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Microbes that live inside insects play various roles in host biology, ranging from nutrient supplementa-
tion to host defense. Although Lepidoptera (butterflies and moths) are one of the most diverse insect taxa
and important in natural ecosystems, their microbiotas are little-studied, and to understand their struc-
ture and function, it is necessary to identify potential factors that affect microbiome analysis. Using a
model organism, the silkworm Bombyx mori, we investigated the effects of different sample types (whole
gut, gut content, gut tissue, starvation, or frass) and metagenomic DNA extraction methodologies (small-
scale versus large-scale) on the composition and diversity of the caterpillar gut microbial communities.
High-throughput 16S rRNA gene sequencing and computational analysis of the resulting data unraveled
that DNA extraction has a large effect on the outcome of metagenomic analysis: significant biases were
observed in estimates of community diversity and in the ratio between Gram-positive and Gram-
negative bacteria. Furthermore, bacterial communities differed significantly among sample types. The
gut content and whole gut samples differed least, both had a higher percentage of Enterococcus and
Acinetobacter species; whereas the frass and starvation samples differed substantially from the whole
gut and were poor representatives of the gut microbiome. Thus, we recommend a small-scale DNA
extraction methodology for sampling the whole gut under normal insect rearing conditions whenever
possible, as this approach provides the most accurate assessment of the gut microbiome. Our study high-
lights that evaluation of the optimal sample-processing approach should be the first step taken to confi-
dently assess the contributions of microbiota to Lepidoptera.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lepidoptera are the second largest order of insects and are
widespread and widely recognizable in nature. Although butter-
flies and moths play an important role in ecosystems as pollinators
and as prey in the food chain, their caterpillars are problematic in
agriculture because their main food source is live plants. Due to the
low nutrient content, indigestibility and toxicity of many plant tis-
sues [1], herbivorous insects have developed numerous traits to
overcome these dietary obstacles. While previous research has
mostly focused on the counteradaptations rooted in the insect gen-
ome [2], microbial symbionts, particularly those inhabiting the gut,
are becoming increasingly recognized as a significant player in
insect-plant interactions [3–7].

In fact, various studies have shown the relative composition of
lepidopteran caterpillar gut community. For example, both
culture-dependent and culture-independent techniques revealed
that Enterococcus species are especially common and consistent
gut inhabitants found in a wide range of lepidopterans, including
the wax moth Galleria mellonella [8–10], gypsy moth Lymantria dis-
par (Lepidoptera: Lymantriidae) [11], cotton leafworm Spodoptera
littoralis (Lepidoptera: Noctuidae) [12], spring webworm Ocnogyna
loewii (Lepidoptera: Erebidae) [13], spurge hawk-moth Hyles
euphorbiae (Lepidoptera: Sphingidae) and Amaryllis borer Brithys
crini (Lepidoptera: Noctuidae) [14]. In particular, enterococci are
metabolically active inside the gut of the tobacco hornworm Man-
duca sexta (Lepidoptera: Sphingidae) and originate from eggs but
not from host plants [15]. Metagenomic sequencing of the dia-
mondback moth gut microbiome revealed three, highly-abundant
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bacteria (Enterobacter cloacae, Enterobacter asburiae, and Carnobac-
terium maltaromaticum) as key symbionts across the host life cycle
[16]. Montagna et al. provide evidence of a core microbiota in the
Indian meal moth Plodia interpunctella (Lepidoptera: Pyralidae)
[17–18]. In addition to extracellular bacteria, endosymbionts are
also widespread in Lepidoptera [13,19]. For example, Wolbachia
could be detected in all leaf-mining moths of Phyllonorycter blan-
cardella (Lepidoptera: Gracillariidae) collected from different loca-
tions and is believed to be the most highly abundant bacteria in
this insect [20]. Although microbial communities associated with
the gut of lepidopterans are attracting an increasing interest [21–
22], systematic study of potential factors influencing microbiome
analysis, as revealed by recent work in the human gut microbiome
[23–24], is still necessary for Lepidoptera [25].

A multitude of gut microbiome studies have already uncovered
significant heterogeneity between intestinal luminal, mucosal and
fecal microbiota [24,26–27]. For instance, mucosa-associated bac-
teria significantly differ from the bacterial community recovered
from feces, limiting the applicability of feces in fully assessing both
the murine and human gut microbiome [24]. The gut of lepi-
dopteran insects is quite simple without any specialized structures,
and it accounts for the largest proportion of the body cavity [28].
Lepidopteran caterpillars often consume large amounts of plant
material during development, thus their guts contain a large vol-
ume of plant biomass. To study the lepidopteran gut microbiome,
several sampling procedures have been described in the literature
for obtaining samples for the purpose of sequencing metagenomic
DNA. For instance, the whole gut is homogenized and extracted
directly [12–13,29–30]. Starvation prior to sampling commonly
promotes the elimination of plant material from the gut [14]. The
use of frass has also been reported in a variety of species [21].
Therefore, different sample types potentially affect microbiome
analysis in the field.

More surprisingly, recent work has shown that DNA extraction
methodology has the largest effect on the outcome of metage-
nomic analysis in human gut microbiome studies [23]. In particu-
lar, lepidopteran caterpillars grow fast, and larval mass and body
volume increase dramatically. For instance, the weight of M. sexta
increases more than 1,000-fold from the first to the fifth instar
[31]. This significant change in body size could account for the
sampling problem encountered across host development since
early-instar caterpillars offer very limited sample material (at the
milligram level per individual); thus, a small-scale DNA extraction
methodology is most suitable for early instars. Late-instar caterpil-
lars, however, provide a relatively large amount of sample material
(at the gram level per individual), and a large-scale DNA extraction
methodology is therefore more suitable. For small sample sizes,
DNA purification methods with commercially available kits are
widely used for next-generation sequencing-based analyses of
microbial community composition, such as the MasterPure Com-
plete DNA and RNA purification kit from Epicentre Biotechnologies
(Illumina, USA) [32–35]. For large sample sizes, DNA can often be
easily extracted by routine procedures, such as proteinase K diges-
tion followed by phenol–chloroform-isoamyl alcohol (PCI) extrac-
tion and ethanol precipitation [36]. Use of inconsistent methods
applied over the course of host development potentially further
affects data sets.

As already highlighted above, sample processing must consider
confounders when comparing multiple studies and data sets. Using
the silkworm Bombyx mori (Lepidoptera: Bombycidae) as a
research model in the present study, we conducted a systematic
comparison of sample type and metagenomic DNA extraction
methodology to identify whether these factors are also sources of
variation in the gut microbial community of lepidopteran caterpil-
lars. B. mori, having been domesticated over 10,000 years, is a pow-
erful experimental model for both basic and applied research [37].
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The inbred, standard strain p50 silkworms have a highly identical
genetic background, and the interindividual variation in their gut
microbiotas is also not significant [3], a phenomenon widely
observed in Lepidoptera, especially in those individuals from the
same population [12]. We used both culture-dependent techniques
and culture-independent high-throughput sequencing of the 16S
rRNA gene to compare bacterial load and community composi-
tions. Evaluations of the influence of sampling and sample process-
ing have important implications for the interpretation of
lepidopteran gut microbiome studies.
2. Materials and methods

2.1. Insect rearing

Eggs of B. mori inbred strain p50 (Dazao) were provided by the
Silkworm Germplasm Bank at the College of Animal Sciences, Zhe-
jiang University, China, and hatched at 28 ℃ using standard proto-
cols [38]. Newly hatched larvae were reared in groups (50
individuals per chamber) at 25 ± 1 ℃ and 70 ± 5% humidity on a
14:10 (light: dark) cycle, and were allowed to feed on fresh mul-
berry leaves ad libitum. Mulberry leaves were collected from a
mulberry-planting field (30�180N, 120�040E) without further disin-
fection. Surface-disinfected gloves and lab coats were worn during
the whole experimental process.

2.2. Sample collection and preparation

Forty silkworms were collected on the fourth day of 5th-instar
larvae and stored immediately at �80 �C. Another 20 silkworms at
the same stage were starved for 24 h in sterile Petri dishes, after
which they were collected as starvation samples. And the fresh
frass was frozen too at �80 �C after weighed. Before sample pro-
cessing, all frozen larvae were first rinsed three times in sterile
water, surface-sterilized in 70% ethanol for 30 s and washed three
times again in sterile water to minimize external contamination.
The whole gut (from proventriculus to rectum), gut content or
gut tissue was dissected from each individual under aseptic condi-
tions in Petri dishes, using sterile scissors and forceps according to
Shao et al. [39]. The whole gut (including the gut tissue and the
possible remaining food content) was also withdrawn from starved
caterpillars. After being weighed, each dissected sample was trans-
ferred into a 2.0-mL lysing tube and then was homogenized
directly via bead-beating without any suspension buffer using a
Bertin lyser instrument (5000 rpm, 30 s). Soft and loose frass sam-
ples were homogenized by manual grinding with a pestle.

2.3. DNA extraction and assessment of extraction success

For DNA extraction, two commonly used methodologies were
employed, one for small sample size and another for large-scale
DNA extraction. Most commercial kits fit to small volume and we
selected the MasterPureTM Complete DNA and RNA Purification Kit
(Epicentre, Illumina), which is widely used based on both chemical
and enzymatic lysis and seamlessly integrated into next-
generation sequencing [3,29,40–41]. We followed all steps recom-
mended by this kit, including the proteinase K and ribonuclease A
(RNase A) treatment. An additional lysozyme incubation step
(30 min at 37 ℃, 4 mL of 100 mg/mL lysozyme, Sigma-Aldrich,
USA) was included prior to proteinase K digestion to break up
Gram-positive bacterial cells [32]. The other one for large-scale
DNA extraction was the classic phenol–chloroform-isoamyl alco-
hol (PCI) based extraction and ethanol precipitation. All sample
types were extracted by both methods except frass (only the first
method) due to small size (6.03 mg on average). Specifically, insect
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tissue-free water ‘‘blanks” were processed with both DNA extrac-
tion methodologies and PCR amplification kits as the negative con-
trols to detect reagent and environment contamination.

Twenty mg homogenate was first removed from each individual
sample and extracted with the kit, using the manufacturer’s rec-
ommended procedure; the rest part (182 mg on average, Sample
mass, Table S1) was subject to a PCI extraction protocol according
to Renshaw et al. [36]. Briefly, the homogenized sample was sus-
pended in 25 mL of a solution containing 2 g of polyethylene glycol
2000, 62.5 mg of egg white lysozyme, and 5 mM Tris-
hydrochloride (pH 8.0), and incubated in a 37 ℃ water bath for
2 h. After centrifugation (5 min, 8,000 rpm), the cells were resus-
pended in 12.5 mL of TES buffer (50 mM Tris-hydrochloride [pH
7.6], 20 mM sodium ethylenediaminetetraacetic acid, and 25%
sucrose), treated with 12.5 mL of 20 mg/mL of RNase A for
60 min at 37 ℃, and then lysed with heat at 60 ℃ for 2 h in the
presence of 20 mL of 50 mg/mL of proteinase K and 1.7% sodium
dodecyl sulphate. After that, 2.13 mL of 5 M sodium chloride solu-
tion and 1.7 mL of cetyltrimethyl ammonium bromide (CTAB) buf-
fer (0.7 M NaCl and 10% (w/v) CTAB) was added and incubated in a
65 ℃ water bath for 10 min. Then the samples were centrifuged at
8000 rpm for 20 min and the cleared supernatants were trans-
ferred to fresh tubes to be extracted. The same volume of PCI mix-
ture in a ratio of 25:24:1 was added to the lysate and samples were
vortexed for 5 s. Tubes were centrifuged at 8000 rpm for 20 min
and the aqueous layer was transferred to a fresh 50-mL Falcon
polypropylene centrifuge tube. The extraction procedure was
repeated once, and the aqueous layer was transferred again to a
fresh tube. Two volumes of 100% ice-cold ethanol were added to
the aqueous supernatant and the samples were precipitated at
�20 ℃ overnight. The precipitate was pelleted by centrifugation
at 8000 rpm for 20 min, and the liquid was decanted. Then the pel-
let was washed twice with 10 mL of 70% ethanol at room temper-
ature. The ethanol was removed by centrifugation at 8000 rpm for
15 min. Pellets were dried on a laminar flow clean bench at room
temperature until no visible liquid remained; and finally pellets
were redissolved in sterile Millipore water. DNA concentration
and purity was measured by Biodropsis BD-2000 instrument
(OSTC, China), and the integrity was determined by electrophoresis
on a 1% (w/v) agarose gel. The successful extraction of bacterial
DNA was verified using PCR assays with universal eubacterial
16S rRNA primers (27f and 1492r). Subsequently, the extracted
DNA was used for Illumina sequencing.

2.4. Bacterial enumeration

The gut was dissected from the insect as previously described
[39]. Each sample was homogenized in the sterile PBS buffer and
diluted serially ranging from 1 � 10�1 to 1 � 10�6. Considering
the different nutritional needs of gut bacteria, two types of media
(LB and Brain and Heart Infusion (BHI)) were used for culturing. A
50-mL aliquot was spread onto agar plate. The colony forming units
(CFUs) were counted on each plate after a 48 h incubation at 30 ℃.

2.5. Amplification and Illumina sequencing of targeted 16S rRNA gene

DNA extracts from different sample types were amplified with a
primer pair specific for the V3-V4 region of the 16S rRNA gene
(338f: ACTCCTACGGGAGGCAGCAG, 806r: GGACTACHVGGGTWTC-
TAAT) respectively. The PCR reaction was performed in triplicate
for each sample and the sequencing primers contained the adapter
and barcode sequences. We included appropriate negative controls
(blank samples) at all steps in PCR reactions. For each reaction,
20 lL of the mix was prepared, containing 4 lL FastPfu reaction
buffer (TransGen, China), 2 lL 2.5 mM dNTPs, 0.8 lL 5 lM of each
primer, 0.4 lL FastPfu Polymerase, 0.2 lL BSA, and 10 ng of tem-
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plate DNA. The PCR reaction involved a single denaturation step
at 95 �C for 3 min, followed by 27 cycles of 95 �C for 30 s, 53 �C
for 30 s, 72 �C for 45 s, and finished after a final extension at
72 �C for 10 min. The triplicate reaction products were pooled
and run on a 2% (w/v) agarose gel. Gel fragment of correct size
was excised and purified with an AxyPrep DNA gel extraction kit
(Axygen, USA). After quantified by Quantifluor dsDNA system (Pro-
mega, USA), products were calculated into equal amount and
mixed for Illumina MiSeq (Illumina, USA) paired-end sequencing
performed by a certified sequencing provider (Majorbio, China).
66 DNA samples were sequenced successfully: 18, 24 and 24 sam-
ples belonging to the experiment ‘‘Methodology reproducibility
and variation” (for each method (the kit or PCI), three technical
replicates (each 20 mg) were withdrawn from the well-mixed
whole gut material of each single 5th-instar silkworm individual
(biological replicate)), ‘‘Microbiota similarities and differences
between sample types under small-scale extraction conditions”
(a single individual (biological replicate) for each sample) and
‘‘Microbiota similarities and differences between sample types
under large-scale extraction conditions” (a single individual (bio-
logical replicate) for each sample), respectively.
2.6. Data processing and statistical analyses

Demultiplexed sequences were merged with FLASH (v1.2.11)
[42] and quality filtered with fastp (v0.19.6) [43] according to
the criteria previously described [44]. Usearch (v8.1.1861) [45]
algorithm was used for removal of the chimeric sequences and
OTU clustering with a similarity threshold of 97%. After removing
singletons, the most abundant sequence in each OTU was defined
as the representative sequence, which was assigned against the
SILVA database (v132) [46], with minimum confidence 0.8. As an
additional quality control measure, OTUs classified as chloroplasts
or mitochondria and those that could not be assigned to a specific
phylum were removed prior to further analyses [47]. The presence
of potential contaminant sequences was identified (Table S2) using
decontam package (v. 1.2.1) based on isContaminant function at the
default classification threshold [48]. The non-contaminant
sequence data were randomly rarefied to the minimum number
(2416) sequences in all sequenced samples to account for the vari-
able sequencing depth obtained and a normalized OTU table was
generated. Mothur (v1.37.6) analysis of data sets was conducted
with the transferred OTU abundance table by the make.shared
command [49]. The DivNet R package was used to estimate diver-
sity according to Willis, A.D., and Martin, B.D. [50].

Following initial processing, Principal Coordinate Analysis
(PCoA) was performed based on the weighted UniFrac dissimilari-
ties, and P-values were calculated by the permutational multivari-
ate analysis of variances (PERMANOVA) in PAST (v3.21) using 9999
permutations [51]. Heatmaps and Venn plots were generated
based on the relative abundance of OTUs at the genus level, visual-
ized by using the R package ‘‘ggplot2” and ‘‘VennDiagram”. Corre-
lation heatmaps were based on the Spearman distance calculated
by the relative abundance of each OTU at the genus level. Variation
of total DNA quantity, 16S rRNA gene copies and alpha diversity
indices were calculated by Student’s t-test or Wilcoxon rank-sum
test using SPSS software (v20.0, IBM Corporation, USA). Normal
distributions of the data were checked with the Shapiro–Wilk test
and homoscedasticity of variances was analyzed using either Bar-
tlett’s or the Fligner–Killeen test.
2.7. Data accessibility

The sequencing data are available through the NCBI SRA
archive, accession number: SRP100894 and SRX3759742.
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3. Results

3.1. Study design and quality control of extracted DNA

As in many other lepidopteran herbivores, there was significant
variation in body size across silkworm development. The final (5th)
instar larva of B. mori reared on native plant diet was much larger
than other instar larva (Fig. 1a). Fig. 1a also shows a large amount
of plant material inside the tube-like digestive tract, which is the
largest part of the body of a silkworm. We compared the bacterial
communities present across the five most commonly used sample
types (Fig. 1b) and between DNA extraction methods (small-scale
vs. large-scale). DNA extracted directly from the whole gut (W)
of 5th-instar larvae represents total gut microbial biomass.

Almost all molecular techniques to describe and quantify the
microbiota require extraction of DNA from samples as a first step.
Thus, quality control of extracted DNA, in terms of DNA integrity
and quantity, was first considered. High-molecular-weight DNA
was recovered from both extraction methodologies, and the DNA
quality was shown to be reproducible across individuals (Fig. S1).
The size of most DNA fragments obtained was above 15 kb. The
extracted DNA was sufficiently pure to be used directly as a tem-
plate for PCR and was therefore suitable for high-throughput
sequencing. However, despite the use of more gut materials, the
PCI protocol did not appear to yield more DNA (Fig. 2a). Overall,
DNA extracted using the kit gave an average yield of 40.2 mg (range
8.3–73.5 mg) per sample, whereas only 14.4 mg (range 6.6–28.9 mg)
per sample was obtained using the PCI protocol. In particular, there
was a significant difference between the two methodologies in the
gut tissue and starvation sample yields, with P values of 0.003 and
0.001, respectively (Student’s t test). Furthermore, the kit proce-
dure provided substantial improvements in extraction efficiency
(Fig. 2b). An obviously increased extraction efficiency of DNA (mg
DNA extracted per mg sample) was observed in the whole gut
(P < 0.001), gut tissue (P = 0.001) and starvation (P < 0.001)
samples.
3.2. Methodology reproducibility and variation

Since DNA quantity had already shown a between-method dif-
ference, we next investigated the influence of DNA extraction
methodology on the outcome of metagenomic analyses. We com-
pared gut microbiota structure by directly sequencing DNA
extracted from the same 5th-instar individual caterpillar with
the two different methodologies to reduce biological sources of
variation (Fig. 3). For each method, three test portions (20 mg
per sample) were withdrawn from the well-mixed whole gut
material of each individual, and DNA was extracted by either the
kit or the PCI procedure as described in materials and methods
(Fig. 3a). Under standard laboratory conditions, the commercial
kit-based procedure extracted DNA that is sufficiently pure to be
used as a template for PCR within an hour. By contrast, the PCI
approach involved more hands-on time because of the additional
matrix removal step.

The bacterial community structure was determined by Illumina
MiSeq sequencing of the 16S rRNA gene. Despite the two DNA
extraction procedures shared the same 23 genera (Fig. 3b), more
OTUs were found in the case of the kit-based procedure, probably
due to a significantly higher proportion of Gram-positive bacteria
being detected (Fig. 3c).

In terms of technical sources of variation, we assessed measure-
ment reproducibility through technical replication. The taxonomic
composition of microbiota among technical replications of the
same individual was consistent in the results from the kit method,
with samples collected from the same individual clustering
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together; however, the taxonomic composition of technical repli-
cates derived from the PCI method varied widely, with samples
collected from the same individual clustering separately (Fig. 3d).
This pattern was apparent in all biological samples tested, suggest-
ing that technical variation within the PCI methodology was a con-
siderable factor in lepidopteran microbiome analysis. Notably,
samples extracted with the same methodology, regardless of the
individual silkworms they originated from, all clustered into the
same clade (kit or PCI-based); thus, between-methodology varia-
tion was greater than the variation produced by biological effects.
The heatmap of the most proportionally abundant bacterial taxa
showed that the hard-to-extract Gram-positive bacteria, such as
Enterococcus, were heavily underestimated when compared to
the mean abundances across the nine replicates, from 55.7% in
the kit method to 7.2% in the PCI method, while Gram-negative
bacteria, such as Ralstonia, were largely overrepresented in the
PCI method, indicating that this procedure probably was only
effective in recovering DNA from a variety of Gram-negative bacte-
ria (Fig. 3d).

Altogether, major intermethod differences in the composition of
whole gut microbiota were evident as determined by molecular
biological techniques. DNA extraction also has a large effect on
the outcome of metagenomic analysis of the lepidopteran
microbiome.
3.3. Bacterial load and overall community diversity across sample
types

The culture-based approach revealed that abundant bacteria
colonized the silkworm (Fig. 4). In the whole gut, the cultivatable
bacterial count on LB agar was found to be 5.48 � 108 CFU/g sam-
ple on average. The number of bacteria decreased in the gut con-
tent (8.06 � 107 CFU/g sample), gut tissue (3.36 � 107 CFU/g
sample), and starved caterpillars (1.12 � 108 CFU/g sample). The
cultivatable colonies were approximately 8.48 � 108 CFU/g in the
frass. A similar trend on BHI agar was observed across all five sam-
ple types (whole gut, 5.52 � 108 CFU/g; gut content,
1.03 � 108 CFU/g; gut tissue, 6.73 � 107 CFU/g; starved caterpillar,
1.04 � 108 CFU/g; frass, 9.72 � 108 CFU/g).

DNA extracted from the herbivore gut potentially includes
microbial DNA, host (B. mori) DNA and plant diet (Morus alba)
DNA. When sampling bacterial communities in lepidopteran herbi-
vores, chloroplast sequence contamination in 16S analyses can be
particularly problematic since lepidopteran caterpillars consume
large amounts of plant material [34]. As expected, compared to
gut tissue and starvation sample types, the whole gut, gut content
and frass samples, which contained large amounts of plant materi-
als, also had a relatively high representation of sequences related
to chloroplasts (Fig. 5a).

By using the extraction kit, we found that the whole gut was
associated with the highest number of phylotypes (49 OTUs on
average), reflecting the true extent of community diversity
(Fig. 5b). The total number of OTUs decreased in the frass samples
(only 29 OTUs on average). Notably, lower OTU numbers were
recovered with the PCI procedure than with the kit-based proce-
dure in all sample types, especially in the whole gut and gut con-
tent samples, with P values of <0.0001 and 0.0085, respectively
(Student’s t test). In addition, intersample differences were not evi-
dent as determined by PCI extraction. Consistently, the estimated
Shannon index also showed that bacterial biodiversity present in
the whole gut (2.75) was higher than that present in other sample
types (Fig. 5c). The kit method reliably detected more species from
the whole gut (P = 0.0013). Notably, starvation and frass samples
exhibited significantly lower diversity, with mean values of the
Shannon index at 1.12 and 0.90 (P = 0.0221 and 0.0306,



Fig. 1. An overview of the experimental design. (a) The final (5th) instar silkworm and its gut. Scale bar, 1 cm. (b) Outline of the sampling setup. Composition and variability
of the silkworm gut microbiotas are compared across all sample types (W, whole gut; C, gut content; T, gut tissue; S, starvation; F, frass) by using both large-scale (PCI) and
small-scale (Kit) metagenomic DNA extraction methods. A small (20 mg per sample) and a large (182 mg on average) test portion were collected for each individual and
extracted with the two methods respectively; the frass was only extracted using the Kit method due to its small size.
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Fig. 2. Quantity of DNA extracted from different sample types by using both small-scale (Kit) and large-scale (PCI) methods. (a) Total DNA yield per sample (for Kit, 20 mg
sample used; for PCI, 182 mg sample used on average). (b) Characterization of extraction efficiency by method type. Each symbol represents a single individual (biological
replicate). **, P < 0.01, Wilcoxon rank-sum test.
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Fig. 3. Effect of metagenomic DNA extraction methodology on microbiota structure. (a) The yield of DNA extracted using the kit and PCI method across biological replicates
(independent 5th-instar silkworm individuals). A, B and C represent different individuals (biological replicate); each symbol represents technical replication (20 mg
subsample originated from the homogenized whole gut of a single individual). (b) Venn diagram showing the numbers of genera shared or unique between the kit and PCI-
based data sets. (c) Recovery of the hard-to-extract Gram-positive bacteria (G+) between the two methodologies. **, significance (P = 0.0015, Student’s t test). (d) Heatmap of
major taxa identified. Cluster analysis used the Bray-Curtis distance and complete-linkage algorithm. Genus-specific abundance variation shows that biases are consistent
across the two extraction methods. A, B and C represent different individuals (biological replicate); 1, 2 and 3 represent technical replication of a single individual.

Fig. 4. Bacterial counts on nutrient agar indicating abundant bacteria in all five
sample types. Each column represents six independent biological replicates. Error
bars denote standard errors.
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respectively), demonstrating the impact of sample types on micro-
bial community structure in lepidopteran herbivores.
3.4. Variability in community composition among sample types

High-throughput 16S gene surveys determined the composition
of the bacterial community across the five sample types under each
DNA extraction condition, as shown in Fig. 6 (small-scale extrac-
tion) and 7 (large-scale extraction). All silkworms were from the
same laboratory population reared under identical environmental
conditions, and the overall interindividual variation in microbiota
composition was low within each sample type (Figs. 6a, 7a). In
addition, several OTUs were common to all five sample types, par-
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ticularly with respect to the dominance of sequences in the phy-
lum Firmicutes. Enterococcus was the most abundant genus,
constituting up to 52.9% (small-scale extraction) and 35.9%
(large-scale extraction) of all sequences obtained with each DNA
extraction method. The genus Acinetobacter, belonging to the Pro-
teobacteria phylum, was also found in most of our samples, making
up to 20.6% (small-scale extraction) and 25.8% (large-scale extrac-
tion) of the total sequences (Figs. 6a, 7a). However, we observed
significant differences in the distribution of various bacterial taxa
depending on the sample type under both extraction conditions.

The small-scale, kit-based procedure showed that despite com-
munity representations being generally similar between whole gut
and gut content sample types, the three other sample types tested
(gut tissue, starvation and frass) were more distantly related,
according to PERMANOVA pairwise analysis based on weighted
UniFrac values (Fig. 6a, S2a). The whole gut samples captured the
full composition of the microbial community. In addition to Entero-
coccus and Acinetobacter, the relative abundance of bacterial spe-
cies, including Enterobacter, Glutamicibacter, Rhodococcus,
Corynebacterium and Sphingomonas, was also high, and these bacte-
ria were consistently observed in all individuals within this group.
These OTUs were also found in gut content samples, which pro-
vided a community profile comparable to that of the whole gut
samples. By contrast, other sample types, especially the frass sam-
ples, resulted in significant variation in taxonomic composition
(gut tissue vs. whole gut, P = 0.0338; starvation vs. whole gut,
P = 0.016; frass vs. whole gut, P = 0.0084, PERMANOVA test with
9999 permutations), and most taxa had a reduced proportional
abundance (Figs. S2a, 6a). For the gut tissue, there was a relatively
low abundance of Enterococcus, Rhodococcus, Sphingomonas, Piscini-
bacter and Enterobacter. Interestingly, we found that the abundance
of Glutamicibacter and Acinetobacter was higher than that present
in other sample types, suggesting that the two bacteria potentially
attach to the gut epithelial tissue. When starved, the difference
observed was that Enterobacter and Glutamicibacter abundance
were greatly reduced, and Enterococcus abundance was increased.
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In frass samples, compared to the whole gut, the microbiota was
skewed towards only one dominant genus (Enterococcus, compris-
ing as much as 88.3% of all sequences), resulting in a simple com-
munity composition that underestimated diversity (Fig. 5c).

We also evaluated the Spearman’s distance (ranked species
abundances) for each sample to assess the magnitude of micro-
biome variation between the samples as noted before [52]. The cal-
culation of these distances produces a matrix where microbial taxa
rather than samples were compared to one another. This Spear-
man’s distance matrix represents the strength of the correlation
among microbial pairs; thus, smaller distances represent stronger
correlations, which were visualized using a color key (Fig. 6b).
We found that the whole gut and gut content samples recovered
comparable species rankings, while higher heterogeneity of the
microbiota was evident in all other sample types, especially in
the starvation and frass samples. PCoA analysis of pairwise
weighted UniFrac values further revealed that most of the variation
(>80%) was captured by the first two principal coordinates, and the
clustering of sample types was easily observable (Fig. 6c). Notably,
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the frass and starvation samples showed larger overall dissimilar-
ities in microbiota composition than did the other samples types.

Similarly, the large-scale PCI-based method also indicated
highly variable patterns in bacterial community structure among
sample types (Fig. 7a, S2b). Although good correlations between
composition data from different biological replicates were
observed in each sample type (Fig. 7b), bacterial communities were
significantly separated among the four groups (P < 0.01, PERMA-
NOVA test with 9999 permutations), which was evident in the
PCoA diagram calculated with weighted UniFrac values (Fig. 7c).
The whole gut showed a distinct microbial community from all
other samples at the genus level with a high relative abundance
of Enterococcus and Acinetobacter, and a lower abundance of other
bacteria. Ralstonia was most abundant in the starvation samples,
representing 41.3% of the total sequences. The same trend was also
present in the small-scale, kit-based procedure (Fig. 6).

Collectively, biases in measures of community structure are
consistent across different sample types, independent of the DNA
extraction methodology that was used. The whole gut might be
considered as the representative sample type for lepidopteran
gut microbiome studies.
4. Discussion

An important prerequisite for the successful assessment of
microbial communities is an efficient procedure for extracting
DNA from representative samples [53]. Several previous studies
have also revealed that multiple sources of contamination influ-
ence the characterization of bacterial communities in samples with
low bacterial biomass [25,54]. We suggest using effective
approaches (including decontam, negative controls) to identify
potential contaminant sequences in a low-biomass environment
too.

A direct examination of DNA extraction methods has never
been described in the model Lepidoptera silkworm B. mori micro-
biome studies. Here, our comparative evaluations conducted using
the same starting material clearly indicate that DNA extraction can
also impact sequence-based silkwormmicrobiome analyses, as has
recently been demonstrated for human fecal metagenomic studies
[23–24]. In terms of DNA purity, there was no difference between
the methods applied in this study. All DNA samples extracted could
be used directly as a template for the amplification of fragments of
the 16S rRNA gene under standard PCR conditions. The increased
yield of DNA obtained by the small-scale, kit-based procedure
compared with that derived from the large-scale, PCI-based proce-
dure might be related to the more efficient extraction process of
the former. Furthermore, the PCI method requires organic solvent
and is time-consuming. Importantly, our survey of bacterial DNA
extracted by these two procedures showed that the kit-based pro-
cedure was able to detect the underlying high-diversity commu-
nity structure that was not realized with the PCI-based
procedure. As demonstrated in control experiments, this enhanced
detection seems to be achieved through efficient lysis of Gram-
positive bacteria which possess a tough cell wall. The disruption/
lysis of the bacterial envelopes and membranes can be expected
to be biased for specific bacterial taxa due to differences in cell wall
structure and integrity, contributing to variation in the reported
abundance and diversity of gut bacteria. Similar to the results of
the present work, Costea et al. highlighted the recovery of Gram-
positive and Gram-negative bacteria as an important source of
variation between extraction methods in human microbiome stud-
ies [23]. The caustic nature of the chemicals employed in the com-
mercial extraction kit appeared to be able to lyse the bacterial cells
more effectively. Altogether, we recommend a small-scale, kit-
based methodology for surveys of microbial communities



Fig. 6. Microbiota similarities and differences between sample types under small-scale extraction conditions. (a) Heat map showing the relative abundance of dominant taxa
for each sample type. Each column represents an individual sample (biological replicate). *, P < 0.05; **, P < 0.01 (PERMANOVA test with 9999 permutations, see
supplementary Fig. S2a). (b) Spearman distance matrix showing all the pairwise distances between samples, highlighting whether sample types may be considered
comparable under measures of similarity, where a darker pink indicates larger variation. W, whole gut; C, gut content; T, gut tissue; S, starvation; F, frass. (c) PCoA analysis of
pairwise weighted UniFrac values showing polygons that indicate clustering of bacterial compositions based on sample types, with geometrical shapes encompassing the
range of each sample type. Each symbol represents a single silkworm individual (biological replicate), and colors indicate sample type. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Microbiota similarities and differences between sample types under large-scale extraction conditions. (a) Heat map showing the relative abundance of dominant taxa
for each sample type. Each column represents an individual sample. **, P < 0.01 (PERMANOVA test with 9999 permutations, see supplementary Fig. S2b). (b) Spearman
distance matrix shows all pairwise distances between samples, highlighting whether sample types may be considered comparable under measures of similarity, where a
darker pink indicates larger variation. (c) PCoA analysis of pairwise weighted UniFrac values showing polygons that indicate clustering of bacterial compositions based on
sample types, with geometrical shapes encompassing the range of each sample type. Each symbol represents a single silkworm individual (biological replicate), and colors
indicate sample type. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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associated with lepidopteran insects due to the favorable trade-
offs in automation, speed, and accuracy as well as the suitability
for a highly parallel and high-throughput approach.

Not only the DNA extraction method but also the sample type
has an extensive impact on gut microbiota analysis. Most studies
of the gut microbiota of other insect models, such as the fruit fly,
are based on DNA extracted from isolated whole-guts or whole-
bodies, due to the relatively small sample sizes (typically at the
milligram level per individual) [55]. In contrast, lepidopteran
caterpillars consume large amounts of plant material, and body
mass and volume increase dramatically in a short time (Fig. 1).
Therefore, caterpillars are often starved, or their frass or gut tissues
were used directly for DNA extraction. In the present study, we fur-
ther addressed the effect of sample type (including the whole gut,
gut content, gut tissue, starvation and frass) on the assessment of
the gut microbiota of Lepidoptera. Our experiment demonstrated
that all sample types resulted in adequate yields of microbial
DNA, but community diversity and composition varied consider-
ably among them.

In the case of the small-scale procedure, gut content and whole
gut samples tended to be more comparable, and both sample types
more fully captured the diversity of microbes (Fig. 6). Compared to
the whole gut, the gut tissue and starvation samples displayed a
significantly different microbiota as defined by the PERMANOVA
test on weighted UniFrac data. Furthermore, even larger differ-
ences between community structures could be found in the frass
samples, suggesting that the frass poorly represents the complex-
ity of the gut microbiota. This is consistent with results published
previously on the gut microbiotas of other animals, including
humans [26–27,56]. Similarly, the large-scale procedure also
demonstrated the important differences in the relative abundances
of key bacterial members among sample types and highlighted
that starvation, compared with the whole gut, results in extensive
changes in bacterial diversity. The abundance of some taxa, includ-
ing Enterobacter, decreased when caterpillars were starved, indi-
cating transient bacteria associated with plant diet. However,
starvation also stimulated a higher bacterial load, suggesting that
some gut members multiply in the absence of food consumption.
Consistent with these findings, studies in other animals, such as
reindeer (Rangifer tarandus), have indicated that a period of starva-
tion stresses the host and additionally affects the microbiome
structure [57]. Based on these results, we also recommend sam-
pling the whole gut under normal rearing conditions whenever
possible, as this sample type provides the most accurate assess-
ment of the gut microbiome.

A limitation of using the whole gut is the rather high percentage
of chloroplasts. It is known that chloroplast sequence contamina-
tion of 16S rRNA gene sequencing analyses is particularly problem-
atic when sampling bacterial communities in herbivorous insects
[34]. We suggest including more biological replicates in the study
design to retain the majority of species present in the herbivore gut
microbiota. The filtration and density gradient centrifugation
method for enrichment of the microbial community can also
improve retention of bacterial diversity [41].

Enterococcus and Acinetobacter bacteria, which have been previ-
ously found to be the most predominant microorganisms within
the silkworm gut microbiota [58], were also predominant in this
study. Interestingly, Enterococcus sp. was found to be the dominant
taxon in the laboratory-reared noctuid moth Heliothis virescens, but
was completely absent from field H. virescens larvae, indicating
possible shifts in microbial community profiles upon cultivation
of the insect in the laboratory [59]. Previous studies also reported
a great diversity of metabolic capabilities represented in the total
gene pool of the gut microbiota in the silkworm [41,60]. The func-
tions of the major gut colonizers deserve further study in this
model organism.
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5. Conclusions

Over 150,000 species of Lepidoptera have been identified so far,
and this order presents highly diverse morphologies and behaviors
and performs diverse functions in broad ecological niches, but only
<0.1% have been screened for bacterial associates, which reveals
that our knowledge of lepidopteran-associated bacteria is still very
limited [61]. Our study highlights the importance of methodologi-
cal consistency for accurate characterization and comparison of
herbivore microbiological assemblages. We recommend a small-
scale DNA extraction approach for sampling the whole gut under
normal insect rearing conditions, which concurrently improved
assay coverage and yielded favorable quantitative parameters for
bacterial detection and quantification. Adoption of this methodol-
ogy will minimize technical biases and facilitate a far more exten-
sive microbiome study from a diverse array of lepidopteran
species. It should be pointed out that non-destructively monitoring
gut microbiota has some strengths when necessary. For instance,
one could sample frass at multiple times and still rear caterpillars
to adults to measure traits of interest (e.g., development time, sur-
vival rates, size) that could be influenced by/associated with gut
microbes. Therefore, pros and cons of different sample types
should be considered carefully in light of the research question(s)
and constraints on experimental design.

With more standardization, control of sample processing and
data analysis [62–63], increased concordance among different
studies can be expected in the field, which might allow us to draw
conclusions about the intimacy of the host–symbiont associations
and to speculate on the possible coevolutionary relationships
between lepidopteran herbivores and their symbiotic microbiota.

6. Data availability
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