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Abstract: Moringa oleifera Lam. (moringa) is a plant native to India, used as a nutritional and medicinal
supplement in many cultures around the world. Moringa has been linked to maintaining metabolic
homeostasis and is often marketed as a weight loss supplement and a potential remedy for diseases
such as diabetes. Here, we investigate how moringa, a ‘superfood” with predicted protective effects
against chronic diseases such as diabetes, influences the nutritional physiology and microbiome
composition of the fruit fly Drosophila melanogaster. We administered moringa as a dietary supplement
to Drosophila, and quantified key nutritional indices: glucose, triacylglyceride, and protein levels, and
fly weight. We showed that dietary moringa supplementation significantly reduced fly glucose levels
by up to ~30% and resulted in substantial restructuring of Drosophila microbiota composition, altering
both gut and intracellular bacterial populations. The effect of moringa on fly glucose levels is specific
because other nutritional indices, namely, triacylglyceride and protein levels and fly weight, were not
significantly affected by dietary moringa supplementation. This study highlights the importance of
moringa as a modulator of host glucose metabolism.
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1. Introduction

The growing prevalence of metabolic diseases is a major global public health concern.
Metabolic syndrome, an umbrella term defined by the presence of risk factors such as
high blood pressure, high blood glucose levels, high blood triglycerides, and obesity, are
important predictors of metabolic disease [1,2]. Metabolic syndrome is common in the
United States and on the rise on all continents. About 1 in 3 adults in the United States
and 1 in 4 adults worldwide have metabolic syndrome [3]. One of the main therapeutic
strategies for combating metabolic syndrome and reducing the risk of cardiovascular
disease is dietary modification. It is well established that diets play an important role
in the development and progression of metabolic syndrome and subsequently metabolic
diseases [4]. The mechanisms by which diet modules host metabolic disease are multifold,
and include directly providing access to simple sugars that increase blood glucose and
triglyceride levels and indirect modulation of changes to the gut microbiota through the
provision of microbiota-accessible carbohydrates [5,6].

In recent times, the use of ‘superfoods’, an informal term used to describe natural
foods that have high nutrient and low calorie content, to manage metabolic syndrome
has increased exponentially worldwide due to their perceived medicinal and nutritional
properties [7]. The medicinal applications of superfoods are wide and varied, ranging
from managing glucose levels in diabetes to cancer treatment [7]. Nutritionally, superfoods
are rich sources of proteins, microbiota-accessible carbohydrates, minerals, and vitamins.
Due to their nutritionally dense nature, superfoods are important in the management of
malnutrition worldwide [8,9]. Despite their widespread use, there is no consensus in the
scientific community about their efficacy, and further research is needed to establish the
molecular effects of superfoods on host physiology.
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In this study we investigated the impact of Moringa oleifera Lam. (moringa) supple-
mentation on host metabolism and microbiota composition. Moringa is native to India and
is widely used in Africa and Asia as a medicinal and nutritional supplement. Moringa is a
rich source of bioactive compounds [10] including chlorogenic acid and isothiocyanates,
molecules that have been demonstrated as important for maintaining glucose homeostasis
in mammalian systems by lowering blood plasma glucose [11] and increasing insulin
sensitivity [12]. Moringa is also rich in protein and iron and has been valuable in the fight
against malnutrition and anemia, especially in resource limited countries [13].

We used the fruit fly Drosophila melanogaster as a model system for this study. Drosophila
is an excellent system to study the interactions between diet, microbiota, and host physiol-
ogy. The gut microbiota of Drosophila is of low diversity, dominated by mostly acetic and
lactic acid bacteria, and in some cases the intracellular bacterium Wolbachia. Drosophila offers
a simplified model system to study the impact of dietary components on animal health.

2. Materials and Methods
2.1. Preparation of Flies and Diets

D. melanogaster (Canton S) stock cultures were maintained at 25 °C witha 12 h:12 h
light:dark cycle on a yeast-glucose diet [100 g L1 glucose (Sigma, St. Louis, MO, USA),
100 g L1 inactive yeast (MP Biomedicals, Irvine, CA, USA), 13 g L1 agar (Apex Biore-
search, Genesee Scientific, San Diego, CA, USA), and preservatives comprising 0.04%
phosphoric acid (Fisher Scientific, Waltham, MA, USA) and 0.42% propionic acid (Fisher
Scientific, Waltham, MA, USA)]. The moringa diet was created by adding 20 g L' (2%
w/w) moringa leaf powder to the presterilized yeast-glucose diet. The moringa diet had the
following constituents: 20 g L~! moringa leaf powder, 100 g L~! glucose (Sigma, St. Louis,
MO, USA), 100 g L~ ! inactive yeast (MP Biomedicals, Irvine, CA, USA), 13 g L1 agar
(Apex Bioresearch, Genesee Scientific, San Diego, CA, USA), and preservatives comprising
0.04% phosphoric acid (Fisher Scientific, Waltham, MA, USA) and 0.42% propionic acid
(Fisher Scientific, Waltham, MA, USA). Moringa leaf powder was sourced from Ghana.
Fresh moringa leaves were harvested from a 3-year-old moringa tree, washed three times
in a 1% saline solution, and solar dried for a period of 4 days. The dried leaves were
homogenized by pounding in a mortar to generate leaf powder. The leaf powder was dried
at 50 °C for 30 min, packaged in sealed bags and transported to the United States. Moringa
leaf powder packages were stored at 4 °C prior to use in experiments.

2.2. Experimental Design

Newly emerged flies were anesthetized using CO,, separated by sex, and transferred
to tubes containing either the yeast glucose diet (control) or moringa. Four diet and sex
groups were set up for the experiment: moringa female, control female, moringa male, and
control male. Each group comprised three replicates of ten flies. All flies were incubated
at 25 °C with a 12 h:12 h light: dark cycle for four days. The diet remained unchanged
during the 4-day assay and the number of flies alive in each tube were scored daily. At the
end of each experiment, living flies from each group were flash frozen, weighed using a
Mettler-Toledo balance (0.1 mg accuracy), and stored at —80 °C for further analysis.

2.3. Nutritional Indices

Five flash frozen flies collected at the end of each feeding assay were used for quantifi-
cation of glucose, triacylglycerol (TAG), and protein content as indices of fly nutritional
status, as previously described [14,15]. Briefly, flies were homogenized in a 1.5 mL micro-
centrifuge tube with 125 puL TET buffer (10 mM Tris pH 8, 1 mM EDTA, 0.1% Triton X-100)
and 100 pL lysis matrix D beads (MP Biomedicals, Irvine, CA, USA) in a Mini-Beadbeater
(BioSpec Products, Bartlesville, OK, USA) at 4.0 M/s speed for 45 s. Homogenized flies
were placed on ice and 10 pL of each homogenate was taken and diluted by adding 30 uL
TET buffer. Diluted homogenized samples were immediately stored at —80 °C until subse-
quent protein quantification. The protein content of each sample was determined using the
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Bio-Rad DC kit (Bio-Rad Laboratories, Hercules, CA, USA). The remaining homogenate
was incubated at 72 °C for 30 min to inactivate enzymes and stored at —80 °C until glu-
cose and TAG quantification. Glucose and TAG quantification were performed using
commercial kits, following the manufacturer’s instructions. Samples were thawed on ice
and centrifuged at 15,000 g for 3 min. Glucose content was obtained using the Glucose
(GO) Assay Kit (GAGO20, Sigma, St. Louis, MO, USA) and TAG content was quantified
using the Free Glycerol Reagent (F6428, Sigma, St. Louis, MO, USA) and lipase [L9518,
Sigma, St. Louis, MO, USA; 20 U/mL in lipase buffer, pH 7.5 (20 mM monobasic potassium
phosphate, 2 mM magnesium chloride, 0.5 mM EDTA)]. Colorimetric readings of each
assay were acquired using a BioTek Synergy H1 microplate spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Standards on each plate were used to derive the
regression equation to quantify the content of interest. All nutritional indices are expressed

as ug fly ! fly.

2.4. Viable Bacteria Count

The total viable bacterial load in flies was obtained by plating homogenized flies on
MRS media (Hardy Diagnostics, Santa Maria, CA, USA). Five flies from each diet and
sex group were surface sterilized by washing in 70% ethanol and rinsing with sterile 1%
NaCl. Surface sterilized flies were homogenized in a 1.5 mL microcentrifuge tube with
200 uL sterile PBS and 100 uL lysis matrix D beads (MP Biomedicals, Irvine, CA, USA)
in a Mini-Beadbeater (BioSpec Products, Bartlesville, OK, USA) at 4.0 M/s speed for 45 s.
The homogenized flies were diluted with 800 uL sterile PBS and serially diluted up to
10,000-fold. 100 pL of each dilution was spread plated on 1.5% MRS agar plates in triplicate
using sterile glass beads. Inoculated plates were incubated at 25 °C for 4 days prior to
counting colonies.

2.5. Microbiome Sample Preparation

Five flies from each diet and sex group were surface sterilized by washing in 70%
ethanol and rinsing with sterile 1% NaCl. Surface sterilized flies were sent to Wright labs
(Huntingdon, PA, USA) for microbial community DNA extraction and 16S rRNA library
preparation and sequencing. Surface sterilized flies were homogenized for 10 min using
the Genie Cell Disruptor (Scientific industries, Bohemia, NY, USA). DNA was extracted
from the homogenized samples using the ZymoBIOMICS DNA /RNA Miniprep Kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s protocol and eluted using
50 pL of DNase/RNase free water. DNA concentrations for all extracts were quantified
using an Invitrogen Qubit 4 Fluorometer and 1X Qubit dsDNA High Sensitivity Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA).

2.6. 16S rRNA Library Preparation and Sequencing

All 165 rRNA Illumina-tag PCR reactions were performed by following the Earth
Microbiome Project’s protocol [16]. A negative control (PCR grade nuclease-free water)
was processed in parallel with the samples for PCR amplification. PCR products were
pooled, and gel was purified on a 2% agarose gel using the QIAquick Gel Purification Kit
(Qiagen, Frederick, MD, USA). Before sequencing, the purified pool was quality checked
using an Agilent 2100 BioAnalyzer and Agilent DNA High Sensitivity DNA kit (Agilent
Technologies, Santa Clara, CA, USA). The purified pool was stored at —20 °C and sequenced
using Illumina MiSeq v2 chemistry with paired-end 250 base pair reads.

2.7. Sequence Processing

Fastq sequence files were uploaded to the Nephele Pipeline [17] for quality check-
ing and sequence processing. Sequence quality was determined using FastQC https:
/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 5 July 2024), and
demultiplexed reads were processed with the DADA?2 pipeline [18] to remove chimeras
and resolve amplicon sequence variants (ASVs). Taxonomic assignments were obtained
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by using the RDP classifier trained on the SILVA 138.1 database [19]. SILVA 165 rRNA
designations were verified via NCBI BLAST. In total, 916,323 reads were assigned to bacte-
rial ASVs, with 32,350-123,804 reads per sample; the sequence coverage plots indicated
saturation of bacterial diversity. Bacteria with less than 50 reads across the full dataset were
excluded from downstream analysis.

2.8. Statistical Analysis

All statistical analyses were performed in R (version 3.6.3) (R Core Team, Vienna,
Austria, 2019). Data visualizations were generated using the R package ggplot2 [20].
Statistical differences between diet and sex groups were investigated by one-way ANOVA
followed by Tukey’s HSD post hoc test.

3. Results
3.1. Taxonomic Composition of Fly Bacterial Communities

The 165 rRNA gene reads amplified from homogenized surface sterilized flies were
assigned to 160 ASVs (Table S1). The Drosophila microbiota was dominated by bacteria of
the order Acetobacterales, accounting for 55-99% of the total bacterial reads per sample
(Figure 1A). Most taxa occurred at generally low abundances, including members of the
orders Lactobacillales, Sphingomonadales, Micrococcales, and Bacillales. Two ASVs were
associated with the intracellular bacteria Wolbachia and Diplorickettsia (Table S1). Wolbachia
ASVs were detected in ~92% of all fly samples and accounted for <1-44% of the total
bacterial reads in each sample. Diplorickettsia ASVs were detected only in flies feeding on
the control yeast glucose diet and accounted for less than 0.007% of the total fly reads.
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Figure 1. Impact of moringa diet supplementation on the composition and diversity of the bacterial
community of D. melanogaster. (A) Relative abundance of bacterial orders present in D. melanogaster
feeding on moringa versus the control diet. (B) Alpha diversity measurements for different treatment
groups. Significantly different (p < 0.05) samples by Tukey’s HSD post hoc test are indicated by
different letters. For each boxplot, the center line displays the median, and the lower and upper
hinges correspond to the 25th and 75th percentiles. Moringa and control diets are represented by
green and brown boxes, respectively.
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3.2. Impact of Moringa on Fly Bacterial Communities

Drosophila fed on the diet supplemented with moringa over 4 days displayed increased
levels of taxonomic diversity in both female and male flies, but these changes were not
significant (Figure 1B). Feeding on moringa altered both gut and intracellular bacterial
amplicon counts, but not significantly (Figure 2A,B). The impact of feeding on moringa
was greatest on the most abundant bacterial taxon Acetobacter, with female and male
flies feeding on moringa displaying a ~20 and 40% reduction in Acetobacter abundance
respectively (Figure 2A). On the other hand, female flies feeding on moringa displayed up
to a 300% increase in Wolbachia abundance and male flies displayed up to a 20% reduction
in Wolbachia abundance on the moringa diet compared to the control diets (Figure 2B).
Supplementing the fly diet with moringa, however, resulted in a significant reduction in the
total viable bacteria count for both male and female flies feeding on moringa compared to
the no-moringa controls (Figure 2C). There was up to ~96% reduction in viable microbiota
in flies feeding on moringa compared to the no-moringa controls.
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Figure 2. Response of gut and intracellular microbial communities to moringa supplementation.
(A) Change to Acetobacter levels on a moringa diet. (B) Change to Wolbachia levels on a moringa diet.
(C) Viable bacteria count on MRS agar plates. Significantly different (p < 0.05) samples by Tukey’s
HSD post hoc test are indicated by different letters. For each boxplot, the center line displays the
median, and the lower and upper hinges correspond to the 25th and 75th percentiles. Moringa and
control diets are represented by green and brown boxes respectively.

3.3. Impact of Moringa on Fly Glucose, Triacylglyceride, Protein Levels and Fly Weight

Supplementing the Drosophila diet with moringa resulted in significantly reduced
glucose levels in both female and male flies, with the glucose content reducing by between
19 and 20% on average in flies fed on diets containing moringa relative to the moringa-
free diet (Figure 3A). Further analyses revealed that the effect of moringa was specific
to glucose, and not mirrored by any significant effect on the lipid (Figure 3B) or protein
contents (Figure 3C) of the flies, or on fly weight (Figure 3D). In addition, we observed
no difference in survival in both female and male female flies feeding on moringa or the
moringa-free controls by the end of the 4-day incubation period (Table S2); there was no
mortality recorded for both flies feeding on the moringa and control diets.
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Figure 3. Effect of dietary supplementation with moringa on Drosophila nutritional indices (A-C)
and weight (D). Significantly different (p < 0.05) samples by Tukey’s HSD post hoc test are indicated
by different letters. For each boxplot, the center line displays the median, and the lower and upper
hinges correspond to the 25th and 75th percentiles. Moringa and control diets are represented by
green and brown boxes, respectively.

4. Discussion

Previous studies have demonstrated that the glucose and lipid content of humans
and various animal models is significantly reduced by the inclusion of moringa in the host
diet [21,22]. Many of these studies have focused only on changes to the metabolite profiles
and/or gut microbial communities in response to dietary supplementation with moringa.
To our knowledge, no studies have investigated the impact of dietary moringa on whole
organism microbiome composition. In this study, we investigated the impact of moringa
on whole organism microbiome composition and physiology using the fruit fly Drosophila
melanogaster as a model system. We demonstrated that in addition to reducing fly glucose
levels, moringa perturbed both the intracellular and gut microbial community composition
of Drosophila. Specifically, supplementation of the Drosophila diet with moringa resulted
in an increase in abundance of the intracellular bacterium Wolbachia and a decrease in
Acetobacter counts. Although the changes in Acetobacter and Wolbachia amplicon counts
were not significant, these observations raise two questions: (1) Why do Wolbachia counts
increase and Acetobacter counts decrease in response to dietary moringa supplementation?
and (2) What is the potential impact of the changes in microbiota composition on Drosophila
physiology? Despite our observations being based on a relatively small number of flies
(~5 flies per replicate), we predict that there are several factors that could give rise to
changes to Wolbachia and Acetobacter counts in flies reared on a moringa diet.

It has been shown that iron availability influences Wolbachia abundance in insects [23]. As
an intracellular bacterium, Wolbachia depends on Drosophila for iron [24,25], and Drosophila in
turn depends on dietary supplies of iron for metabolism and growth [26]. The mechanisms
by which Drosophila and Wolbachia share iron from the diet remains poorly understood, but
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current research suggests conflicting effects of sharing dietary iron on interactions between
Drosophila and Wolbachia, with both antagonistic and beneficial outcomes anticipated de-
pending on the concentration/availability of iron in the Drosophila diet [27,28]. Moringa is
rich in iron [21], and we hypothesize that the presence of high levels of iron in moringa
drives the increase in Wolbachia abundance in flies feeding on moringa. Other studies have
demonstrated that Wolbachia infection in Drosophila buffers against stresses associated with
low or high concentrations of iron in the diet [27], and we predict that on a moringa diet,
Wolbachia titers increase to modulate iron homeostasis in the fly.

Previous research has shown that presence of Wolbachia has significant effects on the
composition of the Drosophila microbiome [29-31], specifically reducing titers of dominant
gut microbiota such as Acetobacter [30,31]. The mechanism for modulation of this change in
gut microbiota by Wolbachia remains unresolved, but preliminary investigations have ruled
out direct interactions between Wolbachia and the gut microbiome or the effect of Wolbachia
mediated changes to fly immunity [30]. Ye et al. (2017) demonstrated that exposing
Drosophila gut microbiota to antibiotics enhances Wolbachia density. In addition to being
rich in iron, moringa contains a variety of bioactive substances, such as isothiocyanates,
that have extensive antimicrobial properties against a variety of microorganisms [32,33].
We hypothesize that similar to the effects that commercial antibiotics have on Wolbachia
density, the antimicrobial content of moringa drives increases in Wolbachia abundance in
flies feeding on moringa.

The differences in Drosophila microbiota on a moringa diet could reflect influences
unrelated to the iron or antimicrobial content of moringa or the impact of Wolbachia on
gut microbiota composition. The increase in Wolbachia abundance in response to moringa
supplementation was observed only in female flies in our study, raising the possibility
that biological sex may affect the response to supplementation of the Drosophila diet with
moringa. It is well established that male and female animals respond differently to dietary
changes, but the biological cause of these dissimilarities remain to be elucidated [34-36]. Un-
derstanding the sex-based differential effects of moringa on host physiology is essential for
developing precision dietary recommendations to manage metabolic diseases like diabetes.

What is the potential impact of moringa-driven changes in microbiota composition
on Drosophila physiology? We hypothesize that the combined effect of diet and alterations
to the host microbiota are important mediators of host glucose homeostasis. Like most
animals, the Drosophila microbiome influences nearly all aspects of host physiology by
competing with the host for ingested food and producing a diverse array of metabolic
by-products [6,15,37-40]. The impact of microbial metabolic activity can directly modu-
late the nutrient availability to the host and produce specific metabolites that alter host
signaling networks that regulate metabolism [41,42]. For example, Acetobacters have been
demonstrated to reduce host lipid and sugar levels [14,41,43,44] by altering insulin-TOR
signaling pathways via the production of acetic acid [41], and infection with Wolbachia has
been demonstrated to increase glucose levels in flies by an unknown mechanism [39,45,46].
If previous reports show that Wolbachia infected flies generally have higher glucose levels
than non-infected flies, why do we observe a decrease in fly glucose levels when Wolbachia
counts increase in flies on the moringa diet? The answer to this question can be found in
the literature on the links between iron-glucose metabolism and iron-Wolbachia interactions.
The link between iron and glucose metabolism is well documented; specifically, iron plays
an essential role as a cofactor for the enzymes and electron carriers necessary for fuel
oxidation during respiratory glucose metabolism [47]. Iron also plays a direct and causal
role in the progression of diabetes; in excess amounts, iron generates hydroxyl radicals
that can cause 3 cell dysfunction and induce insulin resistance [47,48]. We predict that
two mechanisms drive the concurrent increase in Wolbachia counts and decrease glucose
levels. Firstly, the high iron content of moringa provides the cofactors necessary to increase
the rate of glucose metabolism and this drives the significant reduction in host glucose
levels. At the same time, as suggested by Kremer et al. (2009), we predict that Wolbachia
titers increase to reduce the labile iron concentration and protect the Drosophila host from
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oxidative stress and cellular damage/death. A priority for future research is to quantify
the impact of dietary moringa supplementation on Drosophila iron levels and to identify
which dose and duration of treatment with moringa is the most effective for lowering blood
glucose levels.

Altogether, our data reinforce the growing evidence that moringa plays important
roles in modulating host metabolism, and specifically point to a physiological role for
moringa in regulating glucose homeostasis in insects. Our findings reveal a novel mech-
anism by which moringa supplementation impacts host animals, leading to substantial
modifications to intracellular bacterial numbers, which in turn indirectly affect gut mi-
crobiota composition and the physiology of the Drosophila host. These findings provide
additional context for evaluating the impact of dietary supplements as potential therapeu-
tics for managing metabolic diseases given the link between dietary supplementation and
shifts in microbiome composition.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microbiolres15030125/s1, Table S1. DADAZ2 read counts for
ASVs associated with moringa vs. no-moringa Drosophila melanogaster; Table S2. The number of
living and dead flies at the end of the 4-day assay.
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