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Abstract

attention on manure associated and pathogenic bacteria.

Background: Gut bacteria are closely associated with host. Chrysomya megacephala, as a vector and resource
insect, can transmit various pathogenic bacteria and consume manure to produce biofertilizer and larva biomass.
However, the gut bacteria composition and abundance of C. megacephala remain unclear.

Results: lllumina MiSeq platform was used to compare composition of gut bacterial community in eggs, 1-day-old
larvae, 5-day-old larvae, pupae, adult females and males by sequencing with variation in V4 region of 16S ribosomal
DNA gene. In total, 928 operational taxonomic units (OTUs) were obtained. These OTUs were annotated into 19
phyla, 42 classes, 77 orders, 153 families and 289 genera. More than 0.5% abundance of 32 OTU core genera were
found across all life stages. At class level, Alphaproteobacteria, Bacilli, Bacteroidia, Betaproteobacteria, Flavobacteriia
and Gammaproteobacteria were the most abundant in C. megacephala. Eight species were identified to have
significantly different abundance between 1-d-larvae and 5-day-larvae and took 28.95% of shared species between
these two groups. Sex-specific bacterial species were identified that Faecalibacterium prausnitzii was merely present
in females, while Rhodococcus fascians was merely present in males.

Conclusion: Gut bacteria of C. megacephala varied across life stages. The composition and community structure of
the bacterial community differed from young larvae to mature larvae, while that were similar in adult females and
males. These data will provide an overall view of bacterial community across life stages in C. megacephala with
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Background

Environmentally acceptable treatments are indispensable
to overcome environmental concerns raising up due to
increasing manure production by livestock industry [1].
Fly larvae have been successfully used to reduce mass of
animal manure and yield biofertilizer and nutrient-rich
larval products [2, 3]. The larvae of Chrysomya megace-
phala can consume different types of manure [4, 5] and
the manure transformation system by C. megacephala
larvae are capable of reducing the waste in a short
period of time while providing maggot biomass and
bio-fertilizer simultaneously [6]. Improvement and envir-
onmental safety control of this system will help speed up
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manure processing, improve fertilizer efficiency, further
protect the environment and control health risk.

Insect gut bacteria are closely associated with feed
digestion [7], especially for specific food types, such as
blood-sucking bugs and wood/soil-consuming termites
and herbivorous insects [8—11]. Gut bacteria mining of
herbivorous insects with typical cultural method and
metagenome sequencing was conducted to identify benefi-
cial microbes that possess cellulase activity [12, 13]. Paral-
lel saprophagous fly Musca domestica larval gut was
reported as a digestion chamber altered antibiotic
resistome of swine manure other than merely digested
manure [14]. In the manure transformation system by C.
megacephala, larvae play similar role in digestion [6],
which might also act this way. Therefore, mining of gut
bacteria from larvae might help provide digestion promot-
ing and candidate environmentally beneficial bacteria.
However, the composition of gut bacteria in C. megace-
phala has not been reported yet.
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Manure transformation system by C. megacephala also
raise health concerns because C. megacephala are
vectors for transmitting microorganisms. Many bacteria
attach to the external surface of C. megacephala [15], es-
pecially on adults [16]. Notably, C. megacephala can
load 11-12 times greater bacteria than that of housefly
Musca domestica and some of the bacteria were human
pathogenic enteric bacteria, i.e. Salmonella sp., Shigella
sp. [17]. Several experiments have been conducted to
identify the pathogenic and non- pathogenic bacteria
that were carried by C. megacephala [18-20]. In Sinop
of Brazil, Burkholderia sp. had the largest part of the
identified pathogenic bacteria in C. megacephala [18].
Moreover, C. megacephala was recently found to be a
vector for Wohlfahrtiimonas chitiniclastica which cause
infections of human [19]. In Grahamstown of South
Africa, Bacillus pumilus were none-pathogenic and
abundant in C. megacephala, representing 80.37% of the
total colonies [20]. Therefore, bacteria on external
surface of C. megacphala are relevant to external envi-
ronments. However, the presence of pathogenic bacteria
in gut are unknown.

In addition, gut bacteria are associated with develop-
ment, reproduction, resistance and management of host
insect. For example, in dung beetle, Onthophagus
gazelle, symbionts play a role in mediating its normal
development [21]. Enterobacter cloacae, Providencia
stuartii, Pusillimonas sp., Pedobacter heparinus, and
Lysinibacillus sphaericus were isolated from brood ball
of the dung beetle, Onthophagus taurus and found to
play a role in nutrition supplement [22]. Female gut
harboured more abundant bacteria than male in the red
turpentine beetle Dendroctonus valens which might be
connected with reproduction [23]. Gut symbiont en-
hances insecticide resistance in the oriental fruit fly, Bac-
trocera dorsalis (Hendel) [24]. Mining gut bacteria
across all life stages of host insects provide an overall
view of bacterial variations of host insects and also
propose potential biocontrol techniques against pest [25]
and benefit host insect breeding [26].

In this study, interior/intestinal bacteria of across life
stages in manure-feeding of C. megacephala were
sequenced vastly by 16S rDNA in V4 region from eggs,
1-day-old larvae, 5-day-old larvae, pupae, females and
males to generally illuminate the gut bacteria compos-
ition. Comparative analysis of gut bacteria between
1-day-old larvae and 5-day-old larvae was specially
conducted to understand the changes of gut bacteria in
early and late stages during manure transformation.
Adult female and male were also compared to address
sexual differences of gut bacteria with an eye on patho-
genic bacteria. These results would provide valuable
bacterial pool of C. megacephala and would further
contribute in improving larval manure transformation,
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increasing egg production and developing adult manage-
ment techniques.

Methods

Insect rearing and sample collection

Laboratory C. megacephala was provided by the Hubei
International Scientific and Technological Cooperation
Base of Waste Conversion by Insects (Wuhan, China).
Adults of C. megacephala were reared in mesh cages
(35x 35 x 35 cm) with the water solution of sugar and
the cages were kept in a rearing room at 25 + 3 °C under
a 13:11 h light: dark photoperiod.

Swine manure was taken from the swine breeding
farm of Huazhong Agricultural University (Wuhan,
China) for manure consuming experiments by C. mega-
cephala. Adults were reared as mentioned above for egg
production. Eggs were firstly collected with a swine ma-
nure gauze bag by putting into cages for 4 h and then
eggs were separated from the gauze. A pile of egg mass
was collected intol.5 mL sterile centrifuge tubes and
then washed with 75% alcohol following deionized water.
Eggs separated in deionized water and thirty of them
were counted and collected into a new 1.5 mL sterile
centrifuge tubes by pipetting with tips. The water in the
tubes were removed and then the eggs were stored at —
80 °C. Later, most of the remaining eggs were loaded on
manure in proportion of 1.5 g eggs per kilo gram
manure. Ten 1-day-old larvae were sampled 1 day after
the egg oviposition. As time went on, 5-day-old larvae,
3-day-old pupae, 4-day-old females and males were
starved for 2 h, washed as eggs and then dissected in
phosphate Buffer solution (PBS) for alimentary tracts or
content. Finally, thirty eggs, ten of 1-day-old larvae, 5
alimentary tracts of 5-day-old larvae, 5 content (Tissues
were sampled by eliminating puparium with fine
tweezers) of 2-day-old pupae, 5 alimentary tracts of
4-day-old females and 5 alimentary tracts of 4-day-old
males were sampled and stored at — 80 °C before use.
The samples were abbreviated as Eggs, 1-d-Larvae,
5-d-Larvae, Pupae, Female and Male, respectively. For
different developmental stages, per three individual
replicates of the same generation was conducted. To-
tally, 18 samples were used for DNA extraction.

Genomic DNA preparation, PCR and sequencing

Genomic DNA was extracted from all sampled tubes
using a TIANamp Genomic DNA Kit (TIANGEN
Biotech: DP304, Beijing, China). Sequencing for the
bacterial variable V4 regions of the 16S rDNA gene was
performed by BGI-Tech (BGI Tech Solutions Co., Ltd,,
Wuhan) on the Illumina MiSeq platform. Each PCR
reaction contained 30 ng of genomic DNA from an indi-
vidual sample, as well as V4 Dual-index Fusion PCR
Primer Cocktail and NEB Phusion High-Fidelity PCR
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Master Mix (New England Biolabs, Inc., US). The
primers are 515F (5-GTGCCAGCMGCCGCGGTA
A-3’) and 806R (5-GGACTACHVGGGTWTCTAATS)
and an approximately 270 bp fragment on the V4 region
of the 16S rDNA gene of the bacteria were obtained as
described [27]. Thermocycling conditions included an
annealing temperature of 56 °C and a total of 30 cycles.
The PCR products were purified with AmpureXP beads
(AGENCOURT, Beckman Coulter, Inc., US) to remove
primer dimers and unused PCR reagents. The final
library was quantitated in two ways: Firstly, by determin-
ing the average molecule length using the Agilent 2100
bioanalyzer instrument (Agilent DNA 1000 Reagents,
Agilent Inc., USA), and secondly, by quantifying the
library with real-time quantitative PCR (QPCR) (Eva-
Green™, EGFIE LLC, USA). The qualified libraries were
paired-end sequenced on a MiSeq System, using the
sequencing strategy PE250 (PE251 + 8 + 8 + 251) (MiSeq
Reagent Kit v3, [llumina Inc., US).

Bioinformatics and statistical analysis

Raw sequences of all samples were processed as previ-
ously described to obtain clean data [28]. Six groups of
bacterial communities were found across the life stages
of C. megacephala with three replicates: Eggs, 1-d-Larvae,
5-d-Larvae, Pupae, Female and Male. All samples were then
applied for Tag-generation by FLASH and Operational
taxonomic units (OTUs) cluster analysis using USEARCH
[29, 30]. OTU classification, alignment of the representative
sequence of each OTU, chimaera removal, taxonomic
assignment and alpha and beta diversity analyses were per-
formed with QIIME (macQIIME 1.7) [31]. Differential ana-
lyses of abundant microbial communities between groups
were conducted using Metastats (http://metastats.cbcb.um-
dedu/) at the levels of ie. phylum, class, order, family,
genus and species [32]. The obtained P-value by a
Benjamini-Hochberg false discovery rate correction (func-
tion ‘p.adjust’ in the stats package of R(v3.1.1)) was adjusted
within Metastats. Software R(v3.1.1) was used to analyse
data and figures were made by R(v3.1.1) along with Graph-
Pad 5.0 and the OmicShare tools, a free online platform for
data analysis (http://www.omicshare.com/tools/).

Results

Gut bacterial diversity

A total of 584,493 raw reads were obtained and
563,245 clean reads were generated from C. megace-
phala (Additional file 1: Table S1). Nine hundred and
twenty-eight operational taxonomic units (OTUs)
were generated from all samples. These OTUs were anno-
tated into 19 phyla, 42 classes, 77 orders, 153 families and
289 genera (Additional file 2: Table S2), of which 84 OTUs
were shared across all life stages (Fig. 1). Sufficient se-
quencing data were obtained based on the plateaued
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rarefraction curves of obvious species (Additional file 3:
Figure S1). Based on the OTU abundance information
(97% similarity), the relative abundance of each OTU in
each sample were calculated, and the PCA (Principal
component analysis) of OTU was done with the relative
abundance value (Fig. 2). Coordinate dots of female and
male samples were closely located. The distance compari-
sons to origin indicated that their OTU compositions
were similar (student’s ¢ test, p=0.87). Likewise, the
relative abundance of 1-d-larvae were close to eggs but
not 5-d-larvae based on different vector location. Gut
bacteria of larval samples were more diversified than that
of other samples which were derived from five diversity
estimators in Table 1. Higher value of Observed species
(sobs), Chao, Ace, Simpson’s index and lower Shannon’s
index in 1-d-larvae and 5-d-larvae groups suggested that
gut bacteria from larval guts were more diverse than those
from other life stages.

Taxonomic view of gut Bacteria across life stages

The distribution of gut bacteria communities at the
genus level was viewed by heatmap (Fig. 3). Samples
from each group were mostly clustered together which
indicated a good repeatability. The involved genera in
Fig. 3 were provided with counts of OTUs (Additional
file 4: Table S3). Figure 4 presented the relative abun-
dances of different bacterial classes. Six known bacterial
classes represented the majority. These were Alphapro-
teobacteria, Bacilli, Bacteroidia, Betaproteobacteria, Fla-
vobacteriia and Gammaproteobacteria. Among these
classes, Gammaproteobacteria and Bacilli had the highest
number of reads. Overall, relative bacterial class compos-
ition varied with the development of C. megacephala.
Moreover, successive C. megacephala metamorphosis or

Pupae

Eggs

Fig. 1 Venn diagram of OTU distribution across C. megacephala life
stages. Numbers within compartments indicate OTU counts of
according to mathematical sets
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Fig. 2 Principal component analysis based on OTUs. X-axis, 1st
principal component; Y-axis, 2nd principal component. Numbers in
parentheses represent the contributions of the principal components
to differences among samples. Dots represents individual samples, and
different colours represent different groups. This plot was made by
Package “ade4” of software (v3.1.1)

insect states shared similar gut bacteria compositions at
the class level (Fig. 4).

Comparative analysis between manure-consuming larval
samples

Larval stage is manure consuming period in C. megace-
phala [4, 5]. 1-d-Larvae and 5-d-Larvae groups repre-
sented the gut bacteria from manure in early and late
period of transformation. In total, eight species were
identified to have significantly different abundance in
above mentioned larval groups and they took 28.95% of
shared species between these two groups (Table 2). Seven
of the identified species decreased from 1-d-Larvae to
5-d-Larvae groups, only one species Pseudoclavibacter
bifida increased (Table 2).

Comparative analysis between adult samples

Adult stage is dominant pathogen transmission period
[15] and control strategies might draw inspiration from
sex difference so that comparative analysis between adult
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Fig. 3 Heatmap of the relative abundance of bacterial communities
at the genus level across C. megacephala life stages. Heatmaps was
generated suing the OmicShare tools, a free online platform for data
analysis (http2//www.omicshare.com/tools/). The species of which
abundance is less than 0.5% in all samples were classified into ‘others’. The
species was not classified into database were marked by ‘unclassified’

samples were addressed. Distribution of gut bacterial
communities were similar based on the close location in
the PCA plot and the Metastats indicated that most of
dominating bacteria had no significant difference between
female and male at different taxonomic levels. However,
sex-specific bacterial species were identified. Faecalibac-
terium prausnitzii was merely present in females (p=
0.03607), while Rhodococcus fascians was merely present
in males (p = 0.01075) (Additional file 5: Table S4).

Discussion

Comparisons of gut Bacteria with other insects

Results in this experiment indicated that the compos-
ition of gut bacteria in C. megacephala were relatively
more diversified than some reported dipteral insects.
The obtained sequences were generated to 928 OTUs
from C. megacephala at 97% sequencing identity (Fig. 1,
Table 1 and Additional file 1: Table S1). Only 122, 197
OTUs were generated from the gut of Drosophila

Table 1 Bacterial alpha diversity of C. megacephala in different life stages based on the 16S rDNA amplicon

Sample Sobs Chao Ace Shannon Simpson

Eggs 137 + 2265 158.05 + 14.38 162.88 £ 14.72 249 £+ 040 0.17 £ 0.06
1-d-Larvae 289.5 + 10.79 368.38 + 41.48 367.76 + 27.40 3.03 + 0.08 0.09 + 0.01
5-d-Larvae 30225 + 38.73 37476 + 34.85 388.73 + 3842 247 £ 046 022 £ 0.06
Pupae 250 + 40.50 297.00 + 5333 320.10 + 39.20 2.53 £ 045 022 +0.08
Female 203.75 £ 929 269.69 + 19.89 301.08 + 35.10 248 + 0.08 0.19 £ 0.01
Male 145 £ 513 19150 + 21.19 22849 + 11.69 240 £ 0.15 0.17 £ 0.03
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Fig. 4 The taxonomic composition distribution in samples of Class-level. a: Alphaproteobacteria; b: Betaproteobacteria; ¢ Gammaproteobacteria;

d: Bacilli; e: Bacteroidia; f. Flavobacteriia. The average ratio of each bacteria class in samples across life stages is directly displayed. Y-axis indicated
the relative abundance of microbial communities between samples. Points showed three individual values, longer bars in each column indicated
mean values while shorter bars indicate SE value. Metastats (http://metastats.cbcb.umd.edu/) and R(v3.1.1) were used to determine which
taxonomic groups were significantly different between groups of samples with the obtained p-value by a Benjamini-Hochberg false discovery
rate correction (function ‘p.adjust’ in the stats package of R(v3.1.1)

melanogaster and B. dorsalis respectively by a similar se-

quencing method [25,

33].

However, the number of

OTUs were generated more than twice as much as C.
megacephala in the gut of polyphagous tomato fruit
borer, Helicoverpa armigera (Hiibner), indicating that
diet and environment might affect gut bacteria of host
insect [34, 35]. The result that bacterial diversity of C.
megacephala varied along with eggs, larvae, pupae and
adults were accordance with that of other holometabolic

Table 2 Eight differential abundance of bacterial species between 1-d-Larvae and 5-d-Larvae Groups of C. megacephala

dipteral insects, such as B. dorsalis and Musca domestica

[25, 36].

Moreover, dominating gut bacteria present similarities
and differences among C. megacephala and M. domes-
tica. Comparative discussions were conducted because
M. domestica is a one of the most important relative
species of C. megacephala and they are always found
concurrently in nutrient substance, such as food waste,
manure and carrion [37]. Generally, in phylum level, gut

Species 1-d-Larvae 5-d-Larvae p-value
Mean SE Mean SE

Arcobacter cryaerophilus 0.150963 0.028609 0.002329 0.001165 0.014(-)
Bacteroides coprosuis 0484238 0.032372 0.022096 0.000914 0.0035(-)
Bulleidia p-1630-c5 0.024685 0.007027 0 0 0.038094(-)
Escherichia coli 002612 0.001494 0.013998 0.002089 0.021(-)
Eubacterium biforme 0.040341 0.008873 0.00548 0.003131 0.031094(-)
Faecalibacterium prausnitzii 0.020832 0.003285 0.00119 0.00119 0.007(-)
Flavobacterium gelidilacus 0.363321 0.058491 0.070145 0.012969 0.0175(=)
Prevotella stercorea 0.063915 0.011388 0 0 0.0105(-)
Pseudoclavibacter bifida 0.002632 0.002632 0.060935 0.018523 0.045094(+)
Pseudomonas alcaligenes 0.140686 0.023227 0.030898 0.027479 0.048594(-)
Ruminococcus gnavus 0.023545 0.006094 0.00119 0.00119 0.034594(-)

Note: Metastats (http://metastats.cbcb.umd.edu/) and R (v3.1.1) are used to determine which taxonomic groups were significantly different between groups of
samples. We adjusted the obtained P-value by a Benjamini-Hochberg false discovery rate correction (function ‘p.adjust’ in the stats package of R(v3.1.1)). (-)
indicated a significant decrease in abundance from 1-d-Larvae to 5-d-Larvae; while (+) indicated reversely
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bacteria were similar in M. domestica and C. megacephala.
Proteobacteria, Firmicutes and Bacteroidetes were proved
to be predominant phylum in gut bacteria of C. megace-
phala (Fig. 4). Similar conclusion was also drawn in
housefly M. domestica [36, 38], which might result from a
similar ecological niche [16]. Gut bacteria in these flies
showed some difference at detailed taxonomic level, In dairy
manure consuming M. domestica, Bacilli, Clostridia, Actino-
bacteria, Flavobacteria, and Proteobacteria were the most
abundant classes [39] and Bacilli, Flavobacteria, Proteobac-
teria were also included as abundant classes in swine
manure consuming C. megacephala (Fig. 4). The wheat bran
consuming M. domestica larvae also contained Ignatzschi-
neria as a dominated genus in gut bacteria [40], indicating
that polyphagous synanthropic fly larvae might share some
of core harbored bacteria because of overlap of food range
since M. domestica are also manure-consuming [14].

Gut bacteria of larva C. megacephala

The relative abundance of gut bacteria in 1-d-larvae
differed much in 5-d-larve (Table 2 and Additional file 6:
Table S5). The changes of bacterial community in young
and old larvae might result from the manure feeding ac-
tivity of larvae by manure transformation and bacterial
digestion [36]. Fasting in the mature larvae might also
play a role in this difference since mature larvae would
experience a wandering stage to empty gut autonomously
[41]. In some higher animals, gut bacteria Coprobacillus
and Ruminococcus exhibited decrease in response to
fasting [42]. Strikingly, pathogenic genera Wohlfahrtiimo-
nas, swine manure associated Brevundimonas diminuta
and Flavobacterium gelidilacus decreased significantly
(Table 2) [26, 36], which reduced health concerns. While,
Pseudoclavibacter bifida increased significantly (Table 2)
and it was an infection-associated organism that may
cause chronic obstructive pulmonary disease [43]. The in-
crease of this bacterium might result from the accumula-
tion of undigested bacteria which need further attention,
since it might colonize from larvae to newly emerged
adults like other pathogens, i.e. Providencia spp. [40].

C. megacephala shared some manure associated bac-
teria with manure microbiota. Pig slurry predominantly
comprised members of the Bacteroidetes, Firmicutes and
Proteobacteria phyla [44], which shared some of gut
bacteria in larva C. megacephala. In the identified
bacterial species of C. megacephala, Enterococcus took a
certain proportion in gut. Moreover, manure associated
microbiota might have attractive effect to insects. For
example, Rhizobium, Devosia and Brevundimonas in
horse manure had the most stimulation to oviposit effect
of the stable fly Stomoxys calcitrans [45], indicating that
these shared bacteria between gut and manure might
also promote egg production of C. megacephala to
enlarge the manure transformation system. Therefore,
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shared bacteria in manure and C. megacephala gut also
need further researches.

Gut bacteria of adult C. megacephala

Pathogenic bacteria were observed as minority in adult
gut based on taxonomic results. Among them, Escherichia
coli and Streptococcus luteciae might have pathogenicity
in inflammatory bowel disease [46] which should be
monitored. At genus level, Wohlfahrtiimonas sp. and
Ignatzschineria are opportunistic pathogens [47, 48],
which should also be kept under observation.

In comparative view on female and male, no significant
difference was detected in predominate bacteria between
sex (Figs. 2 and 3). However, thirty-three genera were only
detected in female, and 12 were only detected in male
(Additional file 7: Table S6). Some bacteria species might
have a sex-specific representation such as Faecalibacterium
prausnitzii and Rhodococcus fascians (Additional file 4:
Table S3 and Additional file 5: Table S4). Faecalibac-
terium prausnitzii is a beneficial gut microbe to human
and have anti- inflammatory role [49, 50]. Rhodococcus
fascians is interestingly identified to be a plant phytopath-
ogenic actinobacterium which causes leafy galls and other
plant distortions that result in economically significant
losses to nurseries producing ornamental plants [51]. Fur-
ther research in their function might promote egg produc-
tion and provide control target of sex-specific attractant.

Conclusion

This study used 16S ribosomal DNA sequencing to clarify
the intracorporeal bacteria of C. megacephala across life
stages. These results suggested that gut bacteria of C.
megacephala varied across life stages and Alphaproteobac-
teria, Bacilli, Bacteroidia, Betaproteobacteria, Flavobac-
teriia and Gammaproteobacteria were the most abundant
classes in C. megacephala. The relative abundance of the
bacterial community differed from young larvae to mature
larvae, while that were similar from female to male.

Additional files

Additional file 1: Table S1. Samples and their sequencing data
processing. (DOCX 15 kb)

Additional file 2: Table S2. OTU taxonomy of all samples. (XLSX 35 kb)

Additional file 3: Figure S1. Rarefaction curve based on OTUs. Mothur
(v1.31.2) were used to calculate indices for rareaction curve based on
observed species values. (DOCX 130 kb)

Additional file 4: Table S3. Numbers OTU that belong to core genera.
(XLSX 9 kb)

Additional file 5: Table S4. Comparative abundance of bacterial
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