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Abstract

Microorganisms play an important role in the growth and development of numerous insect species. The mulberry silkworm,
Bombyx mori (Lepidoptera), harbors several bacteria in its midgut aiding the metabolic processes; however, the variability of
bacterial spp. present in the midgut and their role(s) in the growth and development of the silkworm are poorly understood. The
present work compares the diversity of midgut bacterial communities in silkworms of variable voltinism (Pure Mysore, PM:
multivoltine; CSR2: bivoltine and PM x CSR2: crossbreed) through metagenomics. The predominance of Enterococcus
(30.30%) followed by Bacillus (16.96%) was observed in PM, whereas Lactobacillus (56.56%) followed by Enterococcus
(10.58%) was seen only in CSR2. Interestingly, crossbreed midgut harbored diverse bacterial communities (36.21%
Lactobacillus, 25.94% Bacillus, 8.1% Enterococcus, and 18.37% uncultured bacteria). Metagenomic profiles indicate variability
in the gut bacterial population in different kinds of silkworms influencing the physiological activities accordingly. The dominant
bacteria, particularly lactobacilli, bacilli, and enterococci could be further explored for identifying the potential probiotic con-
sortia based on a literature survey and potential involvement in nutrient absorption, disease/stress tolerance, and improved

economic traits.
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Introduction

The mulberry silkworm, Bombyx mori (B. mori), is an eco-
nomically important insect domesticated for commercial pro-
duction of silk. The quantity and quality of silk produced
depend on breed/hybrid, agro-climatic conditions, and overall
physiological function of the silkworm as well as mulberry
leaf nutrient status. Even though several studies have demon-
strated gut bacteria in silkworm, their precise role in silkworm
growth, development, silk production, and disease/stress tol-
erance is not clearly understood [1-4]. However, it has been
assumed that genetic machinery of the silkworm does not
code for cellulase genes, and mulberry leaf cellulose is rather
digested by the gut symbiotic bacteria, such as Enterobacter,
Proteus vulgaris, Klebsiella pneumonia, and Citrobacter
freundii [5-8]. Further, cofactors, particularly cobalamin
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forms, are neither synthesized by the silkworm nor obtained
from the mulberry leaf, but play an essential role in propionate
metabolism (propionate is a precursor for the biosynthesis of
juvenile hormone); hence, they must have been obtained from
the gut microbiota [9]. Several reports suggest key roles for
gut bacteria in silkworm metabolism, growth, and develop-
ment; yet, symbiotic relationships between the gut bacteria
are far from fully understood.

The midgut of B. mori has lower microbial diversity than
vertebrates due to shorter life span and controlled micro-
environment for optimal growth and development.
Moreover, the silkworm gut microbiota have to tolerate alka-
linity as high as 11-12 pH [10] and continuous replacement of
peritrophic matrix during molting, which adversely affects the
growth and colonization of most microbial communities [11].
However, these adverse conditions may not entirely prevent
microbial colonization, instead support the growth of alkaline-
tolerant microorganisms, particularly, Firmicutes,
Clostridium, Planctomycetes, and Microsporidians [12].
Low oxygen levels present in B. mori midgut allow the sur-
vival of facultative anaerobic microorganisms only [13].

Most of the silkworm microbiota studies focused either on
culture-dependent methods with high variability or culture-
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independent molecular approaches (16S rRNA gene amplifi-
cations), possibly with a biased view on the composition of
gut communities [14]. However, conventional culture-
dependent techniques together with the modern metagenomic
approach would provide a better picture of bacterial commu-
nities with reference to various silkworm races or breeds under
specific environmental and geographical conditions for im-
proved understanding of the microbes living in the gut of the
silkworm [15]. Silkworm gut microbiome provides insights
into the relationships between insect and gut bacterial com-
munities for the development of beneficial microbial cultures
as probiotics for commercial exploitation. Probiotic consortia
have been exploited effectively in several organisms for the
benefit of mankind and improved economic returns to the
stakeholders [16].

Materials and Methods
Sample Collection

The silkworm breeds utilized in the study include Pure
Mysore (PM; multivoltine), CSR2 (bivoltine), and crossbreed
(PM x CSR2). Silkworms were reared on mulberry leaves
from I to V instar under normal laboratory conditions (25—
27+ 1 °C temperature and 70 + 5% relative humidity). Three
healthy larvae from each batch were randomly selected on the
second day of the V instar and subjected to overnight starva-
tion to eliminate mulberry leaf material from the midgut. The
selected larvae were sterilized by wiping with 70% ethyl al-
cohol and gentle flame exposure. They were then dissected
under the sterilized condition and the midgut content was
collected in microtube under aseptic condition and stored at
—20 °C for further DNA extraction.

lllumina Miseq Sequencing and Data Analysis

The total genomic DNA was extracted using DNeasy
PowerSoil kit (Qiagen,) as per the manufactures instructions
(quick-start protocol). Bacteria communities were barcoded
and identified based on the ribosomal DNA (16S rRNA) se-
quencing. The sequencing libraries were prepared according
to the Illumina 16S Metagenomic Sequencing Library proto-
cols to amplify the V3 and V4 regions. The DNA quantity was
measured by PicoGreen, and input gDNA (10 ng) was PCR
amplified. The primer sequences used for the first amplifica-
tion were as follows:

V3-F:5'-TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAGCCTACGGGNGGCWGCAG-3',V4-R:5'
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGGACTACHVGGGTATCTAATCC-3'.

The final purified product was then quantified using gPCR
according to the qPCR quantification protocol guide (KAPA
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Library quantification kits for Illumina Sequencing platforms)
and qualified using the Tape Station DNA screen tape (Agilent
Technologies, Waldbronn, Germany). And then the paired-
end (2 x300 bp) sequencing was performed by the
Macrogen Inc., Korea using the MiSeq™ platform
(Illumina, San Diego, USA). The Illumina Miseq generates
raw images with the MiSeq Control Software v2.2 for system
control and base calling through integrated primary analysis
software, Real Time Analysis.v1.18. The BCL (base calls)
binary was converted into FASTQ utilizing Illumina package
bel2fastq v1.8.4. The adapter sequences and reads shorter than
36 bp were removed and clean data were produced using
Scythe (v0.994) (https://github.com/vsbuffalo/scythe) and
Sickle programs [17]. The reads were further categorized
taxonomically by utilizing Kaiju web server (http:/kaiju.
binf.ku.dk/) for sensitive taxonomic classification of high-
throughput sequencing reads from metagenomic or
metatranscriptomic experiments. The classification was car-
ried out in a greedy heuristic mode with SEG filter and pa-
rameters, such that minimum match length, minimum match
score, and allowed mismatches were 11, 90, and 5, respective-
ly [18]. The reads were assembled using Metavelvet [19] and
checked for chimera using DECIPHER’s Find Chimeras web
tool [20]. Sequences were clustered into operational taxonom-
ic units (OTUs) defined at 97% similarity threshold.
Taxonomical classification of OTUs was carried out by using
Mothur’s version of the Ribosomal Database Project (RDP) at
the genus level and NCBI BLAST at the species level. The
trimmed Illumina Miseq metagenomic raw data were submit-
ted and deposited in NCBI database with accession numbers:
SAMNO08848316, SAMNO08912448, and SAMN09499250.

Statistical Methods

Statistical significance was tested using Fisher’s exact test for
categorical data of individual bacterial genus present in two
different voltinism-based silkworm breeds (PM, CSR2) and
their crossbreed (PM x CSR2). Statistical analysis was carried
out using GraphPad software (www.graphPad.com).

Results

The analysis of rRNA gene sequences is the most common
approach to determine microbial diversity. Silkworm gut
microbiome was profiled through Illumina Miseq sequencing
of 16S rRNA gene, which yielded a total of 4,09,608;
3,18,910; and 4,14,610 paired reads for PM, CSR2, and
PM x CSR2, respectively. After trimming the adaptor se-
quences, the total number of clean reads for PM, CSR2, and
PM x CSR2 was 4,09,210; 3,18,770; and 4,14,314, respec-
tively (Table 1). At read level, the percentage of reads classi-
fied as bacteria of PM, CSR2, and PM x CSR2 was 99.75,
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Table 1  Reads/contigs in different silkworm breeds and crossbreed
through Illumina sequencing

Reads/contigs PM CSR2 PM x CSR2
Total number of reads 4,09,608 3,18,910 4,14,610
Total clean reads 4,09,210 3,18,770 414314
Total contigs 1105 821 1156
Largest contig (bp) 442 465 438
Average length (bp) 224 235 234
N50 (bp) 235 240 240

99.42, and 99.94, respectively. About 0.18, 0.41, and 0.04
percentage of reads was for eukaryota for PM, CSR2, and
PM x CSR2, respectively. About <0.1% of the total reads
were unclassified in three silkworm samples, and their taxo-
nomic abundance was classified at phylum level and
Firmicutes was predominant, followed by Actinobacteria,
Proteobacteria, etc. (Fig. 1).

The clean reads were assembled into contigs using
Metavelvet, and 1105, 821, and 1156 contigs were found for
PM, CSR2, and PM x CSR2, respectively. Detailed informa-
tion on assembled contigs for three kinds of silkworms is
shown in Table 1. The taxonomical classification of silkworm
contigs shows that the predominant genera were Lactobacillus
(40%), followed by Bacillus (15.3%), Enterococcus (15%),
uncultured bacteria (13.7%), Staphylococcus (4%),
Lysinibacillus (3.5%), Bifidobacterium (1.6%), Clostridium
(1.2%), Enterobacter (0.8%), Klebsiella (0.6%), Micrococus
(0.6%), Escheirichia coli (0.6%), and 3.2% other bacteria
(Fig. 2).

The midgut bacterial profile of individual mulberry silk-
worm breeds and crossbreed reveals the predominance of
Lactobacillus (56.56%), followed by Enterococcus
(10.58%), unculturable bacteria (10.21%), Staphylococcus
(9.12%), Bacillus (8.3%), Lysinibacillus (2.55%),
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Fig.2 Abundance (%) of 12 bacterial genera identified based on Illumina
Miseq data from B. mori midgut (PM, CSR2, and PM x CSR2)

Micrococus (1.45%), and Escheirichia (1.09%) in popular
bivoltine silkworm breed, CSR2. However, the multivoltine
breed, PM, harbored Enterococcus (30.3%), followed by
Lactobacillus (16.96%), Bacillus (15.15%), unculturable bac-
teria (14.54%), Klebsiella (9.69%), Lysinibacillus (9.09%),
Bifidobacterium (3.03%), and Veillonella (1.21%). On the oth-
er hand, the crossbreed of multivoltine X bivoltine, PM X
CSR2 harbored Lactobacillus (36.21%), followed by
Bacillus (25.94%), uncultured bacteria (18.37%),
Enterococcus (8.10%), Clostridium (3.78%),
Bifidobacterium (2.7%), Enterobacter (2.7%), and 2.1%
Klebsiella. The relative proportion of bacterial genera, such
as Lactobacillus, Enterococcus, and Bacillus in CSR2 signif-
icantly varied from PM and PM x CSR2 (> 0.05). An analysis
of the abundance of the frequency of individual bacterial spp.
reveals that Lactobacillus plantarum, L. rhamnosus,
L. paracasei, L. acidophilus, and Bacillus sp. were commonly
shared between CSR2 and PM x CSR2 than PM, whereas
Enterococcus faecium and E. faecalis were shared between
PM and CSR2 than PM x CSR2. The shared bacterial com-
munities of three predominant genera among the two

Color Key and Histogram

Count

El 05

0
Row Z-Score

\—_

PM x CSR2

Fig. 1 Heatmap representing bacterial phyla found in Bombyx mori
midgut. Light color represents the absence of bacterial phylum/group,
and the darker colored tiles indicate presence of particular phylum.
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Silkworm breeds, PM, and CSR2 had different bacterial phyla;
however, the crossbreed, PM x CSR2 exhibited combined phyla of PM
and CSR2
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silkworm breeds and crossbreed are represented in a Venn
diagram (Fig. 3), which reveals that Lactobacillus is the most
frequently shared bacteria followed by Enterococcus and
Bacillus.

Discussion

Microorganisms are being supplemented as probiotics to
humans, ruminants, poultry, and fisheries for beneficial
effects. However, supplementation of probiotics to the
silkworm is in its primitive stage, because the precise
mechanism of beneficial effects of gut bacteria on silk-
worm physiology or interaction among the different bac-
terial strains present as microbiota is not well studied.
To date, there are no correlative reports regarding the
distribution and composition of the gut microbiome in
silkworm breeds and their cross breed. Hence, the rela-
tionship between gut microbiota of popular silkworm
breeds of different voltinism and crossbreed was

Fig. 3 Venn diagrams
representing abundances
(number) of most common and
overlapping bacterial spp. found
in B. mori midgut (PM, CSR2,
and PM x CSR2)

Bacillus spp.

PM

PMxCSR2

PM
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explored through metagenomic approach for identifying
potential probiotic bacterial species. The predominant
bacterial genera observed in B. mori midgut in the pres-
ent study were Enterococcus, Bacillus, and
Lactobacillus. In contrast, Yuan et al. [21] identified
several bacterial species in the intestinal tract of
B. mori; the species predominantly belong to genera
Arthrobacter, Lactobacillus, Escherichia, Pseudomonas,
Bacillus, and Staphylococcus. However, the gut of the
vertebrates and several insect species is composed of a
larger proportion of uncultured bacteria [22].
Surprisingly, in the present study, results indicated that
B. mori midgut contains relatively lower proportion (~
15%) of unculturable bacteria; the bacterial diversity in
midgut was also found to be comparatively lesser and
comprises culturable bacterial spp. Enterococcus was
predominant in multivoltine silkworm breed (PM) as
compared with bivoltine (CSR2) and crossbreed (PM x
CSR2) and plays an important role in the reduction of
gut pH leading to the suppression of Nosema bombycis

Enterococcus spp.

CSR2 PM CSR2

PMxCSR2

Lactobacillus spp.
CSR2
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spore germination [23]. Lu et al. [24] identified several
Enterococcus strains from healthy silkworm larvae and
E. faecalis was identified as a major species and also
the most abundant species in the bivoltine breed (CSR2)
as observed in the current study; however, E. faecium
outnumbered the other species in PM. A recent compar-
ative study on the gut microbiota of a healthy silkworm
and their changes when infected with B. mori cypovirus
(BmCPV) revealed the presence of Enterococcus,
Delftia, Pelomonas, Ralstonia, and Staphylococcus in
healthy silkworms, whereas, BmCPV-infected silkworms
had lesser bacterial diversity with an abundance of
Enterococcus and Staphylococcus [25]. Further, the
common bacterial genus observed in all the three silk-
worm breeds was Bacillus, which is thought to be an
important producer of cellulases, proteases, and lipases
as demonstrated by Subramanian et al. [14], Anand
et al. [4], and Feng et al. [26]. Strains of Bacillus
licheniformis could be considered as a possible candi-
date for a probiotic supplement to silkworms as they are
well-known producers of extracellular enzymes [27].
The predominance of Lactobacillus in the gut of mul-
berry silkworm was not reported earlier [21]; however,
in the present study, Lactobacillus was identified in
three types of silkworm breeds and found predominantly
in bivoltine (CSR2). Among the lactobacilli, the fre-
quency was high in L. plantarum, followed by
L. rhamnosus; however, PM had a higher proportion
of L. rhamnosus as compared to other Lactobacillus
species. There are a few reports on the possible role
of probiotic Lactobacillus in the improvement of cocoon
production in B. mori [28]. L. plantarum and
L. rhamnosus were dominant bacteria in CSR2 as com-
pared to PM, whereas the hybrid (PM x CSR2) also
had similar abundances like CSR2 indicating that
lactobacilli might be under direct natural selection.
L. paracasei and L. acidophilus were higher in the
crossbreed as compared with the parental breeds. Even
though Lactobacillus requires acidic pH for optimal
growth, its tolerance towards silkworm midgut alkaline
environment is not fully understood as yet. Whether
silkworm acquires these Lactobacillus spp. through the
mulberry leaf or from rearing environment was also not
yet studied [15]. However, Lactobacillus spp. are con-
sidered to be very important as they produce several
antimicrobial substances (lactic acid, H,O,, bacteriocins,
etc.) and coenzymes (folate and cobalamin) [29, 30].
Singh et al. [28] demonstrated that supplementation of
L. plantarum helped to improve body weight, cocoon,
shell, and pupation rate. Some of the lactobacilli species
particularly L. plantarum, L. rhamnosus, L. paracasei,
and L. acidophilus have been recognized as potential
probiotics for humans and animals [31, 32], and also

frequently occurred in the silkworm gut as noticed in
the present investigation. The predominance of
lactobacilli in silkworm gut would be considering them
as possible probiotics for improved silkworm growth
and development.

A recent metagenomic study on B. mori gut microbiota
demonstrates that the composition of bacterial flora is closely
related to the development stage, host plant, environment, and
physiological status [33]. Similarly, Sun et al. [34] showed
decreased levels of resistance, productivity, and cocoon qual-
ity when the silkworm was exposed to high temperature, hu-
midity, and pathogens due to disturbed native gut microbiota.
Moreover, the proportion of individual bacterial spp. varies
with silkworm breeds as evidenced in the present study.
Therefore, identification of specific probiotics and their appli-
cation would help in the syngenical development of climate-
resilient breeds with improved silk productivity and defense
against pathogens.

Conclusion

The diversity and proportion of bacterial profile in silkworm
breeds and their crossbreed were different, and the genus
Lactobacillus was abundant in mulberry silkworm midgut,
followed by Enterococcus and Bacillus. Most of the
Lactobacillus and Bacillus spp. are well-known producers of
coenzymes, antimicrobial substances, and extracellular en-
zymes. Possible bacterial species identified as probiotics in
the present study include L. plantarum, L. rhamnosus,
L. paracasei, L. acidophilus, and Bacillus; these species could
be exploited further to supplement through a mulberry feed to
improve the economic characteristics of the silkworm. The gut
bacterial communities present in multivoltine and crossbreed
might be considered as suitable probiotic consortia for pro-
ductivity in bivoltine silkworm.
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