied and Environmental
Microbiology. 1988;54(3):655-660

Rodriguez MC, Alegre MT, Mesas JM. Optimization of technical conditions for the trans-
formation of Pediococcus acidilactici P60 by electroporation. Plasmid. 2007;58(1):44-50.
DOI: 10.1016/j.plasmid.2006.12.005



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

van der Lelie D, Bron S, Venema G, Oskam L. Similarity of minus origins of replication
and flanking open reading frames of plasmids pUB110, pTB913 and pMV158. Nucleic
Acids Research. 1989;17(18):7283-7294

Dornan S, Collins MA. High efficiency electroporation of Lactococcus lactis subsp. lactis
LMO0230 with plasmid pGB301. Letters in Applied Microbiology. 1990;11(2):62-64. DOI:
10.1111/j.1472-765X.1990.tb01275.x

Wei MQ, Rush CM, Norman JM, Hafner LM, Epping R], Timms P. An improved
method for the transformation of Lactobacillus strains using electroporation. Journal of
Microbiological Methods. 1995;21:97-109. DOI: 10.1016/0167-7012(94)00038-9

Assad-Garcia ]S, Bonnin-Jusserand M, Garmyn D, Guzzo ], Alexandre H, Grandvalet
C. An improved protocol for electroporation of Oenococcus oeni ATCC BAA-1163 using
ethanol as immediate membrane fluidizing agent. Letters in Applied Microbiology.
2008;47(4):333-338

Holo H, Nes IF. High-frequency transformation, by electroporation, of Lactococcus lac-
tis subsp. cremoris grown with glycine in osmotically stabilized media. Applied and
Environmental Microbiology. 1989;55(12):3119-3123

ThompsonK, Collins MA.Improvementin electroporation efficiency for Lactobacillus plan-
tarum by the inclusion of high concentrations of glycine in the growth medium. Journal
of Microbiological Methods. 1996;26(1-2):73-79. DOI: 10.1016/0167-7012(96)00845-7

McIntyre DA, Harlander SK. Genetic transformation of intact Lactococcus lactis subsp.
lactis by high-voltage electroporation. Applied and Environmental Microbiology. 1989;
55(3):604-610

Hanahan D, Jessee J, Bloom FR. Plasmid transformation of Escherichia coli and other bac-
teria. Methods in Enzymology. 1991;204:63-113. DOI: 10.1016/0076-6879(91)04006-A

Borralho T, Chang Y, Jain P, Lalani M, Parghi K. Effect of electroporation versus hanahan
protocols on the transformation of Escherichia coli HB101 with chromosomal DNA from
Escherichia coli HB101, Escherichia coli B23, and Bacillus subtilis WB746 and the plasmid
p328.5, including an analysis of competent Escherichia coli HB101 cellular freeze toler-
ance. Journal of Experimental Microbiology and Immunology. 2002;2:194-200

Aune TE, Aachmann FL. Methodologies to increase the transformation efficiencies and
the range of bacteria that can be transformed. Applied Microbiology and Biotechnology.
2010;85(5):1301-1313. DOI: 10.1007/s00253-009-2349-1

Yoshida N, Sato M. Plasmid uptake by bacteria: A comparison of methods and efficien-
cies. Applied Microbiology and Biotechnology. 2009;83(5):791-798. DOI: 10.1007/s00253-
009-2042-4

Dower W], Miller JF, Ragsdale CW. High efficiency transformation of E. coli by high
voltage electroporation. Nucleic Acids Research. 1988;16(13):6127-6145. DOI: 10.1093/
nar/16.13.6127

99



100 Metagenomics for Gut Microbes

[90]

[91]

[92]

[93]

[96]

[97]

[100]

[101]

[102]

Muller S, Nebe-von-Caron G. Functional single-cell analyses: Flow cytometry and cell
sorting of microbial populations and communities. FEMS Microbiology Reviews. 2010;
34(4):554-587. DOI: 10.1111/j.1574-6976.2010.00214.x

Uhlenhaut C, Kracht M. Viral infectivity is maintained by an RNA protection buf-
fer. Journal of Virological Methods. 2005;128(1-2):189-191. DOI: 10.1016/j.jviromet.
2005.05.002

Garcia-Nogales P, Serrano A, Secchi S, Gutiérrez S, Aris A. Comparison of commer-
cially-available RNA extraction methods for effective bacterial RNA isolation from
milk spiked samples. Electronic Journal of Biotechnology 2010;13:19-20. DOI: 10.2225/
vol13-issue5-fulltext-10

Beltrame CO, Cortes MF, Bandeira PT, Figueiredo AM. Optimization of the RNeasy
mini kit to obtain high-quality total RNA from sessile cells of Staphylococcus aureus.

Brazilian Journal of Medical and Biological Research = Revista brasileira de pesquisas
medicas e biologicas. 2015;48(12):1071-1076. DOI: 10.1590/1414-431X20154734

Dotsch A, Eckweiler D, Schniederjans M, Zimmermann A, Jensen V, Scharfe M, et al.
The Pseudomonas aeruginosa transcriptome in planktonic cultures and static biofilms
using RNA sequencing. PLoS One. 2012;7(2):e31092. DOI: 10.1371/journal.pone.0031092

Heptinstall ], Total RNA. Isolation from bacteria. In: Rapley R, editor. The Nucleic
Acid Protocols Handbook. Totowa, NJ: Humana Press; 2000. pp. 47-52. DOI: 10.1385/
1-59259-038-1:47

Stewart FJ, Ottesen EA, DeLong EF. Development and quantitative analyses of a univer-
sal rRNA-subtraction protocol for microbial metatranscriptomics. The ISME Journal.
2010;4(7):896-907. DOI: 10.1038/isme;j.2010.18

Yost S, Duran-Pinedo AE, Teles R, Krishnan K, Frias-Lopez J. Functional signatures of
oral dysbiosis during periodontitis progression revealed by microbial metatranscrip-
tome analysis. Genome Medicine. 2015;7(1):27. DOI: 10.1186/s13073-015-0153-3

Kukutla P, Steritz M, Xu J. Depletion of ribosomal RNA for mosquito gut metagenomic
RNA-seq. Journal of Visualized Experiments (JoVE). 2013;74. DOI: 10.3791/50093

Frias-Lopez ], ShiY, Tyson GW, Coleman ML, Schuster SC, Chisholm SW, et al. Microbial
community gene expression in ocean surface waters. Proceedings of the National Academy
of Sciences of the United States of America. 2008;105(10):3805-3810. DOI: 10.1073/pnas.
0708897105

Feldman AL, Costouros NG, Wang E, Qian M, Marincola FM, Alexander HR, et al.
Advantages of mRNA amplification for microarray analysis. BioTechniques. 2002;33(4):
906-912 14

Kacharmina JE, Crino PB, Eberwine J. Preparation of cDNA from single cells and sub-
cellular regions. Methods in Enzymology. 1999;303:3-18

Pabon C, Modrusan Z, Ruvolo MV, Coleman IM, Daniel S, Yue H, et al. Optimized T7
amplification system for microarray analysis. BioTechniques. 2001;31(4):874-879



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

Polacek DC, Passerini AG, Shi C, Francesco NM, Manduchi E, Grant GR, et al.
Fidelity and enhanced sensitivity of differential transcription profiles following linear
amplification of nanogram amounts of endothelial mRNA. Physiological Genomics.
2003;13(2):147-156. DOI: 10.1152/physiolgenomics.00173.2002

Van Gelder RN, von Zastrow ME, Yool A, Dement WC, Barchas JD, Eberwine JH,
Amplified RNA. Synthesized from limited quantities of heterogeneous cDNA. Proc-
eedings of the National Academy of Sciences of the United States of America. 1990;
87(5):1663-1667

Degrelle SA, Hennequet-Antier C, Chiapello H, Piot-Kaminski K, Piumi F, Robin S,
et al. Amplification biases: Possible differences among deviating gene expressions.
BMC Genomics. 2008;9:46. DOI: 10.1186/1471-2164-9-46

Parekh S, Ziegenhain C, Vieth B, Enard W, Hellmann I. The impact of amplification
on differential expression analyses by RNA-seq. Scientific Reports. 2016;6:25533. DOI:
10.1038/srep25533

Hoeijmakers WA, Bartfai R, Francoijs KJ, Stunnenberg HG. Linear amplification for
deep sequencing. Nature Protocols. 2011;6(7):1026-1036. DOI: 10.1038/nprot.2011.345

Shao Y, Chen B, Sun C, Ishida K, Hertweck C, Boland W. Symbiont-derived antimi-
crobials contribute to the control of the lepidopteran gut microbiota. Cell Chemical
Biology. 2017;24(1):66-75. DOI: 10.1016/j.chembiol.2016.11.015

Roche FM, Massey R, Peacock SJ, Day NP, Visai L, Speziale P, et al. Characterization
of novel LPXTG-containing proteins of Staphylococcus aureus identified from genome
sequences. Microbiology. 2003;149(Pt 3):643-654. DOI: 10.1099/mic.0.25996-0

Brinster S, Furlan S, Serror P. C-terminal WxL domain mediates cell wall binding in
Enterococcus faecalis and other gram-positive bacteria. Journal of Bacteriology. 2007;189(4):
1244-1253. DOI: 10.1128/JB.00773-06

Alm E, Huang K, Arkin A. The evolution of two-component systems in bacteria reveals
different strategies for niche adaptation. PLoS Computational Biology. 2006;2(11):e143.
DOI: 10.1371/journal.pcbi.0020143

Rutherford ST, Bassler BL. Bacterial quorum sensing: Its role in virulence and possi-
bilities for its control. Cold Spring Harbor Perspectives in Medicine. 2012;2(11). DOI:
10.1101/cshperspect.a012427

Volker U, Engelmann S, Maul B, Riethdorf S, Volker A, Schmid R, et al. Analysis of the
induction of general stress proteins of Bacillus subtilis. Microbiology. 1994;140(Pt 4):741-
752. DOI: 10.1099/00221287-140-4-741

O’Connor A, McClean S. The role of universal stress proteins in bacterial infections.
Current Medicinal Chemistry. 2017. DOI: 10.2174/0929867324666170124145543

Kotrba P, Inui M, Yukawa H. Bacterial phosphotransferase system (PTS) in carbohydrate
uptake and control of carbon metabolism. Journal of Bioscience and Bioengineering.
2001;92(6):502-517. DOI: 10.1016/51389-1723(01)80308-X

101



102

Metagenomics for Gut Microbes

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Gasson M]J. Progress and potential in the biotechnology of lactic acid bacteria. FEMS
Microbiology Reviews. 1993;12:3-19. DOI: 10.1111/j.1574-6976.1993.tb00010.x

Wells JM, Wilson PW, Norton PM, Gasson M]J, Le Page RW. Lactococcus lactis: High-
level expression of tetanus toxin fragment C and protection against lethal challenge.
Molecular Microbiology. 1993;8(6):1155-1162. DOI: 10.1111/j.1365-2958.1993.tb01660.x

Klijn N, Weerkamp AH, de Vos WM. Genetic marking of Lactococcus lactis shows its
survival in the human gastrointestinal tract. Applied and Environmental Microbiology.
1995;61(7):2771-2774

Gruzza M, Duval-Iflah Y, Ducluzeau R. Colonization of the digestive tract of germ-free
mice by genetically engineered strains of Lactococcus lactis: Study of recombinant DNA
stability. Microbial Releases: Viruses, Bacteria, Fungi. 1992;1(3):165-171

Knorr E, Schmidtberg H, Arslan D, Bingsohn L, Vilcinskas A. Translocation of bacte-
ria from the gut to the eggs triggers maternal transgenerational immune priming in
Tribolium castaneum. Biology Letters. 2015;11(12). DOI: 10.1098/rsbl.2015.0885

Favia G, Ricci I, Damiani C, Raddadi N, Crotti E, Marzorati M, et al. Bacteria of the
genus Asaia stably associate with Anopheles stephensi, an Asian malarial mosquito vec-

tor. Proceedings of the National Academy of Sciences of the United States of America.
2007;104(21):9047-9051. DOI: 10.1073/pnas.0610451104

Funkhouser L], Bordenstein SR. Mom knows best: The universality of maternal micro-
bial transmission. PLoS Biology. 2013;11(8):e1001631. DOI: 10.1371/journal.pbio.1001631

Engel P, Moran NA. The gut microbiota of insects — diversity in structure and function.
FEMS Microbiology Reviews. 2013;37(5):699-735. DOI: 10.1111/1574-6976.12025

Wieczorek H, Beyenbach KW, Huss M, Vitavska O. Vacuolar-type proton pumps in
insect epithelia. The Journal of Experimental Biology. 2009;212(Pt 11):1611-1619. DOI:
10.1242/jeb.030007

Funke M, Buchler R, Mahobia V, Schneeberg A, Ramm M, Boland W. Rapid hydro-
lysis of quorum-sensing molecules in the gut of lepidopteran larvae. Chembiochem:
A European Journal of Chemical Biology. 2008;9(12):1953-1959. DOI: 10.1002/cbic.
200700781

Cruden DL, Markovetz A]J. Microbial ecology of the cockroach gut. Annual Review of
Microbiology. 1987;41:617-643. DOI: 10.1146/annurev.mi.41.100187.003153

Santo Domingo JW, Kaufman MG, Klug M]J, Tiedje JM. Characterization of the cricket
hindgut microbiota with fluorescently labeled rRNA-targeted oligonucleotide probes.
Applied and Environmental Microbiology. 1998;64(2):752-755

Bauer S, Tholen A, Overmann J, Brune A. Characterization of abundance and diversity
of lactic acid bacteria in the hindgut of wood- and soil-feeding termites by molecu-
lar and culture-dependent techniques. Archives of Microbiology. 2000;173(2):126-137.
DOI: 10.1007/s002039900120



[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

The Microbiome of Spodoptera littoralis: Development, Control and Adaptation to the Insect Host
http://dx.doi.org/10.5772/intechopen.72180

Chapman RF, Simpson SJ, Douglas AE. The Insects: Structure and Function. 5th ed.
Cambridge: Cambridge University Press; 2013

Huang SW, Zhang HY, Marshall S, Jackson TA. The scarab gut: A potential bioreac-
tor for bio-fuel production. Insect Science. 2010;17:175-183. DOI: 10.1111/j.1744-7917.
2010.01320.x

Lemaitre B, Hoffmann J. The host defense of Drosophila melanogaster. Annual Review of
Immunology. 2007;25:697-743. DOI: 10.1146/annurev.immunol.25.022106.141615

Shanbhag S, Tripathi S. Epithelial ultrastructure and cellular mechanisms of acid
and base transport in the Drosophila midgut. The Journal of Experimental Biology.
2009;212(Pt 11):1731-1744. DOI: 10.1242/jeb.029306

Shao L, Devenport M, Jacobs-Lorena M. The peritrophic matrix of hematophagous
insects. Archives of Insect Biochemistry and Physiology. 2001;47(2):119-125. DOI: 10.
1002/arch.1042

Egert M, Wagner B, Lemke T, Brune A, Friedrich MW. Microbial community structure
in midgut and hindgut of the humus-feeding larva of Pachnoda ephippiata (Coleoptera:
Scarabaeidae). Applied and Environmental Microbiology. 2003;69(11):6659-6668. DOI:
10.1128/AEM.69.11.6659-6668.2003

Broderick NA, Raffa KF, Goodman RM, Handelsman J. Census of the bacterial com-
munity of the gypsy moth larval midgut by using culturing and culture-independent
methods. Applied and Environmental Microbiology. 2004;70(1):293-300. DOI: 10.1128/
AEM.70.1.293-300.2004

Moll RM, Romoser WS, Modrzakowski MC, Moncayo AC, Lerdthusnee K. Meconial
peritrophic membranes and the fate of midgut bacteria during mosquito (Diptera:
Culicidae) metamorphosis. Journal of Medical Entomology. 2001;38(1):29-32. DOI: 10.
1603/0022-2585-38.1.29

Kwong WK, Engel P, Koch H, Moran NA. Genomics and host specialization of honey
bee and bumble bee gut symbionts. Proceedings of the National Academy of Sciences of
the United States of America. 2014;111(31):11509-11514. DOI: 10.1073/pnas.1405838111

103



ntechOpen

ntechOpen



