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harvested sequentially as the flies developed. The resulting 3rd instar larvae (Larva), 1 

pupae (Pupa), adult males (AM), adult females (AF), and 2nd generation eggs (G2egg) 2 

were randomly collected and frozen at -80˚C until DNA extraction could be performed. 3 

Salivary gland removal protocol 4 

 Because L. sericata larvae exhibit special salivary gland chemistry important in 5 

maggot debridement therapy, we also surveyed bacteria associated with the salivary gland 6 

of L. sericata third instar larva. L. sericata from a separate cohort was raised at room 7 

temperature on beef liver. Feeding third instars with full crops were collected with 8 

forceps and transferred in a non-sterile plastic cup to the dissection area. Maggots were 9 

washed in a 1.25% sodium hypochlorite solution followed by two washes in sterile 10 

phosphate buffered saline (PBS). Salivary glands were dissected with sterile forceps 11 

under a stereomicroscope and placed in sterile PBS on ice. This process was repeated 12 

thrice to obtain a concentration of one salivary gland per 10mL of PBS (one pair of 13 

salivary glands per 20mL) was achieved. The extracted salivary glands were either 14 

collected for transmission electron microscopy (TEM) or homogenized with a sterile 15 

Teflon pestle and were used for DNA extraction and 454-pyrosequencing. For the TEM 16 

experiment, crops from the same individuals were also collected and analyzed as a 17 

positive control for the presence of bacteria. 18 

Transmission electron microscopy  19 

Salivary glands were preserved in a fixative consisting of 3% glutaraldehyde, 2% 20 

paraformaldehyde and 12% picric acid prepared in 50 mM phosphate buffer, pH 7.4, and 21 

50 mM sucrose. Salivary glands in fixative were incubated at room temperature for 60 22 

min. then held at 4°C. Subsequent to primary fixation, salivary glands were postfixed for 23 

2 hr. at 4°C in 1% osmium tetroxide prepared in 100 mM phosphate buffer, pH 7.4, 24 

100mM sucrose and 50 mM K4Fe(CN)6 (potassium ferricyanide). After osmication, 25 

samples were rinsed at 4°C in 50 mM phosphate buffer, pH 7.4, containing 50 mM 26 

sucrose followed by eight rinses in 4°C distilled H2O over the course of 2 hr, then post-27 

staining overnight at 4°C in 0.5% uranyl acetate. Following post-staining, samples were 28 

rinsed in 4°C distilled H2O and dehydrated in a graded ethanol series, and acetone. 29 

Dehydration was followed by infiltration and embedding in Mollenhauer’s formulation of 30 

epoxy resin (Mollenhauer 1964). Thin TEM sections, 70 nm, were cut and stained using 31 
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1% uranyl acetate and lead citrate then viewed in a Hitachi H7000 transmission electron 1 

microscope. Sections 750 nm, for light microscopy were stained with either 0.05% 2 

toluidine blue or a mixture of basic fuchsin and toluidine blue (Multiple Stain, 3 

Polysciences, Warrington, PA, USA). 4 

Determining the proportion of bacteria that are horizontally and trans-generationally 5 

inherited 6 

 To better understand the dynamics of bacterial exchange between the environment 7 

and L. sericata, an experiment was conducted to allow adult flies to oviposit on three 8 

different commercial sources of liver (previously frozen at -20°C) and follow the flies 9 

that developed (Fig. S1). The bacteria from the adults and liver prior to oviposition and 10 

from 3rd instars and the liver after development were evaluated. The three liver sources 11 

were collected from different supply chains (x, y, and z) to maximize the variation in 12 

liver-associated microbes. Four 0.25 g replicate samples were randomly collected from 13 

each liver sample prior to exposure to adult flies (fresh liver) and after use by and 14 

removal of flies (aged liver). Four replicate samples each of 6 (3 male and 3 female) adult 15 

flies prior to access to the liver (adult) and of 0.25 g 3rd instar larvae that were oviposited 16 

and had grown on the specific liver sources (larvae) were randomly collected. Samples 17 

were stored at -80°C until DNA extraction was performed. The experiment was replicated 18 

three times.  19 

DNA extraction 20 

DNA extractions were performed from 0.25 g liver tissue, 0.25 g eggs (1 hour 21 

old), two larvae (7-day old), two pupae, and two newly emerged adults. These samples 22 

were selected randomly and whole insect specimens were homogenized in 1.5 ml PBS. 23 

Briefly, homogenized samples were placed in 1.5 ml microcentrifuge tubes with 500 µl 24 

Tris-EDTA (pH=8), 50 µl 10% SDS, 3 µl proteinase K (20 mg/ml), 1.5 µl of lysozyme 25 

(50 mg/ml) and then incubated with shaking (900 rpm) at 56°C in a water bath. After 1 26 

hour of incubation, 100 µl NaCl (5M) and 80 µl CTAB extraction solution (Teknova, 27 

USA) were added and samples thoroughly mixed and incubated at 65°C for 10 minutes. 28 

Sequential extraction in a 1X volume was performed using phenol (pH 8.0), 29 

phenol/chloroform/isoamyl alcohol (25:24:1), and chloroform/isoamyl alcohol (24:1) by 30 

centrifugation at 6000x g for 6 minutes. The DNA was precipitated in 0.7 volume of 31 



 8 

isopropanol, washed twice in 70% ethanol, dissolved in nuclease free water, and 1 

quantified by spectrophotometry. Extracted DNA was aliquotted and sent to Research and 2 

Testing Laboratory (http://www.researchandtesting.com/) for 16S rDNA 454-3 

pyrosequecning using universal bacterial primer pair 27F (5'- 4 

GAGTTTGATCNTGGCTCAG) and 519R (5'- GTNTTACNGCGGCKGCTG) by 5 

bacterial tag-encoded FLX-Titanium pyrosequencing (bTEFAP) method (Dowd et al. 6 

2008) in Genome Sequencer FLX System (Roche, Nutley, NJ, USA). All FLX related 7 

procedures were performed following Genome Sequencer FLX System manufacturers 8 

instructions (Roche, Nutley, NJ, USA). 9 

Pyrosequencing data analysis  10 

Sequences with lengths less than 150 bp were removed and remaining sequences 11 

(103629) were checked for chimera formation using web based chimera check program 12 

Decipher (Wright et al. 2012) (http://decipher.cee.wisc.edu/FindChimeras.html) (accessed 13 

on April 19, 2012). Suspected chimeric sequences (6461) were deleted from the dataset 14 

and only chimera free sequences (97168) were used for further analyses. Hierarchical 15 

classification of the 97168 16S rDNA sequences were carried out according to the 16 

Bergey’s bacterial taxonomy (Garrity et al. 2004) using Naïve Bayesian rRNA classifier 17 

version 2.2 (Wang, et al., 2007) as implemented in Ribosomal Database Project (RDP) 18 

Multiclassifier version 1.0. Only sequences having ≥ 80% bootstrap support were 19 

considered classified at a particular hierarchical level. Venn diagram of all classified 20 

sequences were created using software Vennture (Martin et al. 2012) 21 

Heat map graphics were generated by using gplots package in R version 2.13.0 (R 22 

Development Core Team 2006) for all genera that were present at ≥ 0.5 percent relative 23 

sequence abundance. For better visualization % relative sequence abundance values were 24 

natural log transformed before its use in the heat map. The 0% values were converted into 25 

0.01% for log transformation. Bacterial genera were clustered based on rooted NJ tree (Y-26 

axis) (See below for detail) whereas fly life stages and bacterial sources were clustered 27 

based on FastUniFrac based clustering (X-axis) which helps in better comparison of 28 

bacteria by phenotypic and taxonomic characteristics important to bacterial community 29 

functional analysis.   30 

Duplicate and nearly duplicate sequence from each data set (L. sericata including 31 

http://www.researchandtesting.com/
http://decipher.cee.wisc.edu/FindChimeras.html
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salivary gland data, L. cuprina and bacterial sources) were removed using default 1 

parameters in CD-HIT 454 (Niu et al. 2010), and only unique sequences (<98% sequence 2 

similarity) from each data sets were used for the construction of neighbor-joining (NJ) 3 

trees. NJ trees were rooted based on 16S rRNA gene sequence of Thermatoga maritima 4 

(M21774) and Aquifex pyrophilus (M83548). For NJ tree construction all data sets were 5 

aligned based on 16S rRNA secondary structure in Infernal aligner (Nawrocki and Eddy 6 

2007; Nawrocki et al. 2009), as implemented in the Ribosomal Database Project (RDP) 7 

under tool Aligner (http://rdp.cme.msu.edu/) (accessed on October 22, 2012). 8 

Hypervariable ambiguous regions were manually deleted from the multiple sequence 9 

alignment in MEGA5 (Tamura et al. 2011). Evolutionary distances of aligned sequences 10 

were calculated by NJ method with the Kimura two-parameter correction (Saitou and Nei 11 

1987) for 1000 bootstrap replications in PAUP* v.4.0b10 (Swofford 2003). Calculated 12 

evolutionary distances were used for construction of rooted NJ trees in PAUP* v.4.0b10 13 

(Swofford 2003).  14 

Approximate maximum-likelihood trees were constructed from all sequences 15 

(including outgroups Thermatoga maritima (M21774) and Aquifex pyrophilus (M83548) 16 

16S rDNA sequences) of each data set using default parameters in FastTree2 (Price et al. 17 

2010). Approximate ML trees were used as an input file in FastUniFrac based clustering 18 

of bacterial communities (Hamady et al. 2009) associated with different samples. 19 

Jackknifing with 1000 permutations was performed for node support of the FastUniFrac 20 

tree. P-tests were performed using 1000 permutations for each pair of samples and for all 21 

samples together in FastUniFrac (Hamady et al. 2009). All trees were edited using 22 

Archaeoptryx version 0.957 beta (Han and Zmasek 2009) and FigTree v1.3.1 23 

(http://tree.bio.ed.ac.uk/). 24 

Diversity indices were calculated using tools available in RDP pyrosequencing 25 

pipeline (http://pyro.cme.msu.edu/). Rarefaction curves were generated in Excel 2007 26 

(Microsoft Corporation, Redmond, WA) using results obtained from the tools aligner, 27 

complete linkage clustering, and rarefaction of RDP pyrosequencing pipeline (Cole et al. 28 

2009) (http://pyro.cme.msu.edu/; accessed on October 23, 2012). Shannon (1948) and 29 

Chao1 (2002) indices were calculated using tool Shannon and Chao1 index of RDP 30 

pyrosequencing pipeline (Cole et al. 2009) (http://pyro.cme.msu.edu/; accessed on 31 

http://rdp.cme.msu.edu/
http://pyro.cme.msu.edu/
http://pyro.cme.msu.edu/
http://pyro.cme.msu.edu/
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October 23, 2012). Percentage coverage of species richness was calculated from 1 

rarefaction and Chao1 indices using method as described in Zheng et al. (2013). All raw 2 

sequence files were submitted to Sequence Read Archive (SRA). Study accession # 3 

PRJEB6623 can be used for the retrieval of raw sequences used in this study. 4 

Results 5 

General characteristics of 454-sequences 6 

This study produced 29792 chimera free bacterial sequences with an average 7 

length of 296 bp. These samples came from successive life stages of the blow fly sister 8 

species L. cuprina and L. sericata. The number of sequences obtained from first 9 

generation eggs (G1egg), larvae, pupae, male adults (AM), female adults (AF) and 10 

second generation eggs (G2egg) samples were 1965, 1961, 3081, 2415, 4451, 234 in L. 11 

cuprina and 3053, 4113, 1752, 2583, 3896, 288 in L. sericata, respectively. In L. cuprina, 12 

approximately 99.7%, 98.8%, 98.1%, 92.7%, and 82% of all sequences were classified 13 

with ≥80.0% bootstrap support into 5 phyla, 11 classes, 17 orders, 42 families, and 59 14 

genera, respectively. On the other hand, in L. sericata approximately 99.9%, 99.7%, 15 

99.4%, 98.2 and 76.5 % of all sequences were classified with ≥80.0% bootstrap support 16 

into 7 phyla, 13 classes, 22 orders, 49 families, and 83 genera, respectively. Additionally 17 

1283, 13347, 22790, 17261, and 12695 sequences were also obtained from L. sericata 18 

salivary gland, L. sericata adults, L. sericata third instar larvae, fresh liver, and aged liver 19 

respectively (see Fig. S1 for experimental design). In these samples, approximately 20 

99.6%, 99.5%, 97.9%, 94.8%, and 77.0% of all sequences (respectively) were classified 21 

with ≥80.0% bootstrap support into 6 phyla, 11 classes, 20 orders, 38 families, and 47 22 

genera, respectively. 23 

Taxonomic distribution of 454-sequences 24 

The majority of sequences (>99%) collected from successive life stages of Lucilia 25 

belonged to the phyla Proteobacteria, Firmicutes, and Bacteroidetes (Fig. 1; Table S1). 26 

Phylum level relative sequence abundances associated with male and female adult L. 27 

sericata flies were almost the same (mainly Proteobacteria), but this was not true with L. 28 

cuprina male and female adults (Fig. 1; Table S1). Acidobacteria and Actinobacteria 29 

were mainly associated with second-generation eggs (G2egg) in both species. 30 

Fusobacteria was mainly present in L. sericata second-generation eggs (G2egg) samples. 31 
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Fig. 3 Heatmap of dominant bacterial genera (% relative sequence abundance ≥0.5) 

associated with different life stages of a.) Lucilia cuprina, and b.) Lucilia sericata. Heatmap 

rows were clustered based on bootstrap neighbor-joining (NJ) tree of dominant genera 

associated with L. cuprina and L. sericata, and heatmap columns were clustered based on 

unweighted UniFrac distance of successive life stages of L. cuprina and L. sericata. For 

comparison purpose, % relative sequence abundance of salivary gland sample was also 

included along with successive life stages of L. sericata. AM= adult male; AF= adult female; 

G1egg= first generation eggs; G2egg= second generation eggs. 
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Fig. 4 Pie diagram of classified bacterial genera associated with Lucilia sericata salivary 

gland. Numbers in parentheses indicate percent relative sequence abundance of each genus. 
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Fig. 5 Salivary gland and crop images from third instar larvae of Lucilia sericata showing 

morphologies suggestive of Gram positive and Gram negative bacteria (arrows) a.) Light 

microscopy of 750 nm section of salivary gland (note that bacteria were found within the 

lumen of the gland, and not within the salivary cells themselves), b.) Transmission electron 

microscopy (TEM) of 70 nm section of salivary gland, c.) Light microscopy of 750 nm 

section of crop and d.) Transmission electron microscopy (TEM) of 70 nm section of crop. 

TEM sections were viewed in a Hitachi H7000 transmission electron microscope. Scale bars 

are shown. 



 29 

 

 

 

 

 

 

Fig. 6 Venn diagram of a.) all bacterial genera, and b.) bacterial genera that were present at 

0.5% or higher relative abundance, associated with Lucilia sericata adult, Lucilia sericata 

larvae, fresh liver, and aged liver. Numbers indicate total number of unique and shared 

bacteria. Venn diagrams were created using web based program Venny 

(http://bioinfogp.cnb.csic.es/tools/venny/). 
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Fig. 7 Line graph showing transmission of pathogenic bacteria. Graph in inset shows 

transmission of Enterococcus. Relative abundances of these bacteria were obtained from 454-

sequences using RDP classifier. 

 


