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Abstract

The composition of the intestinal microbiota of Drosophila has been studied in some detail
in recent years. Environmental, developmental and host-specific genetic factors influence
microbiome composition in the fly. Our previous work has indicated that intestinal bacterial
load can be affected by chromatin-targeted regulatory mechanisms. Here we studied a
potential role of the conserved chromatin assembly and remodeling factor CHD1 in the
shaping of the gut microbiome in Drosophila melanogaster. Using high-throughput
sequencing of 16S rRNA gene amplicons, we found that Chd7 deletion mutant flies exhibit
significantly reduced microbial diversity compared to rescued control strains. Specifically,
although Acetobacteraceae dominated the microbiota of both Chd71 wild-type and mutant
guts, Chd1 mutants were virtually monoassociated with this bacterial family, whereas in
control flies other bacterial taxa constituted ~20% of the microbiome. We further show age-
linked differences in microbial load and microbiota composition between Chd7 mutant and
control flies. Finally, diet supplementation experiments with Lactobacillus plantarum
revealed that, in contrast to wild-type flies, Chd7 mutant flies were unable to maintain higher
L. plantarum titres over time. Collectively, these data provide evidence that loss of the chro-
matin remodeler CHD1 has a major impact on the gut microbiome of Drosophila
melanogaster.

Introduction

The model organism Drosophila melanogaster has been used extensively to study the various
facets of host-microbe interaction and defence mechanisms. Aside from the discovery of sev-
eral highly conserved mechanisms regulating the complex networks that underlie the innate
immune system of the fly [1], the complex interplay between the host animal and its associated
microbiota has been attracting rising attention [1-5]. Results of many studies that analyzed the
intestinal microbiota of flies caught in the wild or reared in the laboratory showed that the
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bacterial community associated with the fly gut is of low diversity, usually ranging from only
four to eight species [6-13]. Although, a recent comprehensive analysis of Drosophila gut com-
mensals did not find evidence for a “core”microbiome shared across diverse Drosophila hosts
[13], most of the bacterial species commonly found within the fly gut belong to the genera Lac-
tobacillus and Acetobacter [10,13]. In light of the relative simplicity of its microbiome com-
pared to the complexity and species richness found in mammals [14], the fly is a highly useful
model organism for the study of host-microbe interactions.

In Drosophila, just as in mammals, diet is a substantial determinant of intestinal microbiota
composition [11,12,15,16], whereas factors like host species identity or phylogeny seem to be
of minor importance [12,13]. Wong and colleagues [10] reported that the composition of the
gut microbiome changes during Drosophila lifespan, probably due to changing physiological
conditions in the fly gut. Moreover, the overall bacterial load was shown to undergo fluctuation
depending on developmental stage, physiological constitution or immune status of the fly
[17-21]. Host-specific genetic factors are further determinants of intestinal microbiome com-
position. Microbial homeostasis in the gut of Drosophila is controlled by the IMD pathway that
signals to the NF«kB-related transcription factor Relish [1]. Chronic overactivation of the IMD
pathway in the gut leads to overexpression of antimicrobial peptide (AMP) genes and has
strong deleterious effects. For instance, genetic inactivation or depletion of various negative
regulators of IMD signalling and AMP expression causes dysbiosis and ultimately the death of
the flies ([2], and references therein). NFkB-mediated gene regulation in vertebrates was
shown to involve epigenetic and chromatin remodeling mechanisms to control immune
response [22]. Comparably little is known to date about the impact of chromatin-related mech-
anisms on host defence and gut-microbiome homeostasis in Drosophila. However, a recent
study demonstrated that AMP expression in response to immune challenge requires the coop-
eration of Relish with the Brahma-associated protein complex (BAP) via the cofactor Akirin
[23]. BAP, which contains the SWI/SNF-related ATPase Brahma (Brm), is a chromatin remod-
eling factor with a wide and diverse spectrum of functions in Drosophila [24].

We have previously shown that another SWI/SNF-type chromatin remodeling factor,
CHD1, is involved in Drosophila immune response. Chdl-mutant flies exhibited increased sen-
sitivity towards oral infection with the gram negative bacterium Pseudomonas aeruginosa and
showed substantially increased levels of intestinal AMP expression as well as increased bacterial
load in the absence of bacterial challenge [25]. Here we investigated in detail the effects of Chd1
depletion on gut microbiome composition. We find that loss of CHD1 results in a striking
reduction of gut microbiome diversity.

Materials and Methods
Fly samples

Flies were reared at 25°C and 60% humidity in a 12/12 h light/dark cycle in batches of 25 flies
on sugar-cornmeal media (110 g/1 refined sugar, 52 g/l cornmeal, 27.5 g/l brewer’s yeast, 4 g/1
agar, 2.4 g/ tegosept dissolved in ethanol). The media was boiled for 15 min prior to portioning
into sterile plastic vials. Flies were transferred to fresh vials every three days. ChdI deficient
flies were obtained by crossing flies bearing the deletion allele Df(2L)Chd1’ with the chromo-
somal deficiency Df(2L )Exel”®!, which uncovers Chd1 [26]. Both alleles are in the w'!® genetic
background. In the following, the transheterozygous combination of Df(2L)Chd1'/Df(2L)
Exel”’" will be referred to as Chd1™". In all experiments the mutant flies were compared to a
ChdI-mutant strain that was rescued by reintroduction of a wild-type Chd1 transgene con-
trolled by its native promoter (genotype: w'''%; Df(2L)Chd1",P{Chd1"™ "}/ w'''%; Df(2L)Exel”*",
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P{Chd1™"}; in the following referred to as Chd1l WI/WT flies). The origin of these strains is
described in detail in [27].

Amplicon sequencing of 16S rDNA

For gut-specific microbiome analyses, virgin female Chd1”~ and Chd1"""" flies were collected
from different vials of crosses of heterozygous parents as described above. Crosses for both
genotypes were handled side-by-side. Virgins were used to be able to compare results with our
previous study of infection susceptibility of Chd1”" flies [25]. Flies were kept in separate food
vials (25 each) until 4 days old and subsequently pooled. Three batches of 10 flies each were
randomly collected from the pools and processed for further analysis. To this end, flies were
surface sterilized by washing twice with 70% EtOH, and subsequently guts (foregut to hindgut
without Malpighian tubules) were dissected in sterile PBS and transferred into 200 pl sterile
TES buffer (10 mM Tris-HCl pH 7.6, 1 mM EDTA, 0.5% SDS (w/v)) using sterilized forceps.
For a negative control, 200 ul TES buffer without guts was further processed in an identical
manner as the gut samples. Isolation of genomic DNA was performed as described [25]. DNA
was dissolved in 25 pl sterile a.d. and 1 pl (approximately 200 ng DNA) was used as template
for 16S rDNA amplification. Bacterial universal primers 27F (5-AGAGTTTGATCMTGGCT
CAG-3’) and R361 (5-CTGCTGCCTCCCGTAGGAG-3’) [modified from lifetechnologies.
com/microbial] covering the variable regions V1 and V2 of the bacterial 16S rRNA gene were
used for library preparation. Adapter sequences, required for bidirectional sequencing, as well
as sample-specific barcodes were fused to the target-specific primers according to the manufac-
turers’ instructions (Ion Amplicon Library Preparation User Guide; Life Technologies). The
16S amplicon libraries were purified using Agencourt AMPure XP reagent (Beckman Coulter).
Template preparation was performed using the Ion One Touch™ 2 System and the Ton
PGM™ Template OT2 400 Kit (Life Technologies). Sequencing was performed using the Ion
PGM™ Sequencing 400 Kit on the ITon PGM™ System (Life Technologies). Barcoded samples
were first run on a 314™ Chip v2 (Life Technologies) and afterwards on a Ton 316"™ Chip v2
(Life Technologies). Sequences of both Chips were pooled for the respective sample replicates.

Bioinformatics analyses

For bioinformatic analysis of deep sequencing samples and data visualization the open-source
software QIIME (Quantitative Insights Into Microbial Ecology; version 1.8.0; [28] and R (ver-
sion 3.1.1; [29]) were used. Demultiplexing and quality filtering was done according to the fol-
lowing requirements: minimum quality score of 20 in each 50 bp sliding window, minimum
length of 150 bp, homopolymers no longer than 6 bp, as well as a maximum number of six
ambiguous bases. Preprocessing of the sequences resulted in a mean sequence length of 272.57
+/- 32.33 bp. For subsequent clustering of the preprocessed sequences into operational taxo-
nomic units (OTUs) the open reference approach was selected. OTU picking was carried out
with an identity of 97% using the usearch61 algorithm [30] with the SILVA database (version
111; [31]) as reference. This script includes further steps, such as taxonomy assignment with
UCLUST ([30]; 90% similarity; SILV A reference database and default settings), sequence align-
ment using the PYNAST algorithm (default settings; [32]), phylogenetic construction applying
FastTree [33]. Quality filtering of the OTUs was performed according to the following require-
ments: removal of OTUs with a sequence count lower than 0.005% of total sequence number
and total observation count <2. OTU assignments for the individual replicates before and after
filtering are shown in S1 Table. To create S2 Table, results from individual replicates were
merged using the Python script summarize_otu_by_cat.py provided by QIIME. Where indi-
cated in the main text and figures, alternative filtering parameters were used: (i) Removal of
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OTUs with a sequence count <10 and of OTUs with higher number of reads in the negative
control than in the sample [10]. (ii) Removal of OTUs with a sequence count lower than
0.005% of total sequence number and total observation count <2 and of OTUs with higher
number of reads in the negative control than in the sample. Alpha- and jackknifed p-diversity
(normalized, weighted UniFrac distances) were calculated in QIIME and the corresponding
plots illustrated using R and the phyloseq package [34]. For statistical analysis of the a-diversity
indices, Welch two-sample t-test was applied in R. “Effective number of species” was calculated
from Shannon index (SI) values (). Statistical significance of the UniFrac distances was ana-
lysed by a two sample t-test within QIIME. The heatmap, showing the 25 most abundant 97%
identity OTUs, was created in R using the gplots package [35]. Relative abundance was calcu-
lated based on the sequence counts per OTU, values were transformed into log10 scale. Hierar-
chical clustering using a euclidean distance measure was performed in R. The alignment
against all Acetobacter (1294) and Lactobacillus (46782) reference sequences deposited in the
SILVA database was performed in QIIME using the PyNAST algorithm [32]. The confidence
level was set at 99%, sequences with fewer than 10 counts were excluded from the analysis.
Sequencing data is available at the Short Reads Archive (SRA) accession number SRP064451.

Bacterial plating assays

For bacterial plating assays, virgin female Chd1”~ and Chd1"™"™" flies were reared on standard
food (see above) with transfer to fresh food vials on every third day. At the respective ages of 4,
7, 10, 14, 21 days, flies were collected and consecutively washed with 10% bleach, 70% ethanol,
and three times with sterile 1xPBS (Dulbecco). Since Chd1™" flies show a three-day delay in
eclosion timing compared to Chd1""""7 flies (S1 Fig), crosses were set up such that mutant
and control flies would eclose at the same time and could be aged in parallel. Batches of 6 sur-
face-sterilized flies were homogenized in 100 pl sterile 1xPBS using autoclaved microtube pes-
tles. Homogenates were cultured on Ace agar (0.8% (w/v) yeast extract, 1.5% (w/v) peptone,
1% (w/v) dextrose, 0.3% (v/v) acetic acid, 0.5% (v/v) ethanol; [21,36]) or MRS agar (2 g/l di-
ammonium hydrogen citrate, 2 g/l Na,HPOy,, 20 g/l D(+)-glucose, 0.1 g/l MgSO,, 0.05 g/l
MnSO,, 0.05 g/L, 5 g/l meat extract, 5 g/l sodium acetate, 10 g/1 universal peptone, 5 g/l yeast
extract, 12 g/l agar) at 27.5°C (Ace) or 37°C (MRS) for 3 to 4 days. MRS plates were incubated
under microaerophil conditions. Two technical replicates were plated of serial dilutions of four
biological (6 flies each) replicates at each time point. CFUs were counted and mean numbers of
bacteria per fly were calculated.

Conventional and real-time PCR analyses

Gut preparation from virgin females at different ages (4, 7, 10, 14 days old) and DNA extrac-
tion were performed as described above for amplicon sequencing. DNA was isolated from
pools of ten guts each. For detection of Acetobacteraceae by end-point PCR, 17 ng DNA was
used with primers Acel (5-CZAGTGTAGAGGTGAAATT) and Ace2 (5-CCCCGTCAA
TTCCTTTGAGTT) at an annealing temperature of 55°C; for detection of Pseudomonadaceae
by end-point PCR 200 ng DNA and primers Psel (5-TCCAAGTTTTAAGGTGGTAGGCTG)
and Pse2 (5-CTTTTCTTGGAAGCATGGCATC) at an annealing temperature of 60°C was
used. Three PCR reactions (25, 30, 35 cycles for detection of Acetobacteraceae and 30, 35, 40
cycles for Pseudomonadaceae) of each of three biological replicates were performed for each
time point. PCR products were separated on 2% agarose gels and intensities of ethidium bromi-
de-stained bands were quantified using Fiji for MacOS X. The ratio of the intensities of Pseudo-
monas and Acetobacter bands of the same DNA sample was determined. Results are shown as
mean ratios £ SEM. For qPCR analysis of L. plantarum, 100 ng DNA was used with the L.
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plantarum-specific primers Lp16Sf (5-TGATCCTGGCTCAGGACGAA-3’) and Lp16Sr
(5-TGCAAGCACCAATCAATACCA-3’) [37]. qPCR reactions were conducted in triplicate
using a StepONEPlus instrument (Life Technologies) and Power SYBR Green PCR master
mix (Life Technologies). The Drosophila GAPDH gene was used for normalization and 274"
values were plotted.

Dietary supplementation with L. plantarum

Whatman filter discs were soaked in 2 ml 5% sucrose containing 10” cfu of L. plantarum. The
discs were placed into 200 ml vials and batches of 20 four-day old virgin female flies that had
been starved for 24 h in vials containing filter discs soaked with 1x PBS were added to each vial
(3 replicates per line). The flies were kept overnight in the inoculated vials at 25°C and subse-
quently transferred into fresh food vials every 3™ day. L. plantarum load was analysed at days
1,4, 7,10, 14 and 21 post inoculation by qPCR and by plating of fly-homogenate on MRS agar
as described above. Statistical significance was determined using Student’s t-test (Prism 5.0).

Results

Loss of CHD1 leads to a significant reduction of bacterial diversity in the
gut of the flies

To examine the composition of the intestinal microbiome of ChdI null flies, we performed
deep sequencing of 16S rRNA gene amplicons of guts isolated from Chdl”" and control flies
(Chd1™™"T), which carried a wild-type ChdI rescue transgene in a Chdl-deficient genetic
background [27]. We isolated genomic DNA from guts of 4 days old virgins for PCR amplifica-
tion of the variable regions V1 and V2 of the bacterial 16S rRNA gene. Using the Ion PGM
sequencing platform for deep sequencing, we obtained a total of 1,451,602 reads after quality
filtering representing a mean 241,933 reads per replicate. The preprocessed sequences were
clustered into operational taxonomic units (OTUs) using the SILVA database [31] as a refer-
ence with a sequence identity threshold of 97%. Principal Coordinate Analysis (PCoA) revealed
clear separation between Chdl mutant and wild-type replicates with PC1 explaining 89.1% of
the overall variation (Fig 1A). This was confirmed by a two-sample t-test applied on the calcu-
lated distance matrix using QIIME (P = 4.709 ). Thus, the difference in bacterial community
composition of Chdl mutant and wild-type samples correlates with the genetic background of
the host flies, whereas variability among replicates of the same genotype only accounts for a
minimal portion of the total disparity.

The rarefaction curves for the OTUs assigned to Chdl mutant and Chdl gut samples
reached saturation for the Chd1""™" samples, and near-complete saturation (power estimate
above 99%) for the mutant, indicating that only few, very rare OTUs might remain undetected
in the mutant gut samples at this sequencing depth (Fig 1B). The combined reads of wild-type
and mutant samples were assigned to a total of 273 OTUs. While all OTUs were found in the
combined wild-type samples, only 238 (87%) were present in Chdl " flies (S2 Table). Further-
more, estimated species richness was about 1.3 times higher in Chd1""""" compared to
Chdl™" samples (Chaol richness estimate, Table 1). Shannon diversity index calculation
revealed a significantly lower value for Chd1”" guts compared to Chd1™""T guts (Table 1),
which translates into at least 7 times lower effective species diversity in the mutant.

Since Chd1™" flies have elevated bacterial titres in the gut [25], it was formally possible that
the diversity difference between the two strains was caused by preferred detection of contami-
nating species in the wild-type sample due to the lower bacterial load in the starting material.
Sequencing of the negative control sample revealed the presence of similar OTUs as in the

WT/WT
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Fig 1. The microbiome composition in the gut of Chd1”~ and Chd 17" flies is significantly different.
(A) Principal Coordinate Analysis (PCoA) plot depicting B-diversity by jackknifed UniFrac distances
(normalized, weighted UniFrac metric) based on 97% similarity OTU assignments. Chd 7"V and Chd 1"
replicates differ considerably for PC1, which explains 89.1% of the total variation. To estimate the statistical
significance of the clustering a two-sample t-test based on distance matrices (distances within all replicates
versus distances between all replicates) was performed (P = 4.709 e-5). (B) Rarefaction curves of 97%
identity OTUs for Chd 1"V and Chd1”~ sample replicates show exhaustive sampling depth.

doi:10.1371/journal.pone.0153476.g001

actual samples. However, the amplicon yield from “blank” samples was very low compared to
the actual samples and therefore is unlikely to contribute significant numbers of reads in the
gut samples (see S2 Fig for an amount-specific comparison of species distribution). Note that
the number of reads obtained from the “blank” or the actual samples (52 Table) does not corre-
spond to absolute bacterial amounts, since quantitative differences in the input DNA are equal-
ized through library preparation. For a quantitative comparison between sample groups the
actual differences in total amount of bacteria retrieved from each gut-sample has to be taken
into account, which is visualized in S2 Fig Moreover, the “blank” sample contained fewer
OTUs (234) than the wild-type (273) and the mutant samples (238).
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Table 1. Chao1 and Shannon indices of Chd1 mutant and wild-type sample replicates. Three sets of filtering parameters were used to analyse the
data.

filtering parameters 1 filtering param.2®> filtering param. 3°
mean number of Chao1 species richness Shannon diversity Chao1l Shannon Chaol  Shannon
sequences estimate index

R1 217,999 250.43 3.37 927.71 3.75 227.43 3.38
R2 200,030 269.5 2.91 939.22 3.27 274.0 2.92
Chd1W™WT  R3 243,807 267.33 4.33 828.6 4.63 247.20 4.34
mean 220,612 262.42 3.54 898.51 3.88 249.54 3.55
R1 232,649 206.25 2.04 636.64 2.12 196.25 2.01
R2 342,146 195.07 1.3 367.67 1.34 173.13 1.30
Chd1”~ R3 214,971 214.12 1.45 664.44 1.44 197.55 1.38
mean 263,255 205.15 1.60 556.25 1.63 188.97 1.57

P-value  <0.05 0.00225* * 0.02535* 0.05475 0.01312* 0.02667* 0.02379*

1 discard OTUs with <0.005% of total # of reads and OTUs with reads in <2 replicates.

2 discard OTUs with <10 reads and OTUs with higher # of reads in blank compared to sample [10].

8 discard OTUs with <0.005% of total # of reads and OTUs with reads in <2 replicates and OTUs with higher # of reads in blank.
* P-value < 0.05

** P-value < 0.01

doi:10.1371/journal.pone.0153476.1001

Different procedures for generating and processing data of high-throughput microbiome
analyses exist to date. Moreover, the fly microbiome is affected by various biological and
environmental effects, such as diet, sex, age, developmental state and possibly others (see
introduction). With these caveats in mind, we note that the average Chao’s richness estimate
and the average Shannon index of diversity for Chd1"""'" and Chd1”" samples were higher
than previously reported for lab-reared flies (e.g. [10,12]). To assess, if our data analysis
parameters might contribute to the increased alpha-diversity in our samples, we re-analysed
the data using the filtering parameters published by Wong et al. [10]. Thereby, all OTUs
with <10 reads and all OTUs for which read number was higher in the negative control than
in the sample were considered contaminants and discarded. The less stringent parameters
(our original analysis removed sequences with a count lower than 0.005% of total sequence
number and total observation count <2) increased the number of detected OTUs. Taxa dis-
tribution and diversity indices, however, remained very similar for Chd1 wild-type and
mutant samples (Table 1, S3 Fig). Likewise, filtering of OTUs with <0.005% reads, singletons
and OTUs with higher read numbers in the negative control did not significantly change the
Shannon index (Table 1).

We also performed downsampling of our datasets to 100 or 5000 reads/sample to account
for potential differences due to sampling depth. Rarefaction curves indicated that datasets with
a 5000 reads/sample cap are sufficiently representative, and species richness and species diver-
sity indices were quite similar to those of full datasets. By contrast, rarefaction curves of data-
sets capped to 100 reads/sample did not reach saturation and the differences of diversity index
values were no longer statistically significant between Chd1""""" and Chd1”" guts (S4 Fig, S2
Table).

In summary, the results provide evidence for an influence of CHD1 on the commensal com-
munity composition in the gut of Drosophila in that loss of this chromatin remodeler results in
a reduction of species diversity of intestine-associated bacteria.
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Acetobacter sp. account for more than 98% of intestinal bacteria in
Chd1” flies

Investigation of the bacterial taxa associated with the gut of Chdl mutant and wild-type flies
revealed that at the phylum level, Proteobacteria accounted for more than 97% of total reads
across all samples, whereas Firmicutes, which have been shown to normally be the second dom-
inating phylum in adult flies [10,13], were strikingly underrepresented in our analysis. On the
family level, the bacterial community associated with Chd1""""" guts was dominated by Acet-
obacteraceae, while Pseudomonadaceae, Enterobacteriaceae, Comamonadaceae and Staphylo-
coccaceae together comprised ~19% of the microbiota. By contrast, these families were nearly
absent (0.5%) in Chdl-mutant flies. Likewise, Lactobacillaceae, accounted for only 0.3% within
the bacterial community of wild-type and 0.2% of that of mutant flies (Fig 2A, S3 Fig, Table 2).
All of these families have been reported to be associated with Drosophila before [11]. The rela-
tive proportion of detected bacterial families changed only slightly when the above-described
different filtering parameters were applied (S3 Fig, Table 2). We next performed cluster analy-
sis of the 25 most abundant OTUs (classification down to the lowest level possible) across both
samples. Consistent with the taxa summary (Fig 2A), OTUs assigned to the Pseudomonada-
ceae, Enterobacteriaceae, Comamonadaceae or Staphylococcaceae families grouped into the two
clusters with the lowest relative abundance, whereas Acetobacteraceae dominated the two high
abundance OTU clusters (Fig 2B). The differences between Chdl mutant and wild-type sam-
ples were most pronounced in the two low abundance clusters, whereas the variations in the
Acetobacter-dominated clusters were minor.

Although there appears to be no “core”microbiome in Drosophila [10], there are five bacterial
species that are often prevailing in the intestinal microbiota: Acetobacter pomorum, A. tropicalis,
Lactobacillus brevis, L. plantarum and L. fructivorans [8-10,13,17,38,39]. Of these five taxa we
only found A. pomorum to be present among the 25 most abundant OTUs within ChdI mutant
and wild-type guts (Fig 2B). A. pomorum and A. pasteurianus, a constituent of the fly surface as
well as intestinal microbiota [8,17], were the two dominating species within both, Chd1 wowr
well as Chd1™” guts (Fig 2B). These results are in agreement with the finding that A. pomorum/
pasteurianus have been found in most laboratory Drosophila stocks but not being laboratory-spe-

as

cific like several Enterococcaceae [8,39] and Enterobacteriaceae [11]. Moreover, we detected Sta-
phyloccocus hominis, a constituent of Drosophila surface bacteria, the saprophytic soil bacterium
Pseudomonas putida, a close relative of the fly pathogen P. entomophila [40,41] and L. homohio-
chii, a reported member of the fly microbiome [17] among the top 25 OTUs (Fig 2B).

Given that Acetobacter and Lactobacillus species are frequent commensals in the gut of Dro-
sophila, we examined in more detail all Acetobacter and Lactobacilli identified in the microbiota
of Chdl mutant and wild-type flies by alignment to sequences deposited in the SILVA database
using a 99% identity threshold. All Acetobacter species present in our samples (Fig 2C) have
been previously reported to associate with Drosophila. By contrast, with the exception of L. bre-
vis, L. plantarum, L. fructivorans and L. homohiochii, none of the other identified Lactobacillus

IWT/WT and

species has been linked to the Drosophila microbiome before. Comparison of Chd
Chdl”" guts revealed that while there was no major variation in the relative abundance of the
identified Acetobacter species, several Lactobacilli were present at significantly lower levels or
even absent in Chdl mutants. Only L. fructivorans, L. homohiochii and L. plantarum showed

similar levels as in the wild type (Fig 2C).

Bacterial titres increase more quickly with age in the guts of Chd1”" flies

To determine if differences in gut microbiome composition and titre between Chd1”" and
Chd1™W""T flies persist during adult life, we employed PCR- and bacterial plating assays. Since
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Fig 2. Loss of CHD1 causes decreased species diversity in the gut microbiome. (A) Relative abundance of bacterial families (97% similarity threshold)
determined by 16S rDNA sequencing in Chd1"V™"T and Chd1”- samples. Families present at levels less than 1.5% were summarized as “others®. (B)
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Color bars denote the relative abundance (log10 values) of each OTU within the respective sample. OTUs are clustered according to their average relative
abundance. (C) Heatmap showing the abundance of Acetobacter and Lactobacillus species in Chd 1T and Chd 1"~ samples identified by alignment of
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Color bars denote the relative abundance (log10 values) of each species within the respective sample.

doi:10.1371/journal.pone.0153476.9002

our deep sequencing results showed that the majority of bacteria in both ChdI mutant and con-
trol strains belongs to the Acetobacteraceae family, we plated Drosophila homogenates on the
Ace medium semiselective for Acetobacteraceae [21] for estimation of bacterial numbers.
Moreover, we used plating on MRS agar under microaerophil conditions to assay Lactobacillus
load. In good agreement with earlier reports [17-19,21,42], bacterial titres increased with age
in Chd1""™" flies but reached a plateau around 14 days of age. Chdl mutant guts exhibited
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Table 2. Distribution of bacterial families within the gut microbiome of Chd1 mutant and wild-type flies. Three sets of filtering parameters were used
to analyse the data.

filtering param. 1" filtering param. 22 filtering param. 3°

Chd1"™WT Chd1” Chd1"™WT Chd1”" Chd1"TWT Chd1”"
Acetobacteraceae 73.9% 98.1% 72.1% 98.6% 73.4% 98.8%
Pseudomonadaceae 7.7% 0.2% 7.9% 0.3% 7.9% 0.2%
Comamonadaceae 4.4% 0.2% 4.6% 0.2% 4.6% 0.2%
Enterobacteriaceae 4.4% 0.3% 4.4% 0.3% 4.4% 0.3%
Staphylococcacea 1.6% 0.0% 1.6% 0.0% 1.6% 0.0%
Moraxellaceae 1.0% 0.1% 1.2% 0.1% 1.0% 0.1%
Methylobacteriaceae 0.6% 0.0% 0.7% 0.0% 0.6% 0.0%
Caulobacteraceae 0.6% 0.0% 0.7% 0.0% 0.6% 0.0%
Propionibacteriaceae 0.3% 0.0% 0.3% 0.0% 0.3% 0.0%
Lactobacillaceae 0.3% 0.2% 0.3% 0.0% 0.2% 0.0%
others 5.2% 0.9% 6.1% 0.3% 5.5% 0.3%

! discard OTUs with <0.005% of total # of reads and OTUs with reads in <2 replicates. Observed species: 246 (wt)/159 (mut).

2 discard OTUs with <10 reads and OTUs with higher # of reads in blank compared to sample [10]. Observed species: 831 (wt)/415 (mut).

3 discard OTUs with <0.005% of total # of reads and OTUs with reads in <2 replicates and OTUs with higher # of reads in blank. Observed species: 237
(wt)/148 (mut).

doi:10.1371/journal.pone.0153476.t002

considerably higher Acetobacter titres at the earlier time points tested (4, 7, 10 days), while
titres were roughly equal in mutant and control flies at days 14 and 21 (Fig 3A, left panel). Par-
ticularly on day 7, bacterial load was almost two orders of magnitude higher in Chd1” flies
compared to Chd1"™"""T suggesting rapid accumulation of Acetobacteraceae in younger
mutant flies. By contrast, Lactobacilli showed lower representation in younger Chdl mutant
flies compared to rescued control flies with progressively decreasing titres until day 10 of age.
At days 14 and 21, ChdI mutant and wild-type flies had again similar Lactobacillus levels (Fig
3A, right panel). These results confirm our results from the deep sequencing experiments (per-
formed with 4 day old flies) that the loss of Chd1 correlates with an accumulation of Acetobac-
ter and a decrease of Lactobacillus species in Drosophila.

-/-

Increased dominance of Acetobacteraceae in guts of Chd71™ flies at

different ages

Previously it was shown that Drosophila gut microbiome composition is variable and can differ
considerably even between individual flies of the same strain [13]. To further rule out that the
species distribution differences we detected by deep-sequencing in Chdl mutant and wild-type
flies were a result of sampling all biological replicates from one fly generation, and to further
corroborate the changes in relative distribution of Acetobacteraceae and other bacterial families
(as also observed in Fig 3A), we sought to determine the relative amounts of Acetobacteraceae
(the major family in both strains) and Pseudomonadaceae (~8% in Chdl WI'WT 45.0.2% in
Chd1”") in further samplings of the two fly strains. To this end, we collected guts from a new
generation of both strains (about two years after the original sampling for the deep-sequencing
analysis). Moreover, we collected guts from flies of different ages (4, 7, 10, 14 days old) and
analysed the samples using semiquantitative PCR with taxa-specific primers. We had to resort
to this method, as we were unable to find Pseudomonadaceae-specific primers that were suit-
able for real-time PCR. Within the limitations of this methods regarding accuracy, we found
that in most Chd1”~ samples the fraction of Pseudomonas species was lower than in the control
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Fig 3. Age-related changes of bacterial load and species distribution in Chd1 mutant and wild-type
flies. (A) Flies of the indicated ages were surface-sterilized and homogenates were plated on Ace agar (left
panel) to select for Acetobacteraceae or on MRS agar (right panel) to select for Lactobacillaceae. CFUs per
fly were calculated and mean values from four biological replicates +SEM were plotted. (B) Semiquantitative
PCR was used to determine the relative amounts of Acetobacter “A” and Pseudomonas “P” species in guts of
flies of the indicated ages. Band intensities were quantified and P/A ratios were calculated. Mean values

+SEM of three biological replicates are shown.

doi:10.1371/journal.pone.0153476.g003

fly guts (Fig 3B). As observed with the plating assays for Acetobacter and Lactobacillus (Fig
3A), the differences between mutant and control guts disappeared also for the Acetobacter/
Pseudomonas ratio at 14 days of age.

Collectively, the results show that loss of CHD1 does not affect the core species present
under our cultivation conditions but rather contributes to the relative reduction or elimination
of minor bacterial taxa. The data also suggest that this effect shows its strongest manifestation
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in young flies, while it seems that upon aging the microbiomes of mutant and control flies
become more similar to each other.

Chd1” flies are unable to sustain Lactobacillus plantarum titres after
dietary supplementation

Our plating assays showed that L. plantarum levels were already decreased in one-day old
Chd1 mutant flies compared to wild-type flies. To determine, if elevating Lactobacillus levels in
young flies would prevent its observed diminishment in the guts of Chd1”" flies at later stages
of life, we fed 4-day old ChdI mutant and control flies with a bacterial suspension of L. plan-
tarum overnight, subsequently transferred the flies to standard food vials, and determined Lac-
tobacillus titres by plating fly homogenates on MRS agar and by qPCR with L. plantarum-
specific primers. Both assays clearly showed that while L. plantarum load did not significantly
change over a period of 21 days in control flies, it decreased continuously in ChdI mutant flies
despite equal initial titres in both strains (Fig 4A and 4B). These results suggest that the envi-
ronment in Chd1”" guts discriminates against the growth of bacteria such as Lactobacillus,
while it promotes accumulation of Acetobacter sp.

Discussion

The Drosophila gut microbiome is predominantly shaped by the nutritional environment. Sev-
eral studies showed that in Drosophila, just as in mammals, diet is a substantial determinant of
intestinal microbiota composition, whereas factors such as host species identity or phylogeny
seem to be of minor importance [11-13,15,43]. The profound contribution of commensal
microbiota to mammalian health, in particular with regard to inflammatory diseases of the
intestine, is well recognized [44]. We have previously shown that loss of Chd1 in flies renders
them sensitive towards oral infection with P. aeruginosa. In particular, we found that large
numbers of bacteria were able to transit into the body cavity in the course of infection in Chdl
mutant but not control flies suggesting compromised barrier function of intestinal epithelia
[25]. Here we confirm elevated bacterial titre, in particular Acetobacter levels, in the gut of
Chdl mutant flies, and we show that the microbiome of mutant guts is significantly less diverse
than that from wild type. Whether this change in bacterial community composition contrib-
utes to increased infection sensitivity is not known at this point.

The Drosophila gut microbiome, especially that of lab-reared flies, is known to be of low
complexity with Lactobacillus and Acetobacter being the major species [3]. In agreement with
earlier reports, our data demonstrate the dominance of Acetobacter species in both wild-type
and mutant lines. However, Lactobacilli represented less than 1% of all identified OTUs. There-
fore, the microbiome composition under our rearing conditions resembles that of UCSD stock
center flies or flies caught in the wild as shown by Staubach et al. [12]. In the reviewing process
of this study, it has been suggested that the comparably high alpha diversity obtained with our
analysis may in part be due to higher error rates of the Ion Torrent PGM platform that was
used for the amplicon sequencing analysis. In a recent comparison of Ion Torrent PGM and
the Illumina MiSeq platform, the error rates differed between ~1.5/100 bases for Ion Torrent
and 0.9%/100 bases for Illumina sequencing. As these differences are quite small, when analys-
ing microbial community composition, the authors found good concordance of results gener-
ated by the two platforms [45]. In fact, MiSeq analysis of the V1-V2 amplicon of 16S rDNA
recently was found to give inferior results in a comparison with Ion Torrent amplicon sequenc-
ing and shotgun sequencing using different platforms [46]. We cannot rule out that some of
the OTUs in our study are false positives. However, our results have gained support by recent
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Fig 4. Time-dependent decrease in supplemented L. plantarum in Chd1”~ but not Chd 1" flies.
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doi:10.1371/journal.pone.0153476.9004

work by Clark et al. [42], in which a shotgun Illumina sequencing approach uncovered consid-
erable diversity in the Drosophila gut microbiome.

With respect to beta diversity, our sequencing data clearly show a shift in microbial commu-
nity composition between Chdl wild-type and mutant fly guts with strongly increased presence
of Acetobacteraceae relative to other bacterial families leading to changes in alpha and beta
diversity measures. At the same time, we observed an increase in bacterial load in Chdl ™" flies.
This increase, which is apparently caused by an overgrowth of Acetobacteraceae in young flies
(see Fig 3A), in theory might cause a bias against low abundance taxa in the deep sequencing
analysis. However, results of the culture-dependent analyses show that Lactobacillus titres are
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lower in the mutant than in the wild-type and further decrease until the age of 10 days. Similar
results were obtained for Pseudomonas by a PCR-based approach. Finally, there is a striking
difference between Chdl mutant and wild type flies in their ability to maintain levels of supple-
mented L. plantarum suggesting an unfavourable environment for this (and possibly other)
bacterial species in the mutant guts. Together these observations argue in favour of decreased
diversity in the gut microbiome of Chd1”” compared to Chd1""""" flies rather than biased
sequencing due to increased Acetobacter load.

A handful of host factors has so far been described in Drosophila to affect intestinal micro-
biome composition. For instance, the transcription factor Caudal (Cad) was shown to be neces-
sary for regulating basal expression levels of AMPs, and depletion of Cad resulted in AMP
overexpression and dysbiosis [9]. Likewise, the age-dependent increase of dFOXO expression
was found to lead to gradual disturbance of intestinal bacterial load by repressing the transcrip-
tion of the negative IMD-pathway regulator PGRP-SC2 [19].

Little is known, however, about the influence of epigenetic processes on gut and microbiome
homeostasis in Drosophila and mammals, respectively. Our results provide clear evidence that
the chromatin remodeling factor CHD1 affects intestinal microbiome composition in the fly.
This may occur through direct regulation of AMP expression in the gut [25], similar to what
has recently been shown for the chromatin remodeling complex BAP in the course of infection
[23]. For example, it is possible that the higher steady-state AMP levels present in the absence
of CHD1 may result in the elimination of potentially more sensitive minor taxa thereby causing
the observed overgrowth in terms of diversity as well as bacterial titre of Acetobacter spp.

Alternatively, CHD1 might act indirectly, for instance by causing deregulation of gut physi-
ology or developmental processes, which in turn may favour microbiome changes and/or affect
susceptibility to infection. Regardless of the way by which loss of CHD1 affects Acetobacter
titre initially, the further increase with progressing age may be linked to replenishment of the
gut microbiome by feeding of the flies on their feces [21]. This may also enforce the dominance
of Acetobacter over all other species and aggravate the reduction of minor taxa as indicated by
the age-linked reduction of Pseudomonas compared to Acetobacter (Fig 3B). However, why
bacterial titres as well as the relative levels of some minor taxa become more similar between
mutant and wild-type flies at later stages of age is not known to date. Although there are many
possible explanations, it is tempting to speculate that the gut environment of younger Chd1”"
flies may somehow resemble that of older wild-type flies [17,21,42]. Not only the elevated bac-
terial load in young Chd1”" flies, but also the previously demonstrated higher levels of AMPs
provide evidence for this notion, since upregulation of AMP genes was detected in aging flies
before [47,48]. Further studies are needed to examine if CHD1 might actually affect the physio-
logical age of the gut.

Supporting Information

S1 Fig. Delayed eclosion times in Chd1”” versus Chd1"""™" flies.

(PDF)

S2 Fig. Comparison of taxa distribution in Chd1 wild-type and mutant guts relative to
total bacterial load.
(PDF)

$3 Fig. Proportion of bacterial families in the individual replicates of Chd1"""" and
Chdl™ guts.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0153476  April 19,2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s003

@’PLOS ‘ ONE

Gut Microbiome in Chd7-Mutant Flies

S4 Fig. Rarefaction curves for capped sequence data sets.
(PDF)

§1 Table. OTUs before and after filtering of OTUs with < 0.005% reads and of singletons.
(XLSX)

$2 Table. OTUs detected in Chd1™""T and Chd1™" guts.
(XLSX)

$3 Table. Chaol and Shannon indices of capped datasets from Chdl mutant and wild-type
samples.
(PDF)

Acknowledgments

We thank V. Staudinger for help with L. plantarum culture. We are grateful to D. Fyodorov, P.
Loidl and B. Redl for critical reading and comments on the manuscript. Deep sequencing anal-
ysis was performed by the I-Med GenomeSeq Core.

Author Contributions

Conceived and designed the experiments: JS AK IS AL. Performed the experiments: JS MW IS
AK. Analyzed the data: JS MW IS AK ZT AL. Contributed reagents/materials/analysis tools:
DOH. Wrote the paper: ]S MW IS AK AL.

References

1. Lemaitre B, Hoffmann J. The host defense of Drosophila melanogaster. Annu Rev Immunol. 2007; 25:
697-743. doi: 10.1146/annurev.immunol.25.022106.141615 PMID: 17201680

2. LeeK-A, Lee W-J. Drosophila as a model for intestinal dysbiosis and chronic inflammatory diseases.
Dev Comp Immunol. 2014; 42: 102—110. doi: 10.1016/j.dci.2013.05.005 PMID: 23685204

3. Erkosar B, Leulier F. Transient adult microbiota, gut homeostasis and longevity: novel insights from the
Drosophila model. FEBS Lett. 2014; 588: 4250—-4257. doi: 10.1016/j.febslet.2014.06.041 PMID:
24983497

4. Charroux B, Royet J. Gut-microbiota interactions in non-mammals: what can we learn from Drosophila?
Semin Immunol. 2012; 24: 17-24. doi: 10.1016/j.smim.2011.11.003 PMID: 22284578

5. Buchon N, Broderick NA, Lemaitre B. Gut homeostasis in a microbial world: insights from Drosophila
melanogaster. Nat Rev Microbiol. 2013; 11: 615-626. doi: 10.1038/nrmicro3074 PMID: 23893105

6. Brummel T, Ching A, Seroude L, Simon AF, Benzer S. Drosophila lifespan enhancement by exogenous
bacteria. Proc Natl Acad Sci USA. 2004; 101: 12974-12979. doi: 10.1073/pnas.0405207101 PMID:
15322271

7. Corby-Harris V, Pontaroli AC, Shimkets LJ, Bennetzen JL, Habel KE, Promislow DEL. Geographical
distribution and diversity of bacteria associated with natural populations of Drosophila melanogaster.
Appl Environ Microbiol. 2007; 73: 3470-3479. doi: 10.1128/AEM.02120-06 PMID: 17400769

8. Cox CR, Gilmore MS. Native microbial colonization of Drosophila melanogaster and its use as a model
of Enterococcus faecalis pathogenesis. Infection and Immunity. 2007; 75: 1565—1576. doi: 10.1128/IAl.
01496-06 PMID: 17220307

9. RyuJ-H,Kim S-H, Lee H-Y, Bai JY, Nam Y-D, Bae J-W, et al. Innate immune homeostasis by the
homeobox gene caudal and commensal-gut mutualism in Drosophila. Science. 2008; 319: 777-782.
doi: 10.1126/science.1149357 PMID: 18218863

10. Wong CNA, Ng P, Douglas AE. Low-diversity bacterial community in the gut of the fruitfly Drosophila
melanogaster. Environ Microbiol. 2011; 13: 1889-1900. doi: 10.1111/j.1462-2920.2011.02511.x PMID:
21631690

11. Chandler JA, Lang JM, Bhatnagar S, Eisen JA, Kopp A. Bacterial communities of diverse Drosophila
species: ecological context of a host-microbe model system. PLoS Genet. 2011; 7: €1002272. doi: 10.
1371/journal.pgen.1002272 PMID: 21966276

PLOS ONE | DOI:10.1371/journal.pone.0153476  April 19,2016 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153476.s007
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141615
http://www.ncbi.nlm.nih.gov/pubmed/17201680
http://dx.doi.org/10.1016/j.dci.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23685204
http://dx.doi.org/10.1016/j.febslet.2014.06.041
http://www.ncbi.nlm.nih.gov/pubmed/24983497
http://dx.doi.org/10.1016/j.smim.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22284578
http://dx.doi.org/10.1038/nrmicro3074
http://www.ncbi.nlm.nih.gov/pubmed/23893105
http://dx.doi.org/10.1073/pnas.0405207101
http://www.ncbi.nlm.nih.gov/pubmed/15322271
http://dx.doi.org/10.1128/AEM.02120-06
http://www.ncbi.nlm.nih.gov/pubmed/17400769
http://dx.doi.org/10.1128/IAI.01496-06
http://dx.doi.org/10.1128/IAI.01496-06
http://www.ncbi.nlm.nih.gov/pubmed/17220307
http://dx.doi.org/10.1126/science.1149357
http://www.ncbi.nlm.nih.gov/pubmed/18218863
http://dx.doi.org/10.1111/j.1462-2920.2011.02511.x
http://www.ncbi.nlm.nih.gov/pubmed/21631690
http://dx.doi.org/10.1371/journal.pgen.1002272
http://dx.doi.org/10.1371/journal.pgen.1002272
http://www.ncbi.nlm.nih.gov/pubmed/21966276

@’PLOS ‘ ONE

Gut Microbiome in Chd7-Mutant Flies

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Staubach F, Baines JF, Kiinzel S, Bik EM, Petrov DA. Host species and environmental effects on bac-
terial communities associated with Drosophila in the laboratory and in the natural environment. PLoS
ONE. 2013; 8: €70749. doi: 10.1371/journal.pone.0070749 PMID: 23967097

Wong AC-N, Chaston JM, Douglas AE. The inconstant gut microbiota of Drosophila species revealed
by 16S rRNA gene analysis. ISME J. 2013; 7: 1922—-1932. doi: 10.1038/ismej.2013.86 PMID:
23719154

Human Microbiome Project Consortium. Structure, function and diversity of the healthy human micro-
biome. Nature. 2012; 486: 207—214. doi: 10.1038/nature11234 PMID: 22699609

Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI. Worlds within worlds: evolution of the verte-
brate gut microbiota. Nat Rev Microbiol. 2008; 6: 776—788. doi: 10.1038/nrmicro1978 PMID: 18794915

Carmody RN, Gerber GK, Luevano JM, Gatti DM, Somes L, Svenson KL, et al. Diet dominates host
genotype in shaping the murine gut microbiota. Cell Host Microbe. 2015; 17: 72—84. doi: 10.1016/j.
chom.2014.11.010 PMID: 25532804

Ren C, Webster P, Finkel SE, Tower J. Increased internal and external bacterial load during Drosophila
aging without life-span trade-off. Cell Metab. 2007; 6: 144—152. doi: 10.1016/j.cmet.2007.06.006 PMID:
17681150

Buchon N, Broderick NA, Chakrabarti S, Lemaitre B. Invasive and indigenous microbiota impact intesti-
nal stem cell activity through multiple pathways in Drosophila. Genes Dev. 2009; 23: 2333—-2344. doi:
10.1101/gad. 1827009 PMID: 19797770

Guo L, Karpac J, Tran SL, Jasper H. PGRP-SC2 promotes gutimmune homeostasis to limit commen-
sal dysbiosis and extend lifespan. Cell. 2014; 156: 109-122. doi: 10.1016/j.cell.2013.12.018 PMID:
24439372

Broderick NA, Buchon N, Lemaitre B. Microbiota-induced changes in drosophila melanogaster host
gene expression and gut morphology. MBio. 2014; 5: e01117-14. doi: 10.1128/mBio.01117-14

Blum JE, Fischer CN, Miles J, Handelsman J. Frequent replenishment sustains the beneficial micro-
biome of Drosophila melanogaster. MBio. 2013; 4: e€00860—-13. doi: 10.1128/mBio.00860-13 PMID:
24194543

Natoli G. Control of NF-kappaB-dependent transcriptional responses by chromatin organization. Cold
Spring Harbor perspectives in biology. 2009; 1: a000224. doi: 10.1101/cshperspect.a000224 PMID:
20066094

Bonnay F, Nguyen X-H, Cohen-Berros E, Troxler L, Batsché E, Camonis J, et al. Akirin specifies NF-kB
selectivity of Drosophila innate immune response via chromatin remodeling. EMBO J. 2014; 33: 2349—
2362. doi: 10.15252/embj.201488456 PMID: 25180232

Bouazoune K, Brehm A. ATP-dependent chromatin remodeling complexes in Drosophila. Chromo-
some Res. 2006; 14: 433-449. doi: 10.1007/s10577-006-1067-0 PMID: 16821138

Sebald J, Morettini S, Podhraski V, Lass-Florl C, Lusser A. CHD1 Contributes to Intestinal Resistance
against Infection by P. aeruginosa in Drosophila melanogaster. PLoS ONE. Public Library of Science;
2012; 7: e43144. doi: 10.1371/journal.pone.0043144 PMID: 22912810

Konev AY, Tribus M, Park SY, Podhraski V, Lim CY, Emelyanov AV, et al. CHD1 motor protein is
required for deposition of histone variant H3.3 into chromatin in vivo. Science. 2007; 317: 1087—1090.
doi: 10.1126/science.1145339 PMID: 17717186

Morettini S, Tribus M, Zeilner A, Sebald J, Campo-Fernandez B, Scheran G, et al. The chromodomains
of CHD1 are critical for enzymatic activity but less important for chromatin localization. Nucleic Acids
Res. 2011; 39: 3103-3115. doi: 10.1093/nar/gkq1298 PMID: 21177652

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7: 335-336. doi: 10.
1038/nmeth.f.303 PMID: 20383131

Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. URL http://www.R-project.org. 2014.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26:
2460-2461. doi: 10.1093/bioinformatics/btq461 PMID: 20709691

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, et al. SILVA: a comprehensive online
resource for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic
Acids Res. 2007; 35: 7188-7196. doi: 10.1093/nar/gkm864 PMID: 17947321

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R. PyNAST: a flexible tool
for aligning sequences to a template alignment. Bioinformatics. 2010; 26: 266—267. doi: 10.1093/
bioinformatics/btp636 PMID: 19914921

Price MN, Dehal PS, Arkin AP. FastTree 2—approximately maximum-likelihood trees for large align-
ments. PLoS ONE. 2010; 5: €9490. doi: 10.1371/journal.pone.0009490 PMID: 20224823

PLOS ONE | DOI:10.1371/journal.pone.0153476  April 19,2016 16/17


http://dx.doi.org/10.1371/journal.pone.0070749
http://www.ncbi.nlm.nih.gov/pubmed/23967097
http://dx.doi.org/10.1038/ismej.2013.86
http://www.ncbi.nlm.nih.gov/pubmed/23719154
http://dx.doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://dx.doi.org/10.1038/nrmicro1978
http://www.ncbi.nlm.nih.gov/pubmed/18794915
http://dx.doi.org/10.1016/j.chom.2014.11.010
http://dx.doi.org/10.1016/j.chom.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25532804
http://dx.doi.org/10.1016/j.cmet.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17681150
http://dx.doi.org/10.1101/gad.1827009
http://www.ncbi.nlm.nih.gov/pubmed/19797770
http://dx.doi.org/10.1016/j.cell.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24439372
http://dx.doi.org/10.1128/mBio.01117-14
http://dx.doi.org/10.1128/mBio.00860-13
http://www.ncbi.nlm.nih.gov/pubmed/24194543
http://dx.doi.org/10.1101/cshperspect.a000224
http://www.ncbi.nlm.nih.gov/pubmed/20066094
http://dx.doi.org/10.15252/embj.201488456
http://www.ncbi.nlm.nih.gov/pubmed/25180232
http://dx.doi.org/10.1007/s10577-006-1067-0
http://www.ncbi.nlm.nih.gov/pubmed/16821138
http://dx.doi.org/10.1371/journal.pone.0043144
http://www.ncbi.nlm.nih.gov/pubmed/22912810
http://dx.doi.org/10.1126/science.1145339
http://www.ncbi.nlm.nih.gov/pubmed/17717186
http://dx.doi.org/10.1093/nar/gkq1298
http://www.ncbi.nlm.nih.gov/pubmed/21177652
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://www.R-project.org
http://dx.doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://dx.doi.org/10.1093/nar/gkm864
http://www.ncbi.nlm.nih.gov/pubmed/17947321
http://dx.doi.org/10.1093/bioinformatics/btp636
http://dx.doi.org/10.1093/bioinformatics/btp636
http://www.ncbi.nlm.nih.gov/pubmed/19914921
http://dx.doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823

@’PLOS ‘ ONE

Gut Microbiome in Chd7-Mutant Flies

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS ONE. 2013; 8: €61217. doi: 10.1371/journal.pone.0061217 PMID:
23630581

Warnes M, Bolker B, Bonebakker L, Gentleman R. Package “gplots.” 2014.

Cleenwerck |, Gonzalez A, Camu N, Engelbeen K, De Vos P, De Vuyst L. Acetobacter fabarum sp.
nov., an acetic acid bacterium from a Ghanaian cocoa bean heap fermentation. Int J Syst Evol Micro-
biol. 2008; 58: 2180-2185. doi: 10.1099/ijs.0.65778-0 PMID: 18768626

Bron PA, Grangette C, Mercenier A, de Vos WM, Kleerebezem M. Identification of Lactobacillus plan-
tarum genes that are induced in the gastrointestinal tract of mice. J Bacteriol. 2004; 186: 5721-5729.
doi: 10.1128/JB.186.17.5721-5729.2004 PMID: 15317777

Sharon G, Segal D, Ringo JM, Hefetz A, Zilber-Rosenberg |, Rosenberg E. Commensal bacteria play a
role in mating preference of Drosophila melanogaster. Proc Natl Acad Sci USA. 2010; 107: 20051—
20056. doi: 10.1073/pnas.1009906107 PMID: 21041648

Storelli G, Defaye A, Erkosar B, Hols P, Royet J, Leulier F. Lactobacillus plantarum promotes Drosoph-
ila systemic growth by modulating hormonal signals through TOR-dependent nutrient sensing. Cell
Metab. 2011; 14: 403—-414. doi: 10.1016/j.cmet.2011.07.012 PMID: 21907145

Vodovar N, Vinals M, Liehl P, Basset A, Degrouard J, Spellman P, et al. Drosophila host defense after
oral infection by an entomopathogenic Pseudomonas species. Proc Natl Acad Sci USA. 2005; 102:
11414—11419. doi: 10.1073/pnas.0502240102 PMID: 16061818

Vodovar N, Vallenet D, Cruveiller S, Rouy Z, Barbe V, Acosta C, et al. Complete genome sequence of
the entomopathogenic and metabolically versatile soil bacterium Pseudomonas entomophila. Nat Bio-
technol. 2006; 24: 673—-679. doi: 10.1038/nbt1212 PMID: 16699499

Clark RI, Salazar A, Yamada R, Fitz-Gibbon S, Morselli M, Alcaraz J, et al. Distinct Shifts in Microbiota
Composition during Drosophila Aging Impair Intestinal Function and Drive Mortality. Cell Rep. 2015;
12: 1656—-1667. doi: 10.1016/j.celrep.2015.08.004 PMID: 26321641

Spor A, Koren O, Ley R. Unravelling the effects of the environment and host genotype on the gut micro-
biome. Nat Rev Microbiol. 2011; 9: 279-290. doi: 10.1038/nrmicro2540 PMID: 21407244

Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut microbiota on human health: an
integrative view. Cell. 2012; 148: 1258—1270. doi: 10.1016/j.cell.2012.01.035 PMID: 22424233

Salipante SJ, Kawashima T, Rosenthal C, Hoogestraat DR, Cummings LA, Sengupta DJ, et al. Perfor-
mance comparison of lllumina and ion torrent next-generation sequencing platforms for 16S rRNA-
based bacterial community profiling. Appl Environ Microbiol. 2014; 80: 7583—7591. doi: 10.1128/AEM.
02206-14 PMID: 25261520

Clooney AG, Fouhy F, Sleator RD, O' Driscoll A, Stanton C, Cotter PD, et al. Comparing Apples and
Oranges?: Next Generation Sequencing and Its Impact on Microbiome Analysis. PLoS ONE. 2016; 11:
e€0148028. doi: 10.1371/journal.pone.0148028 PMID: 26849217

Landis GN, Abdueva D, Skvortsov D, Yang J, Rabin BE, Carrick J, et al. Similar gene expression pat-
terns characterize aging and oxidative stress in Drosophila melanogaster. Proc Natl Acad Sci USA.
2004; 101: 7663-7668. doi: 10.1073/pnas.0307605101 PMID: 15136717

Rera M, Clark RI, Walker DW. Intestinal barrier dysfunction links metabolic and inflammatory markers
of aging to death in Drosophila. Proc Natl Acad Sci USA. 2012; 109: 21528-21533. doi: 10.1073/pnas.
1215849110 PMID: 23236133

PLOS ONE | DOI:10.1371/journal.pone.0153476  April 19,2016 17/17


http://dx.doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
http://dx.doi.org/10.1099/ijs.0.65778&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/18768626
http://dx.doi.org/10.1128/JB.186.17.5721&ndash;5729.2004
http://www.ncbi.nlm.nih.gov/pubmed/15317777
http://dx.doi.org/10.1073/pnas.1009906107
http://www.ncbi.nlm.nih.gov/pubmed/21041648
http://dx.doi.org/10.1016/j.cmet.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21907145
http://dx.doi.org/10.1073/pnas.0502240102
http://www.ncbi.nlm.nih.gov/pubmed/16061818
http://dx.doi.org/10.1038/nbt1212
http://www.ncbi.nlm.nih.gov/pubmed/16699499
http://dx.doi.org/10.1016/j.celrep.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26321641
http://dx.doi.org/10.1038/nrmicro2540
http://www.ncbi.nlm.nih.gov/pubmed/21407244
http://dx.doi.org/10.1016/j.cell.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22424233
http://dx.doi.org/10.1128/AEM.02206-14
http://dx.doi.org/10.1128/AEM.02206-14
http://www.ncbi.nlm.nih.gov/pubmed/25261520
http://dx.doi.org/10.1371/journal.pone.0148028
http://www.ncbi.nlm.nih.gov/pubmed/26849217
http://dx.doi.org/10.1073/pnas.0307605101
http://www.ncbi.nlm.nih.gov/pubmed/15136717
http://dx.doi.org/10.1073/pnas.1215849110
http://dx.doi.org/10.1073/pnas.1215849110
http://www.ncbi.nlm.nih.gov/pubmed/23236133

