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Abstract: One of the greatest impacts on the gastrointestinal microbiome is diet because the host and
microbiome share the same food source. In addition, the effect of diet can diverge depending on
the host genotype. Diets supplemented with phytochemicals found in peppers might cause shifts
in the microbiome. Thus, understanding how these interactions occur can reveal potential health
implications associated with such changes. This study aims to explore the gut microbiome of different
Drosophila genetic backgrounds and the effects of dietary pepper treatments on its composition and
structure. We analyzed the gut microbiomes of three Drosophila melanogaster genetic backgrounds
(Canton-S, Oregon-RC, and Berlin-K) reared on control and pepper-containing diets (bell, serrano,
and habanero peppers). Results of 16S rRNA gene sequencing revealed that the variability of Drosophila
gut microbiome can be driven mainly by genetic factors. When the abundance of these communities
is considered, pepper-containing diets also appear to have an effect. The most relevant change in
microbial composition was the increment of Lactobacillaceae and Acetobacteraceae abundance in
the pepper-containing diets in comparison with the controls in Oregon-RC and Berlin-K. Regression
analysis demonstrated that this enhancement was associated with the content of phenolic compounds
and carotenoids of the peppers utilized in this study; specifically, to the concentration of β-carotene,
β-cryptoxanthin, myricetin, quercetin, and apigenin.

Keywords: Drosophila gut microbiome; pepper; phytochemicals; diet; genotype

1. Introduction

Microbial communities found in the gut of animals play important roles in the health of the animal
through the breakdown of food for nutrient and energy extraction, production of essential vitamins,
and protection against pathogen colonization [1]. However, microbiome composition and stability can
differ depending on intrinsic factors of the host, such as age, sex, and genotype and exogenous factors
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including habitat and diet [2]. The addition of specific compounds to the diet may serve to either
favorably alter the gut microbiota by promoting the growth of beneficial bacteria or to counteract the
imbalance of microbial communities, both with the aim of supporting a healthy host [3].

Chili peppers represent an important crop worldwide due to the beneficial properties of their
phytochemicals including carotenoids, capsaicinoids, phenolic compounds, vitamins C and A,
and minerals, such as iron and calcium [4]. These compounds have been associated with the
control of obesity, the reduction in the risk for coronary disorders, diabetes, cancer, osteoporosis,
and neurodegenerative diseases [5–8].

Drosophila melanogaster harbors a simpler gut microbiome as compared to mammals, consisting of
various yeast and few bacterial groups, mainly members of the Acetobacteraceae and Lactobacillales
taxa [9]. The reduced complexity of these microbial associations in the gut of Drosophila has facilitated
the analysis and hypothesis testing of the microbiota–host interactions on the nutritional phenotype of
the host [10]. Nevertheless, bacterial communities can be altered by different parameters, which in
turn shape these microbiota–host interactions [11]. Several studies have found that diet plays a crucial
role in the shifting of bacterial groups of Drosophila [12–14]. In addition, host-genotype specific factors
also have been observed to shape the gut microbiome of D. melanogaster [15,16].

The main objective of this study is to explore the changes in composition and diversity of the gut
microbiota of different Drosophila genetic backgrounds reared on diets supplemented with bell, serrano,
and habanero peppers. Moreover, this study aims to reveal microbial–microbial interactions between
members of the Drosophila microbiome.

2. Results

2.1. Phytochemical Content

We estimated the content of flavonoids, carotenoids, and capsaicinoids in the peppers utilized
to supplement the different diets (Table 1). It was observed that almost all the compounds were
detected in the different peppers, although the concentration varied. Bell pepper contained the highest
concentration of β-carotene (129.153 µg/g), capsanthin, (52.001 µg/g) and the flavonoid quercetin
(41.355µg/g) and no capsaicinoid content was detected in this pepper, whereas the highest concentration
of capsaicin (2529.117 µg/g) and dihydrocapsaicin (1524.960 µg/g) was detected in serrano pepper.
In habanero pepper, the highest concentration of the flavonoid apigenin was reported, but in general,
this pepper contained the lowest concentration of carotenoids and flavonoids, although it had a
significant content of capsaicinoids.

Table 1. Content of the main phytochemical compounds in the different peppers utilized in this study.

Bell Serrano Habanero

Carotenoids (µg/g)
Capsanthin 52.001 37.676 11.145
α-carotene 12.88 23.435 1.781
β-carotene 129.153 115.670 64.470

β-cryptoxanthin 16.845 10.267 8.816
Phenolic compounds (µg/g)

Myricetin 9.672 8.864 4.979
Quercetin 41.355 26.028 21.532

Kaempferol ND ND 0.801
Apigenin 3.177 4.483 12.782
Luteolin 12.140 4.672 8.764

Capsaicinoids (µg/g)
Capsaicin ND 2529.117 2478.723

Dihydrocapsaicin ND 1524.960 746.127
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2.2. Sequencing Data

The total number of sequences obtained from the 16S rRNA gene amplicons resulting from
Illumina sequencing was 22,780,501 (range 672,415 to 1,392,635 per sample). After filtering and
de-noising by using DADA2, 3,788,511 clean and non-chimeric reads were obtained and ASVs were
generated for further taxonomic classification. ASVs belonging to the endosymbiont Wolbachia,
mitochondria, and chloroplasts were removed, and a total of 409 ASVs were denominated as the
Drosophila microbiome, with an average of 50 ± 13 ASVs per sample.

2.3. Gut Microbiome Structure of D. melanogaster Strains Reared on the Different Diets

We calculated alpha and beta diversity metrics to investigate whether the structure of the gut
microbiota of different wild-type Drosophila strains diverged and if these communities were responding
to the pepper-containing diets. Alpha diversity analysis was utilized to calculate species diversity in
a sample through different indices, including observed species (richness), Chao1, and Shannon and
Simpson. Results of alpha diversity analysis showed that the richness of gut microbial communities
differed between the genetic backgrounds. Species richness was higher in Canton-S (p = 0.001) and
Oregon-RC (p = 0.001) compared with Berlin-K. Additionally, microbial communities had greater
richness in Canton-S than Oregon-RC (p = 0.001) (Figure S1, Tables S1 and S2).

Beta diversity was calculated to determine differences in the composition and abundance of
microbial groups among the samples. Beta diversity was calculated using UniFrac distances, which
compare the phylogenetic distances of the microbial groups. These comparisons were made based on
microbial abundance and presence/absence data by using weighted and unweighted UniFrac indices,
respectively. The variation in the unweighted UniFrac PCoA plot was explained by PC1 (38.5%) and
PC2 (25.6%), accounting for a total of 64.1.3% of the overall diversity between the samples (Figure 1).
Based on this analysis, microbiome composition varied significantly between host genetic backgrounds
but was not perturbed by the pepper-containing diets (PERMANOVA, p = 0.002, 1000 permutations)
(Table S3), as can be observed in the clustering pattern of the different genetic backgrounds in Figure 1.
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Pairwise comparisons of unweighted UniFrac distances revealed significantly different gut
microbiomes between Berlin-K and Canton-S (p = 0.003). Additionally, gut microbial communities
of Oregon-RC statistically differed from those of Berlin-K (p = 0.01) (Table S4). However, when the
abundance of ASVs was considered (weighted UniFrac distance), the diets appeared to influence the
microbiome structure of the Drosophila genetic backgrounds (PERMANOVA, p < 0.01, 1000 permutations)
(Table S5). Additionally, the PCoA plot for this distance explained a greater amount of variation (89.2%
of overall diversity; Figure 2). Pairwise comparisons revealed that microbial communities in Drosophila
genetic backgrounds reared on the serrano-containing diet significantly differ from those detected in
the control diet (p = 0.042; Table S6).
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genetic backgrounds and diets. This figure shows the percentage variation explained with the first two
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2.4. Gut Microbiota Composition of Drosophila Genetic Backgrounds Reared on the Different Diets

To further determine the association between the genetic backgrounds and pepper-containing
diets in the gut microbiota composition, a taxonomy-based analysis was performed at different levels.
Specific microbial taxa differed in abundance depending on the diet. The most abundant phylum
among all samples was Proteobacteria (35.98%), followed by Actinobacteria (27.23%), Firmicutes
(21.99%), TM7 (8.2%), and Bacteroidetes (4.86%) (Figure 3).

Proteobacteria represented more than 50% of the microbiome in Berlin-K flies reared on the
control diet, although this phylum was found in less abundance in flies raised on pepper-containing
diets (29.78–33.37%). In contrast, Firmicutes was found in much greater abundance in these gut
microbiomes (21–32.79%) as compared with microbial populations of flies maintained on control diet
(6.72%). This phenomenon was also observed in gut microbial communities of Oregon-RC flies, where
Firmicutes abundance increased from 6.06% in flies with the control diet to 23.55 to 34.04% in flies
with pepper-containing diets. Conversely, Actinobacteria proportion decreased from 33.58% with the
control diet to 22.05 and 11.36% with serrano- and habanero-containing diets, respectively.
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different diets.

In this study, the microbiome at the family level showed Lactobacillaceae (30.11%) and
Acetobacteraceae (10.67%) among the most abundant families across pepper-containing diets (Figure S2).
Berlin-K and Oregon-RC flies reared on habanero-containing diets showed a high abundance of both
microbial groups. In addition, Lactobacillaceae was found in greater abundance in Berlin-K and
Oregon-RC flies raised on all pepper-containing diets as compared with flies maintained on the control
diet (Figure 4). Lactobacillaceae was dominated by genera within the order Lactobacillales (Pediococcus
and Lactobacillus). Lactobacillus was mainly represented by Lactobacillus brevis (Figure S3). L. brevis was
greatly abundant in Berlin-K flies reared on bell pepper-containing diet, whereas in Oregon-RC flies,
L. brevis abundance was 4-fold higher in flies reared on pepper-containing diets than on the control diet.
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Figure 4. Relative abundance of Lactobacillaceae and Acetobacteraceae families in the Drosophila
genetic backgrounds reared on the different diets.

Members of the Acetobacteraceae family were represented mainly by the Acetobacter genus, which
exhibited variable abundance (Figure S4). Oregon-RC and Canton-S flies raised on pepper-containing
diets showed a higher abundance of this genus as compared with flies maintained on control diets.
Actinobacteria, one of the main phyla present in this study, accounted for more than 27% of the gut
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microbiomes. This phylum was more abundant across all genetic backgrounds reared on the control
diet (28.27–37.33%) than pepper-containing diets (11.36–32.75%).

The effect of the pepper-containing diets on the Lactobacillaceae and Acetobacteraceae abundance
was supported by the regression analysis presented in Figures 5 and 6. These graphs show the
correlation between Lactobacillaceae and Acetobacteraceae abundances and the concentration of
various compounds. Lactobacillaceae abundance in Berlin-K and Oregon-RC flies was positively
correlated to the content of phenolic compounds and carotenoids. As these compounds increased in
the pepper diets, the abundance of Lactobacillaceae was also found to be augmented. Furthermore,
Acetobacteraceae abundance showed a positive correlation with the concentration of the phenolic
compound apigenin in these two genetic backgrounds (Figure 6). As habanero peppers contained a
considerable concentration of apigenin (Table 1), the great abundance of Acetobacteraceae in Berlin-K
and Oregon-RC flies reared on habanero-containing diets may be attributed to this compound.
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apigenin concentration in the dietary treatments.

The core microbiome in the different genetic backgrounds is represented in Figure 7.
In Berlin-K flies, 12 ASVs were consistently present with all diets. They belonged mainly
to Alphaproteobacteria, Bacteroidetes, and Actinomycetales classes, but 15 ASVs belonging to
Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, and Flavobacteria were common in
Oregon-RC flies under all diets. In addition, 26 ASVs belonging to Actinobacteria, Alphaproteobacteria,
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Bacilli, and Flavobacteria were present in Canton-S flies. Moreover, their abundance strikes as being
mediated by the dietary pepper treatments.
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2.5. Microbiome Interaction Networks among Drosophila Populations Reared on Different Diets

As we identify that the Oregon-RC microbiome clearly differed in the pepper-containing diets,
as compared with the control diet, interaction networks were inferred from bacterial ASVs of this
genotype (Figure 8). Distinct co-occurrence patterns were generated across the diets. For all the diets,
we observed both co-occurrence and co-exclusion interaction patterns in all networks. In general,
these networks revealed more negative than positive co-associations. Overall, the most abundant
phyla, including Proteobacteria, Actinobacteria, Firmicutes, and TM7, showed different co-association
patterns across the diets. We identify the hubs of these networks by considering the highly connected
nodes positively or negatively affecting other neighbor nodes (max outdegree).

The identified taxa within these interactions that appeared to be important to the overall structure of
the networks were Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, TM7, and Verrucomicrobia.
In the control diet, ASVs belonging mainly to Actinomycetales (Actinobacteria), Pseudomonadales
(Gammproteobacteria), and Rhizobiales (Alphaproteobacteria) were the most important nodes in the
network. Whereas in pepper-containing diets, ASVs belonging to Lactobacillales (Bacilli), Bacillales
(Bacilli), Flavobacteriales (Flavobacteriia), Procabacteriales (Betaproteobacteria), and I025 (TM7-3) had
the highest outdegree. Additionally, in bell-pepper containing diets, the species L. brevis, Bacillus clausii,
and Flavobacterium columnare were the hubs of the network.
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Figure 8. Microbial interaction networks of Oregon-RC under the different diets. Node colors represent
taxonomy identifiers of the ASVs at the phylum level. Orange edges represent co-presence/positive
correlation and gray edges represent mutual exclusion/negative correlation. Multiple edges
connecting the same nodes indicate significance for more than one metric (Bray–Curtis dissimilarity,
Kullback–Leibler divergence, mutual information, Spearman and Pearson correlations). Node size is
proportional to the outcoming connected edges (outdegree).

3. Discussion

In this study, we investigated the gut microbiota of different Drosophila genetic backgrounds
and whether the composition and structure of these microbiomes are affected by different pepper
containing diets. Alpha and beta diversity analyses revealed that Drosophila microbiome composition
was influenced primarily by genotype than diet. These results agree with a genome-wide association
study showing that about 78% of the variance of microbial community composition was attributed to
the host genotype [17]. Oregon-RC and Canton-S having greater richness than Berlin-K but similar
diversity suggests that Oregon-RC and Canton-S had a large number of different ASVs than Berlin-K,
but those were at low abundance.

Pepper-containing diets also appeared to influence gut microbiome composition of the different
Drosophila genetic backgrounds based on PERMANOVA of weighted UniFrac distance, and this
phenomenon was observed on the variability of the relative abundance of the different taxa. At the
phylum level, the microbial populations among all Drosophila genetic backgrounds were principally
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composed by Proteobacteria, Actinobacteria, Firmicutes, and TM7. Except for TM7, these phyla have
also been reported in previous studies of the Drosophila microbiome [18].

Species belonging to Proteobacteria and Firmicutes are important members of Drosophila
microbiota [19]. Studies of laboratory and wild Drosophila have reported that its microbiota
mainly contains families belonging to these phyla, including Lactobacillaceae, Enterococcaceae,
Acetobacteraceae, and Enterobacteriaceae. In addition, microbial groups belonging to Lactobacillus
and Acetobacter genera are the most common [20,21]. Nonetheless, these microbial groups were barely
abundant in the control diets, where it was expected to observe the standard Drosophila microbiome.
In Oregon-RC and Berlin-K genotypes, the most abundant groups in control diets belonged to
unclassified members of Actinomycetales, Rhizobiales, and Proteobacteria (Figure S2). Thus, it is
evident that there was an observable change in the Drosophila microbiome in the diets spiked with
peppers in comparison to the controls in this study. More specifically, pepper-containing diets appeared
to enhance members of Lactobacillaceae and Acetobacteraceae in Drosophila gut microbiome when
compared to the controls. Regression analysis showed the positive correlation between the abundance
of these bacterial families and the content the pepper compounds utilized in this study. While
Lactobacillaceae appeared to be positively correlated with the concentration of phenolic compounds
and carotenoids in Oregon-RC and Berlin-K flies, Acetobacteraceae was positively correlated to the
content of the phenolic compound apigenin.

The abundance of L. brevis belonging to Lactobacillaceae was 4-fold higher in flies reared on
pepper-containing diets than in guts of flies raised on the control diet. In addition, this species was
also greatly abundant in flies fed with bell pepper-containing diets of Berlin-K genotype. As all
peppers contained similar levels of the carotenoids β-carotene and β-cryptoxanthin, and of the phenolic
compounds myricetin and quercetin, we hypothesize that these compounds may be involved in the
promotion of L. brevis abundance.

Networks of the Oregon-RC genotype fed with pepper diets showed Rhizobiales, Actinomycetales,
and Pseudomonadales were not hubs of these networks as they were in control diets, indicating the
pepper diets caused a perceptible shift in networking (Figure 8). Furthermore, network structure was
altered under different pepper-containing diets, serrano and bell peppers being the main shapers of
the microbial community.

4. Materials and Methods

4.1. Drosophila Stocks and Cultures

Three classical wild-type strains of Drosophila melanogaster, including Oregon-RC (5), Canton-S
(64349), and Berlin-K (8522), were obtained from the Bloomington Stock Centre (Indiana University,
Bloomington, Indiana). All flies were originally maintained on a standard sugar-yeast agar media.

4.2. Maintenance of Drosophila Strains on Control and Pepper Containing Diets

Populations of all three genetic backgrounds were placed onto four different diets: control
and bell pepper-, habanero-, and serrano-containing diets. The pepper-containing diets consisted
of autoclave-sterilized standard cornmeal medium (Nutri-fly Bloomington formulation, Genesee
Scientific, San Diego, CA, USA) solidified with agar and supplemented with 0.4% propionic acid (v/v)
and 0.3% Tegosept (w/v) as preservatives. In addition, the diets contained 2% (w/w) ground and dried
peppers including habanero, serrano, and bell pepper. The control diet included this formulation except
for pepper supplementation. All experiments and culturing were performed in controlled conditions at
25 ◦C on a 12 h light/dark photoperiod. Experiments were initiated by placing approximately 10 males
and 10 females of each genotype onto vials containing the different diets. Adults were allowed to lay
eggs for 72 h before being removed. The larvae were fed and once the adult stage was achieved, these
flies were selected for gut dissection. Each of the control and pepper containing lines were maintained
in three independent lines of vial culture.
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4.3. Gut Dissection and DNA Extraction

For DNA extraction, guts were dissected by using a modified protocol described by [22] and [16].
Twenty flies were selected for each sample and were surface sterilized with 5% sodium hypochlorite.
Guts were dissected under a dissecting microscope, with flies placed in sterile Ringer’s solution on
sterile Petri dishes and the use of sterilized forceps. The dissected midguts were placed into a 2-mL
tube for each sample. An approximately equal number of males and females from each treatment were
dissected to limit potential variability based on sex.

The dissected gut tissue was homogenized by grinding with plastic pestles inside 2-mL
microcentrifuge tubes and three freeze/thaw cycles in liquid nitrogen. A 180-µL amount of lysis
buffer (20 mM tris-HCl pH 8.0, 2 mM sodium EDTA, 1.2% Triton-X 100, with 20 mg/mL freshly added
lysozyme) was added and samples were incubated at 37 ◦C for 90 min, with vortexing at maximum
speed for 3 min after 45 min. A 20 µL amount of extraction buffer (2 M Tris-HCl pH 8.0, 2.5 M NaCl,
0.25 M EDTA, 5% w/v SDS buffer) and 15 µL proteinase K were added to each sample and samples
were further incubated for 30–60 min at 55 ◦C. Samples were precipitated by incubation at room
temperature for 30 min in 30 µL of 3 M sodium acetate, inverting the tubes every 10 min. The samples
were centrifuged at 11,000× g for 10 min and the supernatant was mixed with 300 µL of 100% ice-cold
isopropanol and incubated at room temperature for 30 min, followed by centrifuging at 18,000× g for
30 min. The supernatant was discarded, and the pellets were washed in 70% ice-cold EtOH, air dried,
and resuspended in 20 µL of 10 mM Tris-HCl, pH 8.5, for elution.

4.4. PCR Conditions and Product Purification

For amplification of the 16S rRNA gene, bacterial universal primers 341F
(5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used
to amplify the V3–V4 variable regions. PCR involved a modified PCR protocol from [23]: initial
denaturation at 94 ◦C for 3 min followed by 45 cycles of 94 ◦C for 45 sec, 50 ◦C for 60 sec, and 72 ◦C for
90 sec, with a final extension at 72 ◦C for 10 min. Products were checked by 1% gel electrophoresis and
purified by using the Qiagen QiaQuick PCR purification kit (Germantown, MD, USA).

4.5. Library Preparation and Sequencing

Sequencing libraries were generated by using the NEB Next® Ultra™ DNA Library prep kit for
Illumina (NEB, Ipswich, MA, USA) following the manufacturer’s recommendations. Indexed libraries
were quantified with a Qubit HS DNA kit on a Qubit Fluorometer and the quality was assessed by
using an Agilent Bioanalyzer 2100 system (Santa Clara, CA, USA). After normalization and pooling,
libraries were sequenced on an Illumina NextSeq 500 platform, generating 150 paired-end reads.
Demultiplexing of indexed reads and generation of FASTQ files were performed using Illumina’s
bcl2fastq Conversion software v.1.8.4. Sequences were deposited in the NCBI SRA repository under
BioProject ID: PRJNA556953 (accession numbers SAMN12385229-SAMN12385252).

4.6. Data Analysis

The sequence quality of raw reads was first assessed by using FastQC [24]. Trim Galore software
version 0.50 was used for quality and adapter trimming of the raw reads. Clean and demultiplexed
reads were then imported and processed by using QIIME2 software version 2018.8 [25]. DADA2
pipeline was used for quality control and chimera removal. This method allows for correcting Illumina
amplicon errors without the construction of operational taxonomic units. In contrast, DADA2 infers
amplicon sequence variants (ASVs), which represent real biological sequences at single nucleotide
resolution [26]. ASVs were resolved only from forward reads and were further taxonomically
assigned by using a pre-trained classifier, Greengenes, for 99% of the V3–V4 16S gene region. ASVs
belonging to the endosymbiont Wolbachia, mitochondria and chloroplasts were filtered from the data.
For constructing taxa plots, replicates were merged, which resulted in a total of 12 groups, including 3



Int. J. Mol. Sci. 2020, 21, 945 11 of 14

genetic backgrounds subjected to 4 different diets. The output ASV table was exported from QIIME2
and used as input in R for downstream analysis. Shared and unique taxa among the different genetic
backgrounds and diets were identified by using the package VennDiagram v1.6.20 in R [27] to reveal
the core gut microbiome in Drosophila reared on the different diets.

4.7. Diversity Metrics

Alpha and beta diversity metrics were used to estimate the microbial community diversity across
all samples. Alpha diversity was calculated by using the phyloseq package version 1.30.0 [28] according
to metrics, including observed species (richness), expected species (Chao1), the Simpson dominance
index, and Shannon equality index. Alpha diversity metrics among genetic backgrounds and diets
were compared using two-way-analysis of variance (ANOVA) with the Tukey–Kramer post hoc test to
analyze differences between treatments and genetic backgrounds.

Beta diversity was determined by calculating weighted and unweighted UniFrac distance matrices,
which were further visualized by principal coordinates analysis (PCoA). The Adonis function of the
Vegan package version 2.4-4 in R [29,30] was used for permutational multivariate analysis of variance
(PERMANOVA) of both weighted and unweighted UniFrac distance matrices. Pairwise PERMANOVA
comparisons were carried out with the package pairwiseAdonis version 0.3 [31] in R.

4.8. Network Analysis

Co-occurrence networks were constructed to identify the interactions between ASVs by using
the feature table from QIIME. Networks were created by using CoNet [32] according to the following
methodology: All taxa below a minimum occurrence of 20 across the samples were deleted, and the
counts were converted into relative abundance. Thereafter, a distribution of all pairwise scores was
computed for each of five similarity measures including Bray–Curtis dissimilarity, Kullback–Leibler
divergence, mutual information, and Spearman and Pearson correlations. Given these distributions,
initial thresholds were selected for the initial network, which had 1000 positive and 1000 negative edges
supported by all five measures. P-values were computed from method- and edge-specific permutation
and bootstrap score distributions with 1000 iterations each. Measure-specific p-values were merged
by using Brown’s method; Benjamini–Hochberg’s false discovery rate correction was applied and
edges with merged p < 0.5 were retained. Co-occurrence networks were visualized by using Cytoscape
v3.7.1 [33] with the implemented organic layout. The resulting statistically significant interactions
were classified as co-presence, mutual exclusion, or unknown. Because unknown interactions cannot
describe an interaction pattern, they were excluded from the networks. Statistical analyses involved
using Cytoscape with NetworkAnalyzer [34].

4.9. Quantification of Phytochemicals

Flavonoid, carotenoid and capsaicinoid content of the peppers utilized in this study were estimated
by the following methodology: Flavonoid content was quantified as described by Bae et al. [35] with
some modifications. One gram of fresh pepper was homogenized with 10 mL of methanol for 2 min
and extracted on vortex for 15 min at room temperature. Two milliliters of extract solution were treated
with 3 mL of 3 M HCl at 75 ◦C in a water bath for 1 h. The hydrolyzed sample was cooled to room
temperature and filtered through a Phenomenex 0.2 µm PTFE membrane filter (Torrance, CA, USA)
before analysis. The sample was further transferred into pre-labeled HPLC auto sampler vials and
10.0 µL was injected for HPLC analysis. The mobile phases were methanol and 2% orthophosphoric
acid (v/v) at a flow rate of 0.6 mL/min. An X-Bridge C18 column (4.6 × 150 mm; 5 µm) coupled with a
guard column (Waters Corp.) was used. The flavonoid compounds levels were detected at 360 nm.
Stock solutions of flavonoids (Sigma-Aldrich, St. Louis, MO, USA) were prepared in methanol for a
linear standard curve ranging from 0.25 to 12.5 µg/mL.

Carotenoid compounds were estimated as described by Chebrolu et al. [36] and Yoo et al. [37]
with modifications. One gram of fresh pepper was homogenized for 2 min with 10 mL of acetone
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and 0.1% BHT (butylated hydroxytoluene) and extracted on vortex for 15 min at room temperature.
Six milliliters of extract solution were mixed with 10 mL of hexane and 15 mL of water to further
separate the hexane layer from the acetone/water layer. The hexane extract was freeze dried under
nitrogen gas with a Reacti-Vap Evaporator system (Pierce Biotech, Rockford, IL, USA). Then, the sample
was reconstituted with 1 mL of acetone and an aliquot of 10.0 µL of the final solution was injected
for HPLC analysis. The mobile phases were 0.1% BHT MTBE and acetone (v/v) at a flow rate of
0.8 mL/min. An YMC Carotenoid C30 column (4.6 × 250 mm; 3 µm) coupled with a guard column
(Waters Corp) was used. The carotenoids compounds levels were detected at 450 nm. Stock solutions
of carotenoids (Sigma-Aldrich) were prepared in acetone for a linear standard curve ranging from
0.5 to 25.0 µg/mL. The pepper sample of capsaicin and dihydrocapsaicin content was performed as
described by Nimmakayala et al. [38]. The HPLC system was equipped with a 1525 binary HPLC
pump, 2707 autosampler, and 2998 photodiode array detector (Waters Corp., Milford, MA, USA).

5. Conclusions

Here, we presented an exploratory analysis of Drosophila gut microbiome and the effects of
pepper-containing diets on its structure, networking, and composition. This study revealed that
Drosophila gut microbiome can be shifted by pepper-containing diets, but the response varied according
to the genotype and pepper type. Restoration or promotion of standard members of the gut microbiome
appeared to be mediated by the pepper diet. This effect might be attributed to the various metabolites
of the peppers, including β-carotene, β-cryptoxanthin, myricetin, quercetin, and apigenin, though at
present we do not know the individual effect of these compounds on fly physiology and health. Based
on this information, focused studies involving more diverse individual genetic backgrounds can be
performed using the purified compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/3/945/s1.

Author Contributions: Conceptualization, P.N. (Padma Nimmakayala), N.B., C.S., J.S., and U.K.R.; Data curation,
M.G.-L., J.H., and C.L.-O.; Formal analysis, M.G.-L., J.H., P.N. (Purushothaman Natarajan), Y.P.-G., and C.L.-O.;
Funding acquisition, P.N. (Padma Nimmakayala), C.S., and U.K.R.; Investigation, M.G.-L., and J.H.; Methodology,
M.G.-L., J.H., C.L.-O., Y.P.-G., and S.B.A.; Project administration, P.N. (Padma Nimmakayala), and U.K.R.; Resources,
P.N. (Padma Nimmakayala), and U.K.R.; Software, M.G.-L.; Supervision, J.S., P.N. (Padma Nimmakayala), N.B.,
and U.K.R.; Validation, M.G.-L., and J.S.; Visualization, M.G.-L., and P.N. (Purushothaman Natarajan); Writing –
original draft, M.G.-L.; Writing – review & editing, M.G.-L., J.S., C.S., P.N. (Padma Nimmakayala), N.B., and U.K.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by a grant from MURC: 2013-283/219035, sub-award No. P20GM103434 (NIH
Prime Award No. 2P20GM103434-18); USDA-NIFA (Contract No. 2016-06614), NSF Award No. 1920920 and NIH
Award No. 5U54GM104942-04.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results. The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

References

1. Hillman, E.T.; Lu, H.; Yao, T.; Nakatsu, C.H. Microbial Ecology along the Gastrointestinal Tract. Microbes. Env.
2017, 32, 300–313. [CrossRef]

2. Xu, Z.; Knight, R. Dietary effects on human gut microbiome diversity. Br. J. Nutr. 2015, 113, S1–S5. [CrossRef]
3. Duda-Chodak, A.; Tarko, T.; Satora, P.; Sroka, P. Interaction of dietary compounds, especially polyphenols,

with the intestinal microbiota: A review. Eur. J. Nutr. 2015, 54, 325–341. [CrossRef] [PubMed]
4. Baenas, N.; Belovic, M.; Ilic, N.; Moreno, D.A.; Garcia-Viguera, C. Industrial use of pepper (Capsicum annum L.)

derived products: Technological benefits and biological advantages. Food Chem. 2019, 274, 872–885. [CrossRef]
5. Fiedor, J.; Burda, K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients

2014, 6, 466–488. [CrossRef] [PubMed]
6. Jeon, G.; Choi, Y.; LEE, S.M.; Kim, Y.; Oh, M.; JEONG, H.S.; Lee, J. Antioxidant and antiproliferative properties

of hot pepper (Capsicum annuum L.) seeds. J. Food Biochem. 2012, 36, 595–603. [CrossRef]

http://www.mdpi.com/1422-0067/21/3/945/s1
http://dx.doi.org/10.1264/jsme2.ME17017
http://dx.doi.org/10.1017/S0007114514004127
http://dx.doi.org/10.1007/s00394-015-0852-y
http://www.ncbi.nlm.nih.gov/pubmed/25672526
http://dx.doi.org/10.1016/j.foodchem.2018.09.047
http://dx.doi.org/10.3390/nu6020466
http://www.ncbi.nlm.nih.gov/pubmed/24473231
http://dx.doi.org/10.1111/j.1745-4514.2011.00571.x


Int. J. Mol. Sci. 2020, 21, 945 13 of 14

7. Navarro, J.M.; Flores, P.; Garrido, C.; Martinez, V. Changes in the contents of antioxidant compounds in
pepper fruits at different ripening stages, as affected by salinity. Food Chem. 2006, 96, 66–73. [CrossRef]

8. Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human health and disease. Oxid Med.
Cell Longev. 2009, 2, 270–278. [CrossRef]

9. Jehrke, L.; Stewart, F.A.; Droste, A.; Beller, M. The impact of genome variation and diet on the metabolic
phenotype and microbiome composition of Drosophila melanogaster. Sci. Rep. 2018, 8, 6215. [CrossRef]

10. Wong, A.C.; Vanhove, A.S.; Watnick, P.I. The interplay between intestinal bacteria and host metabolism in
health and disease: Lessons from Drosophila melanogaster. Dis. Model. Mech. 2016, 9, 271–281. [CrossRef]

11. Broderick, N.A.; Buchon, N.; Lemaitre, B. Microbiota-induced changes in Drosophila melanogaster host gene
expression and gut morphology. MBio 2014, 5, e01117-14. [CrossRef] [PubMed]

12. Broderick, N.A.; Lemaitre, B. Gut-associated microbes of Drosophila melanogaster. Gut Microbes 2012, 3, 307–321.
[CrossRef] [PubMed]

13. Chandler, J.A.; Lang, J.M.; Bhatnagar, S.; Eisen, J.A.; Kopp, A. Bacterial communities of diverse Drosophila
species: Ecological context of a host–microbe model system. PLoS Genet. 2011, 7, e1002272. [CrossRef]
[PubMed]

14. Staubach, F.; Baines, J.F.; Künzel, S.; Bik, E.M.; Petrov, D.A. Host species and environmental effects on
bacterial communities associated with Drosophila in the laboratory and in the natural environment. PLoS ONE
2013, 8, e70749. [CrossRef] [PubMed]

15. Early, A.M.; Shanmugarajah, N.; Buchon, N.; Clark, A.G. Drosophila genotype influences commensal bacterial
levels. PLoS ONE 2017, 12, e0170332. [CrossRef] [PubMed]

16. Leftwich, P.T.; Clarke, N.V.; Hutchings, M.I.; Chapman, T. Gut microbiomes and reproductive isolation in
Drosophila. Proc. Natl. Acad. Sci. USA 2017, 114, 12767–12772. [CrossRef]

17. Chaston, J.M.; Dobson, A.J.; Newell, P.D.; Douglas, A.E. Host Genetic Control of the Microbiota Mediates the
Drosophila Nutritional Phenotype. Appl. Env. Microbiol. 2016, 82, 671–679. [CrossRef]

18. Cox, C.R.; Gilmore, M.S. Native microbial colonization of Drosophila melanogaster and its use as a model of
Enterococcus faecalis pathogenesis. Infect. Immun. 2007, 75, 1565–1576. [CrossRef]

19. Erkosar, B.; Storelli, G.; Defaye, A.; Leulier, F. Host-intestinal microbiota mutualism: “learning on the fly”.
Cell Host Microbe 2013, 13, 8–14. [CrossRef]

20. Blum, J.E.; Fischer, C.N.; Miles, J.; Handelsman, J. Frequent replenishment sustains the beneficial microbiome
of Drosophila melanogaster. MBio 2013, 4, e00860-13. [CrossRef]

21. Ren, C.; Webster, P.; Finkel, S.E.; Tower, J. Increased internal and external bacterial load during Drosophila
aging without life-span trade-off. Cell Metab 2007, 6, 144–152. [CrossRef] [PubMed]

22. Wong, A.C.; Chaston, J.M.; Douglas, A.E. The inconstant gut microbiota of Drosophila species revealed by 16S
rRNA gene analysis. ISME J. 2013, 7, 1922–1932. [CrossRef] [PubMed]

23. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.;
Knight, R. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl.
Acad. Sci. USA 2011, 108, 4516–4522. [CrossRef] [PubMed]

24. Andrews, S. FastQC: A quality Control Tool for High throughput Sequence Data; Babraham Bioinformatics,
Babraham Institute: Cambridge, UK, 2010.

25. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.;
Arumugam, M.; Asnicar, F. QIIME 2: Reproducible, Interactive, Scalable, and Extensible Microbiome Data
Science; 2167-9843. PeerJ Preprints, 2018. Available online: https://peerj.com/preprints/27295/ (accessed on
10 November 2018).

26. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution
sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

27. Chen, H.; Boutros, P.C. VennDiagram: A package for the generation of highly-customizable Venn and Euler
diagrams in R. BMC Bioinform. 2011, 12, 35. [CrossRef] [PubMed]

28. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of
microbiome census data. PLoS ONE 2013, 8, e61217. [CrossRef]

29. Anderson, M.J. A new method for non-parametric multivariate analysis of variance. Austral. Ecol. 2001,
26, 32–46.

http://dx.doi.org/10.1016/j.foodchem.2005.01.057
http://dx.doi.org/10.4161/oxim.2.5.9498
http://dx.doi.org/10.1038/s41598-018-24542-5
http://dx.doi.org/10.1242/dmm.023408
http://dx.doi.org/10.1128/mBio.01117-14
http://www.ncbi.nlm.nih.gov/pubmed/24865556
http://dx.doi.org/10.4161/gmic.19896
http://www.ncbi.nlm.nih.gov/pubmed/22572876
http://dx.doi.org/10.1371/journal.pgen.1002272
http://www.ncbi.nlm.nih.gov/pubmed/21966276
http://dx.doi.org/10.1371/journal.pone.0070749
http://www.ncbi.nlm.nih.gov/pubmed/23967097
http://dx.doi.org/10.1371/journal.pone.0170332
http://www.ncbi.nlm.nih.gov/pubmed/28095502
http://dx.doi.org/10.1073/pnas.1708345114
http://dx.doi.org/10.1128/AEM.03301-15
http://dx.doi.org/10.1128/IAI.01496-06
http://dx.doi.org/10.1016/j.chom.2012.12.004
http://dx.doi.org/10.1128/mBio.00860-13
http://dx.doi.org/10.1016/j.cmet.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17681150
http://dx.doi.org/10.1038/ismej.2013.86
http://www.ncbi.nlm.nih.gov/pubmed/23719154
http://dx.doi.org/10.1073/pnas.1000080107
http://www.ncbi.nlm.nih.gov/pubmed/20534432
https://peerj.com/preprints/27295/
http://dx.doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
http://dx.doi.org/10.1186/1471-2105-12-35
http://www.ncbi.nlm.nih.gov/pubmed/21269502
http://dx.doi.org/10.1371/journal.pone.0061217


Int. J. Mol. Sci. 2020, 21, 945 14 of 14

30. Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; O’hara, R.; Simpson, G.L.; Solymos, P.; Stevens, M.H.H.;
Wagner, H. Vegan: Community ecology package. R package version 1.17-4. Available online: https:
//cran.r-project.org/web/packages/vegan/index.html (accessed on 11 March 2019).

31. Martinez, P. pairwiseAdonis: Pairwise multilevel comparison using adonis. R Package Version 0.3 2019.
Available online: https://github.com/pmartinezarbizu/pairwiseAdonis (accessed on March 2019).

32. Faust, K.; Sathirapongsasuti, J.F.; Izard, J.; Segata, N.; Gevers, D.; Raes, J.; Huttenhower, C. Microbial
co-occurrence relationships in the human microbiome. PLoS Comput. Biol. 2012, 8, e1002606. [CrossRef]

33. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003,
13, 2498–2504. [CrossRef] [PubMed]

34. Assenov, Y.; Ramirez, F.; Schelhorn, S.E.; Lengauer, T.; Albrecht, M. Computing topological parameters of
biological networks. Bioinformatics 2008, 24, 282–284. [CrossRef] [PubMed]

35. Bae, H.; Jayaprakasha, G.; Jifon, J.; Patil, B.S. Extraction efficiency and validation of an HPLC method for
flavonoid analysis in peppers. Food Chem. 2012, 130, 751–758. [CrossRef]

36. Chebrolu, K.K.; Jayaprakasha, G.; Jifon, J.; Patil, B.S. Production system and storage temperature influence
grapefruit vitamin C, limonoids, and carotenoids. J. Agric. Food Chem. 2012, 60, 7096–7103. [CrossRef]
[PubMed]

37. Yoo, K.S.; Bang, H.; Lee, E.J.; Crosby, K.; Patil, B.S. Variation of carotenoid, sugar, and ascorbic acid
concentrations in watermelon genetic backgrounds and genetic analysis. Hortic. Environ. Biotechnol. 2012,
53, 552–560. [CrossRef]

38. Nimmakayala, P.; Abburi, V.L.; Abburi, L.; Alaparthi, S.B.; Cantrell, R.; Park, M.; Choi, D.; Hankins, G.;
Malkaram, S.; Reddy, U.K. Linkage disequilibrium and population-structure analysis among Capsicum
annuum L. cultivars for use in association mapping. Mol. Genet. Genom. 2014, 289, 513–521. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://github.com/pmartinezarbizu/pairwiseAdonis
http://dx.doi.org/10.1371/journal.pcbi.1002606
http://dx.doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://dx.doi.org/10.1093/bioinformatics/btm554
http://www.ncbi.nlm.nih.gov/pubmed/18006545
http://dx.doi.org/10.1016/j.foodchem.2011.07.041
http://dx.doi.org/10.1021/jf301681p
http://www.ncbi.nlm.nih.gov/pubmed/22742827
http://dx.doi.org/10.1007/s13580-012-0014-6
http://dx.doi.org/10.1007/s00438-014-0827-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phytochemical Content 
	Sequencing Data 
	Gut Microbiome Structure of D. melanogaster Strains Reared on the Different Diets 
	Gut Microbiota Composition of Drosophila Genetic Backgrounds Reared on the Different Diets 
	Microbiome Interaction Networks among Drosophila Populations Reared on Different Diets 

	Discussion 
	Materials and Methods 
	Drosophila Stocks and Cultures 
	Maintenance of Drosophila Strains on Control and Pepper Containing Diets 
	Gut Dissection and DNA Extraction 
	PCR Conditions and Product Purification 
	Library Preparation and Sequencing 
	Data Analysis 
	Diversity Metrics 
	Network Analysis 
	Quantification of Phytochemicals 

	Conclusions 
	References

