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Differences in gut microbiota between silkworms
(Bombyx mori) reared on fresh mulberry (Morus
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Artificial diets for silkworms have many potential applications and they are important in sericulture.
However, the challenges of weak larvae and low silk protein synthesis efficiency in silkworms reared on
artificial diets have not been resolved. Here, we used high-throughput sequencing to analyse the
differences between the gut microbiota of 5th-instar larvae reared on mulberry leaves and larvae reared
on an artificial diet. The results showed that at the phylum level, Cyanobacteria, Firmicutes,
Proteobacteria, Bacteroidetes and Actinobacteria are the dominant bacteria in the intestines of silkworm
larvae of all the strains. But the abundance of dominant bacteria in the gut microbiota differed between
the silkworm strains that were reared on mulberry leaves, as well as between the silkworm strains that
were reared on the artificial diet, while the gut microbiota diversity was lower in the silkworm strains that
were reared on the artificial diet. Prediction of the functions of the gut microbiota in the hosts indicated
that there was no significant difference between the silkworm strains that were reared on mulberry
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Accepted 4th July 2018 leaves, while there were significant differences between silkworm strains reared on the artificial diet.
When the silkworm diet changed from mulberry leaves to the artificial diet, changes in gut microbiota in

DOI: 10.1039/c8ra04627a the silkworms affected host nutrient metabolism and immune resistance. These changes may be related
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Introduction

Currently, China and other countries use fresh mulberry (Morus
alba L.) leaves to rear silkworms (Bombyx mori). The production
of silkworm cocoons using all-weather factory farming is very
challenging because M. alba is deciduous and loses its leaves in
winter. Many studies suggest that rearing silkworms on
mulberry leaves have become a bottle-neck to sericulture
development, and it continues to weaken the viability of
sericulture.*

Establishing an artificial diet to rear silkworms in all-weather
factory farming, as found in the livestock and poultry indus-
tries, is of great importance.*** However, even though
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to the adaptation of silkworms to their long evolutionary history of eating mulberry leaves.

sericulturists have long been concerned about breeding silk-
worm varieties with good ingestive abilities for artificial diets*”
and artificial diet formulae are constantly being improved,*™*°
issues such as physical weakness and low silk yield in B. mori
reared on artificial diets have not been resolved, to date, and the
metabolic utilization of artificial diets in silkworms is still less
than that of mulberry leaves.»"*

The effect of the composition and activity of the gut micro-
biota on host animals cannot be ignored."*™ Many reports
suggest that a host's gut microbiota is highly susceptible to
changes in diet and the environment.">"” Sterile feeding envi-
ronments, which are related closely to the development of
silkworms reared on artificial diets, and the addition of anti-
biotics to artificial diets are also considered to have significant
adverse effects on the intestinal microbial diversity of B. mori
larvae, and even resistance to B. mori cytoplasmic polyhedrosis
virus infection."®" Studies of B. mori infection by B. mori cyto-
plasmic polyhedrosis virus,*® Pseudomonas aeruginosa and
Bacillus bombysepticus,”* and Staphylococcus aureus and Escher-
ichia coli,”* as well as fluoride poisoning,* have shown that the
gut microbiota affects the infection of hosts by viruses, as well
as resistance to xenobiotic toxins, by altering the immunity of B.
mori. Also, some reports have indicated that the gut microbiota
is involved directly in nutrient uptake and metabolism in B.

This journal is © The Royal Society of Chemistry 2018
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mori.>>* 1t is notable that the gut microbiota is involved in
regulating the growth and development of Asian corn borer
larvae (Ostrinia furnicalis).>

Bombyx mori is an economically important lepidopteran
insect that has been domesticated and reared on a large
scale.>”” Therefore, research of its gut microbiota is of great
importance. To date, it is not clear what effects artificial diets
have on the gut microbiota of B. mori. Two important questions
are: (1) what, if any, differences are there in the gut microbiota
of silkworms reared on mulberry leaves compared with that of
silkworms reared on an artificial diet, and (2) how can we
explain the physical weakness and low efficiency of silk protein
synthesis in silkworms reared on an artificial diet, as well as the
significant changes in metabolic levels arising from changes in
the gut microbiota? To answer these questions, we used high-
throughput sequencing to analyze the gut microbiota of silk-
worms with different artificial diet ingestive habits, which were
reared on mulberry leaves or an artificial diet.*®**

Experimental
Preparation of animals

Four silkworm strains were used in this study. They were the
Guangshi (Gs) and Lu7 (L7) strains, a Jingsong strain with high
ingestive habit (Hi) for artificial diets, and a Jingsong strain with
a low ingestive habit (Lo) for artificial diets. Almost 100% of the
larvae from the Hi and Gs strains ingested the artificial diet and
developed well, while almost 100% of the larvae from the Lo or
L7 strains did not ingest the artificial diet and starved to death.
The Gs and L7 strains are two natural mutants that differ in
terms of their ingestion of artificial diets, while the Hi and Lo
strains were obtained after seven years of continuous selection
of silkworm larvae with different artificial diet ingestive habits.
However, it should be noted that the development, viability, and
efficiency of silk protein synthesis of the Hi and Lo strains did
not differ when larvae were reared on mulberry leaves."

In this study, we used four silkworm strains that were reared
on fresh mulberry (Morus alba var. multicaulis) leaves, named
HiM, GsM, LoM, and L7M, and two strains that were reared on
an artificial diet, HiA and GsA. The larvae of all strains were fed
ad libitum and maintained at 26 °C + 1 °C, a relative humidity
of 70% + 5%, and a 12 h light/12 h dark photoperiod. The
artificial diet composition (w/w) was described in our previous
report.’ Briefly, the artificial diet comprised equal amounts of
35% mulberry leaf powder of the Husang strain and soybean
powder. The contents of mulberry green twig powder, starch,
vitamin C, vitamin B complex, citric acid, crotonic acid, and
choline chloride were 15%, 9.4%, 1.5%, 1.5%, 2%, 0.4%, and
0.2%, respectively. The powdered ingredients were mixed with
1.9 times (w/w) as much ultrapure water and boiled for 60 min,
after which they were placed into preservation bags and stored
at 4 °C. Fresh mulberry leaves were picked from mulberry trees
of the Husang strain in the Dushuhu campus of Soochow
University (Jiangsu, China).

Similarly-sized 5 day-old, 5™-instar larvae were selected to
assess their gut microbiota. The head and tails of the larvae
were ligated with cotton thread to prevent the excretion of
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digestive juice and feces, and then the larvae were soaked in
70% ethanol for 5 min for surface disinfection. Their complete
digestive tracts were removed under sterile conditions. After
Malpighian tubules and fat bodies were removed quickly, the
tracts were placed in sterilized centrifuge tubes and stored at
—80 °C. Complete digestive tracts, including food particles in
the gut, from 10 randomly selected male and female larvae were
used as a sample for each gut microbiota test, which was
repeated five times for each sample.

DNA extraction and polymerase chain reaction (PCR)
amplification

Microbial DNA was extracted from the silkworm larval digestive
tract samples using the E.Z.N.A.® Stool DNA Kit (Omega Bio-
tek, Norcross, GA, USA) following the manufacturer's protocol.
The primers 343F (5'-barcode-TACGGRAGGCAGCAG-3’) and
798R (5'-AGGGTATCTAATCCT-3') were used to amplify the V3-
V4 region of bacterial 16S rDNA.

PCRs were conducted as follows: a 95 °C initial denaturation
for 2 min, followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s,
and 72 °C for 30 s, followed by a final extension at 72 °C for
5 min. The PCRs were performed in triplicate in a 20 uL reaction
containing 4 pL of 5x FastPfu buffer, 2 pL of 2.5 mM dNTPs, 0.8
uL of each primer (5 uM), 0.4 uL of FastPfu polymerase, and 10
ng of template DNA.

Illumina MiSeq sequencing

Amplicons were extracted from 2% agarose gels and purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) according to the manufacturer's instruc-
tions and quantified using QuantiFluor™-ST (Promega, Madi-
son, WI, USA). Then, the purified amplicons were pooled in
equimolar amounts and paired-end sequenced (2 x 300) on an
Illumina (San Diego, CA, USA) MiSeq platform according to
standard protocols. The raw reads were deposited into the
Sequence Read Archive database (Accession number:
SRP128452).

Processing of sequencing data

Raw sequencing data were in the FASTQ format. Paired-end
reads were preprocessed using Trimmomatic software to
detect and cut off ambiguous bases (N).** The processing also
cut off low-quality sequences with average quality scores below
20 using the sliding window trimming approach. After trim-
ming, the paired-end reads were assembled using FLASH soft-
ware.’* The parameters of assembly were: 10 bp of minimal
overlap, 200 bp of maximum overlap, and 20% of the maximum
mismatch rate. Sequences were subjected to further denoising
as follows: reads with ambiguous, homologous sequences or
those less than 200 bp were abandoned; reads with 75% of
bases above a quality score of 20 were retained. Then, chimeric
reads were detected and removed. These two steps were ach-
ieved using QIIME software (version 1.8.0).*?

Clean reads were subjected to primer sequences removal and
clustering to generate operational taxonomic units (OTUs)
using the Cluster Database at High Identity with Tolerance

RSC Adv., 2018, 8, 26188-26200 | 26189
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Fig.1 Rarefaction curves of different alpha diversity metrics. Similarity
thresholds of 97% (genus level) were considered. The observed
metrics were (a) OTUs, (b) the Chaol measure of microbial richness, (c)
the Shannon index of biodiversity, and (d) Faith's phylogenetic diversity
index (whole-tree phylogenetic diversity). The HiM, GsM, LoM, and
L7M silkworm strains were reared on fresh mulberry leaves, and the
HiA and GsA strains were reared on the artificial diet. Each measure-
ment was repeated five times.
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method with a 97% similarity cutoff. The representative read of
each OTU was selected using the QIIME package. All represen-
tative reads were annotated and used in Basic Local Alignment
Search Tool searches of the Greengenes database (16S rDNA)
using the Ribosomal Database Project classifier (the confidence
threshold was 70%).>* A heat map was generated using the heat
map function of the R software package (http://www.r-
project.org/). A principal coordinate analysis (PCoA) was con-
ducted using QIIME. Prediction of the microbial function was
performed using a phylogenetic investigation of communities
by reconstruction of unobserved states (PICRUSt, version
1.0.0).** PICRUSt is a tool designed to infer metagenomics
information from 16S rRNA sequencing data. The obtained OTU
table was normalized by 16S rRNA copy number, and functional
genes were predicted from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) catalogue.

Results
Genomes assembled from the silkworm gut microbiome

Over 1.396 million sequencing reads obtained by 16S rDNA
sequencing were analyzed from 30 samples, resulting in
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Fig.2 Relative abundance of bacteria comprising the gut microbiota in the four silkworm strains that were reared on mulberry leaves. (a) A PCoA

of the gut microbiota structure based on the unweighted UniFrac metric.

group is represented by its respective color. (b) Average unweighted and (c

of phylum-classified gut microbiota. Histograms are based on the pro

Each symbol represents the gut microbiota of one sample; each sample
) weighted Unifrac distances among the strains. (d) Relative abundance
portion of OTUs per sample. Colors were assigned for all phyla with

a relative abundance >0.1% in at least 10% of the samples. (e) Relative abundance of genus-classified gut microbiota. The same letter indicates

there was no significant difference (P > 0.5).
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1245 800 optimized reads after cleaning and trimming. The
number of clean reads per library ranged from 32 995 to 98 382.
The length of the reads distribution was 300-499 bp, and
96.29% of the reads were in the 400-449 bp range. Good's
coverage percentage of all samples ranged from 99.7% to 100%
(mean value = 99.9%). A total of 2229 OTUs were obtained at the
97% sequence similarity cut-off level, with a mean number of
OTUs per sample of 174 + 120 (range: 20 to 402) (Fig. S17).

We used several different metrics to calculate alpha diversity,
including the OTU species count (Fig. 1a); the Chao1 index for
microbial richness (Fig. 1b); the Shannon index for biodiversity
(Fig. 1c), and phylogenetic diversity (Fig. 1d). Rarefaction curves
for phylogenetic diversity plateaued after 8000 reads per
sample, approximating a saturation phase. The Shannon index
indicated that there was a much higher gut microbiota diversity
within the samples obtained from the silkworms that were
reared on mulberry leaves compared with those obtained from
the silkworms that were reared on the artificial diet.
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Core gut microbiome composition in the silkworms that were
reared on fresh mulberry leaves

Based on the phylogenetic classification, OTUs could be
assigned to 36 phyla in the four silkworm strains that were
reared on mulberry leaves. Here, the shared taxa by all samples
in each sampling group (strain) were deemed to be the core gut
microbiome. We determined the core bacteria for these four
sampling groups, and the number of OTUs shared by all
samples within each sampling group was 228, 291, 356, and 172
for the GsM, HiM, LoM, and L7M strains, respectively. The gut
microbiota compositions of the HiM and LoM strains, which
have the same genetic background, were very similar (Fig. 2a).
According to weighted and unweighted UniFrac distances, the
gut microbiotas in the HiM, LoM, and L7M strains were quite
different from those in the GsM strain (Fig. 2a—c).

A phylum-level analysis of the gut microbiota compositions
of all four strains revealed that Cyanobacteria was the most
abundant phylum, followed by Firmicutes, Proteobacteria, and
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Fig. 3 PICRUSt analysis results of the gut microbiota in the silkworm larvae that were reared on fresh mulberry leaves. (a) Metabolic function
classification at Level 1. (b) Differences of cellular processes in the four silkworm strains. Samples marked with the same number did not differ
significantly from each other, P > 0.05 (n = five replicate samples). (c) Relative abundance of predicted functions at Level 2. Level 1 or Level 2 of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog hierarchy based on the PICRUSt dataset. Each stacked bar represents the

relative abundance of the predicted functions of a sample.
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the gut microbiota whose relative abundance differed between the HiA and GsA strains (P < 0.05, n = 5).

Bacteroidetes, and the sum of the abundance of Cyanobacteria
and Firmicutes accounted for 94.4% =+ 5.4% of the total
microbiotas. In the GsM strains, the abundance of Cyanobac-
teria and Firmicutes were similar, accounting for 44.8% =+ 5.3%
and 52.9% =+ 5.6% of the total microbiotas, respectively. In the
LoM and L7M strains, the abundance ratio of Cyanobacteria to
Firmicutes increased to 2 : 1 and 3.1 : 1, respectively, while in
the HiM strain, the abundance of Cyanobacteria increased to
84.7% =+ 6.1%, and the abundance ratio of Cyanobacteria to
Firmicutes reached 7.8 : 1 (Fig. 2d).

26192 | RSC Adv., 2018, 8, 26188-26200

An analysis at the genus level showed that the dominant
bacteria ranked in terms of abundance, were clade Strepto-
phyta(o) and genera Enterococcus and Clostridium. Streptophy-
ta(o) had the highest abundance in the HiM strain and the
lowest abundance in the GsM strain. The abundance of
Enterococcus in HiM intestines was lower than that in the other
silkworm strains, while Clostridium was dominant with high
abundance only in the GsM strain (Fig. 2e). Thus, the genetic
differences of silkworms with different ingestive habits affected
the composition of the gut microbiota in larvae reared on

This journal is © The Royal Society of Chemistry 2018
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mulberry leaves, which was evidenced mainly as a difference in
the abundance of dominant bacteria, while differences in the
diversity of gut microbiota were not obvious (Fig. 2d).

PICRUSt was further used to predict the impact of the gut
microbiota on the host. Level 1 results showed that in the four
silkworm strains reared on mulberry leaves, the effects of the
gut microbiota on the host were fundamentally similar. There
was no significant difference (P > 0.5) in the effects on metab-
olism, genetic information processing, and environmental
information processing (Fig. 3a), and only the effect of the gut
microbiota on cellular processes in the GsM strain was signifi-
cant (P < 0.5) (Fig. 3b). Level 2 results showed that the gut
microbiota provided dozens of functions, including amino acid
metabolism, carbohydrate metabolism, membrane transport,
energy metabolism, metabolism of cofactors and vitamins,
xenobiotics biodegradation and metabolism, lipid metabolism,
nucleotide metabolism, transcription, and translation for B.
mori, but there was no significant difference in the effect of the
gut microbiota on host functions in the different silkworm
strains that were reared on mulberry leaves (Fig. 3c).
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Core gut microbiome composition in the silkworms that were
reared on the artificial diet

Of the two silkworm strains that were reared on the artificial
diet, only the larvae of the Hi and Gs strains ingested the arti-
ficial diet. However, there was a significant difference between
the gut microbiotas of the HiA and GsA strains, as determined
by a PCoA (Fig. 4a) and the UniFrac distance (Fig. 4b). Four
hundred forty-seven and 92 types of microorganisms were
detected in the intestines of the HiA and GsA strains, respec-
tively, among which 392 and 37 types were unique to each
silkworm strain, respectively, and 55 types were common to
both strains (Fig. 4c).

A comparison at the phylum level showed that Firmicutes
were abundant in both the HiA and GsA strains, while Cyano-
bacteria and Proteobacteria were the most abundant members
of the gut microbiota in the HiA and GsA strains, respectively
(Fig. 4d). Because most of the detected microorganisms
comprising the gut microbiotas were not named at the genus
level, and their proportions in the GsA and HiA strains were as
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high as 98.3% and 69%, respectively, we added comparisons at
the class, order, and family levels. The results in Fig. 4d show
that, at the family level, Enterococcaceae and Streptophyta(o)
were the two most abundant microorganisms in HiA intestines,
while Enterobacteriaceae and Enterococcaceae had the highest
abundance in GsA intestines. The sums of abundance of these
two dominant microorganisms all reached 99% of the gut
microbiota in both silkworm strains.

The results in Fig. 4e show that the abundance of the
dominant microorganisms in the GsA and HiA strains differed
greatly. At the phylum level, eight types of microorganisms had
the most significant differences in abundance, namely Cyano-
bacteria, Firmicutes, Proteobacteria, Bacteroidetes, Actino-
bacteria, Acidobacteria, Chloroflexi, and Gemmatimonadetes.
The specific abundance values are presented in Table S1.1 At the
family level, there were 18 types of dominant microorganisms
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whose abundance was greater than 1% and whose differences
were  significant, including Enterococcaceae, Enter-
obacteriaceae, Streptophyta(o), and Pseudomonadaceae (Fig. 4f
and Table S27). Therefore, not only did the abundance of the
dominant microorganisms in the intestines of the different
silkworm strains that were reared on the artificial diet change
significantly, the gut microbiota diversity changed as well, and
it differed from those of the silkworms that were reared on
mulberry leaves.Gut microbiota functions in the silkworms that
were reared on the artificial diet were predicted by PICRUSt
based on microbial 16S rDNA sequences and the KEGG data-
base. A cluster analysis showed that the effect of the gut
microbiota differed significantly in the different silkworm
strains (Fig. 5a). Level 1 horizontal function prediction results
showed that the main functions of the gut microbiota in the
silkworms that were reared on the artificial diet had three
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levels of P< 0.5 and P < 0.1 (n = 5), respectively.

fundamental functions, namely metabolism, genetic informa-
tion processing, and environmental information processing,
and there was no significant difference between the different
silkworm strains (P > 0.05). However, there were statistically
significant differences (P < 0.05) in cellular processes and
organismal systems (Fig. 5b).

Level 2 function prediction results (Fig. 5¢) showed that
compared with the gut microbiota in the GsA strain, the gut
microbiota in the HiA strain had a much greater impact on
poorly characterized transcription and infectious diseases in
the host, and, also, it had a greater impact on nucleotide
metabolism, genetic information processing, translation,
biosynthesis of secondary metabolites, and energy metabolism
in the host. The gut microbiota had the greatest influence on
environmental adaptation in the GsA strain, and it also had an
impact on multiple physiological and metabolic functions,
including glycan biosynthesis and metabolism, lipid metabo-
lism, cell growth and death, metabolism of amino acid, meta-
bolic diseases, and cell motility. These results indicated that the
effect of the gut microbiota on functions in the different silk-
worm strains that were reared on the artificial diet differed
significantly.

Differences between intestinal microorganisms in the silk-
worms that were reared on mulberry leaves or on the artificial
diet. To rule out the effect of host genetic differences, we
compared the differences of the gut microbiotas between the
same silkworm strains that were reared on mulberry leaves or
the artificial diet. A total of 1085 OTUs was detected in the HiM
and HiA intestinal samples, in which 172 OTUs were common
and 643 and 270 were unique to the HiM and HiA strains,
respectively (Fig. 6a). A total of 383 OTUs was detected in the
GsM and GsA strains, in which only 50 OTUs were common, and
293 and 40 OTUs were unique to the GsM and GsA strains,
respectively (Fig. 6b). PCoA and weighted UniFrac distance
analyses showed that whether in a systematically selected Hi

This journal is © The Royal Society of Chemistry 2018

strain with a high artificial diet ingestive habit (Fig. 6c and e), or
in a naturally mutated Gs strain with a high artificial diet
ingestive habit (Fig. 6d and f), the differences in the gut
microbiota between the silkworms that were reared on
mulberry leaves or the artificial diet were significant, and the
Unifrac distances were greater than 0.5.

An analysis at the phylum level showed that the abundance
of Cyanobacteria and Actinobacteria in the HiA silkworms were
67.9% =+ 20.7% and 83.6% =+ 10.9% lower than those in HiM
silkworms, respectively, while the abundance of Firmicutes
increased by 5.5 & 1.6-fold. The members of the gut microbiota
whose abundance were much lower in GsA silkworms,
compared with those in GsM silkworms, were Cyanobacteria
(99.1% =+ 0.6%), Firmicutes (41.7% =+ 30.7%), Actinobacteria
(97.0% + 2.8%), AD3 (100.0% + 0.0%), Acidobacteria (97.4% =+
5.8%) and Bacteroidetes (94.2% =+ 4.4%), while the abundance
of Proteobacteria increased by 33.9 + 8.1-fold (Fig. 6g). The
relative content changes of three types of intestinal bacteria
which had the highest abundance were analyzed. The ratio of
Firmicutes : Cyanobacteria : Proteobacteria was 26:22:1 in
HiA intestines, while it was 79 : 1:175 in GsA intestines, and the
abundance of the dominant Cyanobacteria and Actinobacteria
in the silkworms that were reared on mulberry leaves were
significantly lower than those in the silkworms that were reared
on the artificial diet. These results indicated that gut microbiota
compositions and bacterial types differed greatly between the
silkworms that were reared on the artificial diet and those that
were reared on mulberry leaves.

An analysis at the genus level further showed that the top
three dominant bacteria in the HiM silkworms were Strepto-
phyta(o), Enterococcus, and Pseudomonas, whose abundance
were 84.5% =+ 6.1%, 6.3% =+ 2.6%, and 0.9% =+ 0.5%, respec-
tively, and their relative ratio was 93 : 7:1. Meanwhile, the top
three dominant bacteria in the HiA silkworms were Entero-
coccus, Streptophyta(o), and Pseudomonas, whose abundance

RSC Adv., 2018, 8, 26188-26200 | 26195
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were 70.1% =+ 17.6%, 27.2% £ 17.5%, and 0.5% =+ 0.2%,
respectively, and their relative ratio was 54 : 139 : 1 (Fig. 6h). An
analysis of the Gs silkworm strains showed that the dominant
bacteria in the GsM silkworms were Streptophyta(o) (44.68% +
5.31%) and Clostridium (28.14% + 18.52%). In the GsM intes-
tines, 25.60% + 13.89% of the gut microbiota comprised
unnamed, unknown microorganisms, while in the GsA intes-
tines, this type of microorganism accounted for as much as
99.31% =+ 0.48% of the gut microbiota (Fig. 6h), which further
confirmed that the compositions of the gut microbiota and the
abundance of dominant microorganisms differed significantly
between the silkworms that were reared on the artificial diet
and those that were reared on mulberry leaves.
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In this study, the results of a microbiological investigation
(Fig. 7) showed that the abundance of Enterococcus in the
intestines of the Hi strains that were reared on the artificial diet
was 11.1-fold higher than that in the silkworms which were
reared on mulberry leaves (Fig. 7h), and the abundance of
Enterococcus, which is a member of the Enterobacteriaceae, was
64.97-fold higher in the Gs strains. Clostridium (Fig. 7a), Pseu-
domonas (Fig. 7d) and Escherichia (Fig. 7g), which were abun-
dant in the silkworms that were reared on mulberry leaves, were
present at significantly lower levels in the silkworms that were
reared on the artificial diet; only traces of Lactococcus existed in
the GsA intestines (Fig. 7e). These results indicate that the
difference in the gut microbiota between the silkworms that
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artificial diet. (@ and b) Phylum-classified and (c and d) family-classified gut microbiota whose relative abundance differed between the silkworms
that were reared on fresh mulberry leaves or the artificial diet (the relative abundance of the HiM vs. HiA strains and the GsM vs. GsA are shown, P
< 0.05, n = 5). (e) Predicted functional analysis of the silkworm gut microbiomes using the PICRUSt software tool. The bar plot shows the
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were reared on the artificial diet is related to immune resistance
in silkworms.

Constituents of the gut microbiotas whose abundance
differed significantly between the silkworms that were reared on
mulberry leaves and those that were reared on the artificial diet
are presented in Fig. 8. Whether at the phylum (Fig. 8a and b) or
genus levels (Fig. 8c and d), microorganisms with abundance
differences in the Gs strains whose ingestion habit was natu-
rally acquired, were greater than those in the Hi strains whose
ingestion habits were selected systematically. At the phylum
level, the abundance of Cyanobacteria and Actinobacteria in the
Gs and Hi silkworms which were reared on the artificial diet
were significantly lower than those in the Gs and Hi silkworms
which were reared on mulberry leaves (P < 0.05) (Fig. 8a and b).
At the family level, the abundance of six types of microorgan-
isms, namely Veillonellaceae, Streptophyta(o), Sphingomona-
daceae, Ruminococcaceae, Pseudomonadaceae, and
Lachnospiraceae, were significantly lower in the Gs and Hi
silkworms that were reared on the artificial diet compared with
those of the silkworms that were reared on mulberry leaves (P <
0.05) (Fig. 8c and d).

The functions of the gut microbiota were predicted using
PICRUSt. There were 44 types of function that differed signifi-
cantly and consistently between the silkworm strains, of which

Mycobacterium
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17 functional levels were reduced, while 27 were increased
(Fig. S21). Seventeen types of function with the most significant
differences are presented in Fig. 8e (P < 0.05, the fold-change
was greater than 2). The silkworms that were reared on
mulberry leaves were used as a control, and the differences of
the gut microbiota of the silkworms that were reared on the
artificial diet affected 11 types of function, including non-
homologous end-joining, whose functional levels were down-
regulated, and six types of function, including membrane and
intracellular structural molecules, whose functional levels were
upregulated. In the silkworms that were reared on the artificial
diet, the degrees of decreased functional levels in the Gs strains
were greater than those in the Hi strains, while the degrees of
increased functional levels in the Gs strains were lower than
those in the Hi strains. These results indicated that the Gs
strains were more strongly affected than the Hi strains when
reared on the artificial diet, compared with the same strains
that were reared on mulberry leaves.

In a previous study, we analyzed the metabolome of silk-
worms" and the results showed that the contents of multiple
vitamins, including thiamine and riboflavin, in the hemolymph
of silkworms reared on an artificial diet were significantly lower
than those in silkworms reared on mulberry leaves. The
contents of six essential and non-essential amino acids,
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including methionine and lysine, were also significantly lower,
and multiple metabolic pathways, including serine metabolic
pathways associated with silk protein synthesis, were inhibited.
Meanwhile, although the contents of key substances in the
metabolic pathways of uric acid and urea formed from amino
acids were significantly higher, uric acid and urea were heavily
enriched in the hemolymph. In the present study, more domi-
nant microorganisms that were positively correlated with the
metabolism of vitamins, including thiamine and riboflavin,
appeared in the gut microbiota of the silkworms that were
reared on the artificial diet, compared with those in the silk-
worms that were reared on mulberry leaves (Fig. 9a), while the
abundance of microorganisms that were negatively correlated
with key substances in the metabolic pathways of uric acid and
urea were much higher (Fig. 9b). While microorganisms that
were associated with the metabolic pathways of amino acids in
the host appeared to occur randomly, dominant microorgan-
isms that were positively associated with some metabolites were
closely related to those that were negatively correlated with
other metabolites (Fig. 9¢). This can be explained by the fact
that the abundance of microorganisms involved in the
synthesis of vitamins, such as thiamine and riboflavin, in the
host were significantly higher, and the functions that help the
host eliminate toxins and xenobiotics were significantly lower,
while the differences in microorganisms involved in amino acid
metabolism in the host were not consistent. These results
indicate that the difference in the gut microbiota of silkworms
reared on the artificial diet was highly correlated with metabolic
changes in the host. Therefore, we conclude that the differences
in the diversity of gut microbiota and dominant bacteria in the
silkworms that were reared on the artificial diet could be related
to the adaptation of silkworms to the artificial diet.

Discussion

Intestinal microorganisms in the silkworms that were reared
on the artificial diet differ significantly from those of the
silkworms that were reared on mulberry leaves

Changes in diet can affect gut microbiota diversity and relative
gut microbial contents in insects, as demonstrated in Riptortus
clavatus and Schistocerca gregaria.***® A similar phenomenon
has also been found in Phlebotomus argentipes®” and Copto-
termes formosanus®**® which efficiently digest cellulose. Also, it
has been demonstrated repeatedly in humans**-** and mice.*>**

Mulberry leaves are almost the only food that silkworms have
adapted to over a long period. It has been reported that Cya-
nobacteria, Firmicutes, and Proteobacteria are the dominant
bacteria in the intestines of silkworm larvae of the Dazao variety
that were reared on mulberry leaves.* It is worth mentioning
that the similar bacterial phyla were observed in the various
beetles (Coleoptera).*** In this study, we investigated four
silkworm strains that were reared on mulberry leaves, and the
dominant bacteria in their intestines were also Cyanobacteria,
Firmicutes, and Proteobacteria, indicating that the gut micro-
biota of silkworms reared on mulberry leaves is quite stable.
The functions of the intestinal bacteria in the gut microbiota, as
predicted by PICRUSt, showed that genetic differences between

26198 | RSC Adv., 2018, 8, 26188-26200
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the silkworm strains with different artificial diet ingestive
habits, which were selected systematically or naturally occur-
ring, did not have an impact on the functions of silkworms that
were reared on mulberry leaves. We further found that the gut
microbiota of the silkworms that were reared on the artificial
diet differed greatly from that of the silkworms that were raised
on mulberry leaves, as the most dominant bacteria in their
intestines were the Firmicutes or Proteobacteria. This differ-
ence in silkworms is similar to that in chickens,*® pigs,*” and
horses*® when they are reared on an artificial diet such as
soybean meal. In this study, the prediction results of the func-
tions of the intestinal bacteria showed that the gut microbiota
functions in the different silkworm strains that were reared on
the artificial diet differed significantly, indicating that the
impact of the gut microbiota on the silkworms that were reared
on the artificial diet may be greater and more varied than that
on the silkworms that were reared on mulberry leaves. These
results suggest that the microorganisms harbored in the silk-
worm intestines may co-evolve with the selection of an artificial
diet ingestive habit in the silkworm, and they may be involved in
a variety of metabolic functions in the host.

Differences of intestinal microorganisms affect immune
resistance in the silkworms that were reared on the artificial
diet

A number of reports suggest that gut microbiota can regulate
the expression of host genes and affect the proliferation of host
cells® and the development of tissues and organs,* and that it
even plays a key role in the maturation and homeostasis of the
host immune system.**** Furthermore, the gut microbiota can
protect the host from excessive growth of pathogens,* and it
can react to or modify specific drugs and eliminate xenobiotic
toxins.”>*® Studies in silkworms reported that the abundance of
Enterococcus in the intestines of silkworms reared on mulberry
leaves is associated with increased immunity.*® Lactobacillus 11/
19-B1 enhanced the survival rate of larvae infected with P. aer-
uginosa by activating innate immunity in B. mori.*” The coloni-
zation of ice-nucleation active Enterobacteriaceae in the
intestines of mulberry pyralid larvae significantly reduced the
cold hardiness of the larvae.*® Endogenous P. aeruginosa, which
colonizes B. mori intestines, promotes the binding of ExoS to
FXYD3 by expressing the pvdE gene, which mediates penetra-
tion of bacteria through the intestinal epithelial cell barrier
from infected B. mori hemolymph to achieve bacterial trans-
location.*® Escherichia coli and Beauveria bassiana affect the
immune response in silkworm intestines by increasing the
expression of the signal-transduction-mediating trans-
membrane protein BmToll9 during the innate immune
response.”” These results indicate that different bacteria induce
different immune responses in B. mori.

Differences of the gut microbiota affect nutrient metabolism
in the silkworms that were reared on the artificial diet

Studies have found that the gut microbiota can regulate the
synthesis of neurotransmitters in the host,* as well as intestinal
endocrine hormones,®* vitamins® and the digestion of complex

This journal is © The Royal Society of Chemistry 2018
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carbohydrates.®*** It also affects specific physiological functions
and provides energy to the host.*>™*

The insect gut microbiota is thought to be involved in the
decomposition and digestion of food.*® Research on B. mori has
revealed that the abundance of Cyanobacteria in the intestines
of silkworms reared on mulberry leaves may be related to the
digestion of chlorophyll and other ingredients that are abun-
dant in fresh mulberry leaves.”® Bacillus circulans, Proteus vul-
garis, E. coli, and Citrobacter freundii can produce digestive
enzymes to help degrade carbohydrates, and Alkaliphilic
bacteria found and isolated from B. mori intestines can degrade
polysaccharides, while the number of cellulose-decomposing
bacteria in the intestines increases with increasing larval
age.> The proteases secreted by Stenotrophomonas maltophilia
can improve the digestion and absorption of mulberry leaves in
B. mori intestines.”® Also, it has been reported that the abun-
dance of lipase-producing bacteria in the gut microbiota of
silkworms reared on an artificial diet changed significantly.”

In summation, gut microbiota diversity and dominant
bacteria in the silkworms that were reared on the artificial diet
differed greatly compared with those of the silkworms that were
reared on mulberry leaves, which may be related to multiple
issues, including development, metabolism, and disease resis-
tance in the silkworms that were reared on the artificial diet.
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