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SUMMARY

Few validated protocols are available for large-scale collection, storage, and anal-
ysis of microbiome samples from the vagina, skin, and mouth. To prepare for a
large-scale study on the female microbiome by remote self-sampling, we investi-
gated the impact of sample collection, storage, and host DNA depletion on micro-
biome profiling. Vaginal, skin, and saliva samples were analyzed using 16S rRNA
gene amplicon and metagenomic shotgun sequencing, and gPCR. Of the two
tested storage buffers, the eNAT buffer could keep the microbial composition
stable during various conditions. All three tested host DNA-depletion ap-
proaches showed a bias against Gram-negative taxa. However, using the Host-
ZERO Microbial DNA and QlAamp DNA Microbiome kits, samples still clustered
according to body site and not by depletion approach. Therefore, our study
showed the effectiveness of these methods in depleting host DNA. Yet, a
suitable approach is recommended for each habitat studied based on microbial
composition.

INTRODUCTION

The importance of microbial communities outside the gut is increasingly recognized, resulting in an
increased number of studies on previously underexplored body sites such as the vagina, upper airways,
and skin (HMP, 2019). To aim for high-resolution microbiome analysis, including taxonomic identification
up to species or strain level and an accurate functional identification, metagenomic sequencing is
preferred over 16S rRNA gene amplicon sequencing (Quince et al., 2017). The vagina, upper airways,
and skin require tailored protocols and can be sampled via different approaches, of which the most
commonly used and least invasive method is a swab. However, previous research has shown that various
types of swabs can have an underestimated effect on, for example, the collection of specific host epithelial
cells (Daley et al., 2006; Zasada et al., 2020). This represents challenges for metagenomic shotgun
sequencing owing to the high proportion of human genome reads in relation to microbial reads (Marotz
etal., 2018). These high numbers of human DNA can lead to a decreased sensitivity for microbial detection
in samples and consequently increased costs for metagenomic shotgun sequencing. Host DNA depletion
prior to DNA extraction is therefore preferable, especially for low bacterial biomass samples such as the
skin with a high number of human cells. However, host DNA depletion should be evaluated carefully
and separately per body site, owing to phenotypic and physiological differences of these mucocutaneous
body sites that shape their microbial communities (Anderson et al., 2014; Byrd et al., 2018). For example, in

the vagina, epithelial cells contain large cytoplasmic stores of glycogen as a substrate for Lactobacillus spp.
. . L . 'Department of Bioscience
that produce lactic acid and maintain a low vaginal pH of between 3.8 and 4.5 (Anderson et al., 2014). In the Engineering, Research Group

mouth and saliva, the importance of food and digestive/(post)prandial enzymes is also an important factor Environmental Ecology and
Applied Microbiology,
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follicles, and sebaceous glands with different microbes residing at different depths (Byrd et al., 2018). Groenen{;orger\aanﬁﬂ,
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to consider (Tenovuo, 1998). The skin varies from dry to moist to oily and is influenced by sweat glands, hair

Although several practical guidelines have been formulated for feasible high-quality cost-efficient gut mi- 2These authors contributed
crobiome research such as reviewed by Vandeputte et al. (2017), information on the influence of crucial fac- equally

tors such as storage conditions and microbial extraction methods for large-scale studies on vaginal, skin, Lead contact

and saliva microbiome samples is limited. An additional challenge is the application of metagenomic *Correspondence:

. . . . .. . sarah.lebeer@uantwerpen.
shotgun sequencing that is emerging as a highly promising approach because of the possibility of be
assessing bacterial, fungal, and viral taxonomy and function. However, it requires additional optimization https://doi.org/10.1016/].isci.
for cost efficiency and reproducibility in larger trials. Based on previous studies (Costea et al., 2017; 2021.103306
) -
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Figure 1. Overview of the study workflow

(A) Three types of samples (vaginal, skin, and saliva swabs) were self-collected by study participants (n = 23) for
microbiome analysis. Different factors influencing the microbiome analyses were studied, starting with (B) swab methods
for sample collection (eNAT or MSwab) and storage conditions with analysis at four time points (T1, T2, T3, T4). Next, (C)
four DNA extraction and host DNA depletion methods were compared. These included the QlAamp PowerFecal DNA kit
(without host DNA depletion) or QlAamp PowerFecal DNA kit with host DNA depletion by cell lysis and treatment with
propidium monoazide (PMA). In addition, the QlAamp DNA Microbiome kit and the HostZERO Microbial DNA kit with
host DNA depletion were tested. Finally, (D) microbiome sequencing was performed with either 165 rRNA gene amplicon
sequencing or shallow metagenomic shotgun sequencing with (E) subsequent corresponding bioinformatics analysis.

Hallmaier-Wacker et al., 2018; Quince et al., 2017), we identified two aspects that currently represent bot-
tlenecks in microbiome research through metagenomic shotgun sequencing: the storage conditions and
DNA extraction method. The goal was to optimize these methods for our large-scale Citizen Science proj-
ect, Isala (www.isala.be/en/), using the approach depicted in Figure 1. First, investigating storage condi-
tions is crucial since immediate processing of samples is not possible in a large-scale Citizen Science proj-
ect for logistic reasons. We therefore tested two different swabs for longer storage, the eNAT swab and the
MSwab. These swabs were selected because of their use in previous studies, easy accessibility, and low cost
(Kaan et al., 2020; Susic et al., 2020). In addition, we tested three different methods that include DNA
extraction and host DNA depletion in comparison with the QlAamp PowerFecal DNA kit, which contains
no host DNA depletion step, as reference standard used in many microbiome projects with similar respi-
ratory and vaginal samples (Bartolomaeus et al., 2021; Boeck et al., 2017; Ferrarese et al., 2020; Lebeer
et al.,, 2018; Lim et al., 2020). First, we tested host DNA depletion by osmotic lysis of mammalian cells
and treatment with propidium monoazide (PMA), prior to lysis of the microbial cells and DNA extraction
using the QlAamp PowerFecal DNA kit, as described by Marotz et al. (2018). In addition, we evaluated
the efficacy of host depletion of two commercial kits with host DNA depletion (the QlAamp DNA Micro-
biome kit and the HostZERO Microbial DNA kit), which were already used in previous work (Figure 1)
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(Heravi et al., 2020; Lim et al., 2017). The obtained microbiome yield and profiles were analyzed via 16S
rRNA gene amplicon sequencing and shallow metagenomic shotgun sequencing, gPCR, and DNA quan-
tification methods. Our aim was to derive a cost-effective, hands-on, robust pipeline using shallow meta-
genomic shotgun sequencing that is useful for small, medium, and large-scale microbiome research flows
and to obtain critical insights in the importance of biological differences between sampling sites.

RESULTS
Human DNA concentrations significantly lower after host DNA depletion

To investigate the impact of microbial enrichment in samples from different body sites, we asked eight
healthy female volunteers to self-sample their vagina, skin, and saliva with two different swabs, namely,
the eNAT swab and the MSwab (Figure 1B), resulting in 48 swabs. Initially, DNA was extracted within 3 h
after sampling to evaluate microbial enrichment with four DNA extraction and host DNA depletion
methods (Figure 1C), resulting in 192 samples for DNA quantification, gPCR, and sequencing.

Total DNA concentrations for all samples were first measured spectrophotometrically (Qubit 3.0 Fluorom-
eter) (Figures 2A-2C). The total DNA concentrations ranged from 0.05 to 39.90 ng/uL for vaginal swabs,
0.05 to 28.00 ng/uL for saliva swabs, and 0.05 to 0.26 ng/uL for skin swabs. For all body sites, the concen-
trations were considerably lower after host DNA depletion with all three methods compared with no host
DNA depletion (QlAamp PowerFecal DNA kit) (Figures 2A-2C). There was no significant effect of the swab
buffer on the total DNA concentration for any of the body sites.

Subsequent quantitative polymerase chain reaction (QPCR) analysis with universal human, bacterial, and
fungal primers was performed on a subset of the samples (Figures 2D-2F). Without host DNA depletion,
vaginal samples contained the highest concentration of human DNA for both tested swabs (2.440 ng/uL,
eNAT; 2.364 ng/plL, MSwab), followed by saliva (0.651 ng/uL, eNAT; 0.814 ng/uL, MSwab) and skin
(0.002 ng/uL, eNAT; 0.001 ng/uL, MSwab) samples (Figures 2A-2C). Of interest, without host DNA deple-
tion, saliva samples contained approximately 2-fold (eNAT) and 4-fold (MSwab) more bacterial DNA than
vaginal samples. Skin samples contained the lowest concentration of bacterial DNA (0.0002 ng/pL, eNAT;
0.0002 ng/plL; MSwab), which was 345-fold (eNAT) and 230-fold (MSwab) less than vaginal samples. It is
noteworthy that none of the methods extracted high concentrations of fungal DNA from these healthy do-
nors (Figure S1).

We compared the levels of obtained human and bacterial DNA between the two different swabs and four
different DNA extraction and host DNA depletion methods (Figure 2). No significant differences were de-
tected in the amount of human DNA or bacterial DNA between the two swabs after immediate processing
for all investigated body sites. However, the four microbial enrichment methods performed differently in
terms of human DNA depletion. The HostZERO Microbial DNA kit appeared the most effective host
DNA depletion method for vaginal and saliva samples based on gPCR data. Compared with the QlAamp
PowerFecal DNA kit (no host DNA depletion), no significant decrease in bacterial DNA concentrations was
found, whereas human DNA concentrations were significantly decreased. For the already very low human
DNA concentrations in skin samples (0.05-0.26 ng/uL), no significant decrease in human DNA was
observed for any of the methods. The skin bacterial DNA load did not significantly decrease for the Host-
ZERO Microbial DNA kit with the eNAT swab, but a significant decrease in bacterial DNA was observed for
the MSwab.

For a successful shotgun sequencing run, samples must contain a minimum starting concentration of DNA
(1-100 ng in maximum 30 pL recommended by the manufacturer for the Nextera DNA Flex Library Prep kit,
Illumina). Since many samples, especially the skin samples, contained very low DNA concentrations after
host DNA depletion, we examined whether we could use a lower starting concentration for shotgun
sequencing than recommended. A commercial bacterial mock community (BEI Resources), composed
with the DNA of 20 different species, was added to the library in three different starting concentrations
(0.5, 1, 500 ng in 30 pl) to examine the library sizes and taxonomic profiles (Figure S2). Here, we observed
no effect of a lower starting DNA concentration, suggesting that it is possible to use less than the requested
1 ng DNA to start the library preparation protocol. An additional bottleneck in working with low biomass
samples is accurate equimolar pooling of shotgun libraries, with the aim of achieving approximately equal
read counts across the samples. The total DNA concentration in the library was measured spectrophoto-
metrically with the Qubit Fluorometer and with the Fragment Analyzer, and compared with the final read
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Figure 2. Influence of microbial DNA enrichment methods on total, human, and bacterial DNA in vaginal, saliva,
and skin samples measured with Qubit Fluorometer and qPCR

Three microbial DNA enrichment methods were compared with a standard microbial DNA extraction using the QlAamp
PowerFecal DNA kit: Propidium monoazide (PMA) + QlAamp PowerFecal DNA kit, QlAamp Microbiome kit and
HostZERO Microbial DNA Kit. Two different swabs with a lysis storage buffer were used for sampling: FLOQSwab with 1
mL eNAT medium and FLOQSwab with 1 mL MSwab medium.

(A-C) Total double-stranded DNA quantification with Qubit Fluorometer for vaginal (A), saliva (B), and skin swabs (C).
Concentrations too low to measure have the theoretical value of 0.05 ng/pL.

(D-1) gPCR-based DNA quantification based on specific primers for human (D-F) and bacterial DNA (G-I). Values below
the detection limit for gPCR (Ct-values <38, red dotted line) were replaced by a hypothetical value below the limit.
Statistics were performed with Kruskal-Wallis test with Dunn’s multiple comparisons test against the QlAamp PowerFecal
DNA kit, * = p < 0.05, ** = p < 0.001 (p values in Table S1).

concentration (i.e., reads per pooled volume) per sample (Figure S3). Both methods predicted the final
read concentration relatively poorly, with the Qubit Fluorometer making a slightly better prediction.
This shows that equimolar pooling is still an important challenge for metagenomic shotgun sequencing
of low biomass samples.

Lysis buffer conserved microbial profiles over longer storage

When performing a large-scale Citizen Science project, several logistic factors such as storage conditions
and transport should be considered. We therefore aimed to select a suitable transport buffer for longer
sample storage at a participant’s home (4°C) and transport with postal services (room temperature). Here-
to, additional vaginal eNAT and MSwabs from five healthy women were collected and placed at four
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Figure 3. Relative taxonomic abundances based on 16S rRNA gene amplicon sequencing of vaginal samples to evaluate the influence of different
swabs (eNAT and MSwab) and storage conditions (T1-T4)

Bar charts of taxonomic composition of the samples on ASV-level at the four time points grouped per participant. Top 11 ASVs are visualized, the rest is
grouped together in residual. A first set of swabs were stored at 4°C and processed within 3 h after sampling (T1). All other samples were stored for 3 weeks at
4°C, followed by 3 days at room temperature. A second set of swabs was processed immediately at T2, whereas the last two sets of swabs were frozen for
3 days after T2. The third set was frozen at —20°C and entirely processed (T3). The last set of samples first underwent host DNA depletion at T2 and after
3 days storage at —80°C a DNA extraction (T4).

storage conditions with different storage durations and temperatures (total of 40 samples processed with
the HostZERO Microbial DNA kit), as schematically visualized in Figure 1B. For the first set of samples (T1),
both host DNA depletion and microbial isolation were finished on the day of sampling (approximately 3 h
after sampling). The second sample set (T2) was stored for 3 weeks at 4°C, followed by 3 days at room tem-
perature (mimicking package transport by the postal service), after which both host DNA depletion and
microbial isolation were executed. The third sample set (T3) started with the same storage conditions as
T2 but only the host DNA depletion step was finished right after storage conditions. The host DNA
depleted samples were then stored for 3 days at —80°C, after which the microbial DNA extraction step
was completed. The fourth sample set (T4) also started with the same storage conditions as T2, followed
by storing the aliquot at —20°C for 3 days, after which both host DNA depletion and microbial isolation
were finished. We evaluated the impact of these different storage conditions on the variability in DNA con-
centration and detected taxonomic microbial community composition.

All vaginal samples stored under different conditions were analyzed using 16S rRNA gene amplicon
sequencing (Figure 3). The microbial community of the eNAT samples showed an almost identical taxo-
nomic composition across all storage conditions for each participant (n = 5). For the MSwab samples, a
notable bias was clearly prominent in the three longer storage conditions, indicating that the taxonomic
composition is influenced by storage. For example, the detected relative abundance of an important genus
in the vaginal niche (Gardnerella 1) was clearly increased in participant 0002 and 0004 after longer storage.
The beta-diversity by Bray-Curtis dissimilarities on relative abundances and the alpha diversity with inverse
Simpson index also showed a swab-dependent taxonomic bias, with higher dissimilarities for the MSwab,
when evaluating how longer storage could affect the detected microbiome composition (Figures S4
and S5).

Enrichment methods differ in discriminatory power of vagina, skin, and saliva samples

Since the eNAT swab provided the most stable microbial profiles in terms of taxonomic composition, in-
dependent of the storage conditions, this swab was selected as the most ideal in the study protocol.
Next, we aimed to select a microbial enrichment method with host DNA depletion suitable for vaginal,
skin, and saliva samples based on 16S rRNA gene amplicon sequencing. 165 rRNA gene amplicon
sequencing data of vaginal, saliva, and skin eNAT swabs from eight healthy female volunteers was

iScience 24, 103306, November 19, 2021 5
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Figure 4. Impact of enrichment methods on clustering of 96 vagina, skin, and saliva samples based on 16S rRNA
gene amplicon sequencing data

(A) Dendrogram with strip colored per microbial enrichment method (red, QlAamp PowerFecal DNA kit; blue, PMA +
QlAamp PowerFecal DNA kit; green, QlAamp DNA Microbiome Kit; and yellow, HostZERO Microbial DNA kit) and
rectangles colored per body site (pink, vagina; light blue, skin; light green, saliva). The dendrogram visualizes the result of
average-linkage hierarchical clustering on pairwise Bray-Curtis distances between the samples.

(B) Bray-Curtis dissimilarities between each taxonomic profile and the profile from the same participant resulting from the
QlAamp PowerFecal DNA extraction (golden standard), grouped by body site to evaluate how different microbial
enrichment methods could affect the detected microbiome composition. Statistics were performed with the Wilcoxon
test (p values are visualised on the figure). Data are represented as mean + SEM.

extracted within 3 h after sampling with four DNA extraction and host DNA depletion methods (Figure 1C),
resulting in a total of 96 samples. A hierarchical clustering dendrogram was used to distinctly visualize
which samples contain a similar taxonomic composition. Most samples clustered according to their muco-
cutaneous niche and not by the used microbial enrichment method (Figure 4A), suggesting that the bio-
logical microbial composition of body sites is still prevailing. For the QlAamp PowerFecal DNA kit, QlAamp
DNA Microbiome kit and HostZERO Microbial DNA kit, the taxonomic profiling was mostly driven by the
body site and not by extraction method or participant since samples processed using these methods clus-
ter according to the body site (Figure 4A). Only for the propidium monoazide (PMA) + QlAamp PowerFecal
DNA kit, the vaginal, skin, and saliva samples clustered more together, suggesting that the mechanical and
technical effects of the PMA + QlAamp PowerFecal DNA kit overrode the biological differences among the
mucocutaneous niches.

The summed differences in read counts for all taxa across the different participants were analyzed with pair-
wise Bray-Curtis (BC) dissimilarities, comparing the three microbial enrichment methods with the standard
QlAamp PowerFecal DNA kit for each participant (Figure 4B). A beta-diversity of 0 indicates that the bac-
terial composition between the used methods is the same, whereas a beta-diversity of 1 means that the
composition differs completely. Compared with the skin and saliva samples, the vaginal samples showed
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Figure 5. Bacterial proportion of shallow shotgun sequencing data per body habitat (vagina, skin, saliva) and
microbial enrichment method without (pink, QlAamp PowerFecal DNA kit) and with (blue, HostZERO Microbial
DNA kit) host DNA depletion.

Statistics were performed with the Wilcoxon test (p values are visualised on the figure).

the lowest mean BC dissimilarity over all the tested methods, respectively, 58.9% for PMA + QlAamp
PowerFecal DNA kit, 21.0% for QlAamp DNA Microbiome kit, and 30.9% for HostZERO Microbial DNA
kit. This indicates that the vaginal samples within a participant were more similar over the different micro-
bial enrichment methods compared with the skin and saliva samples. For all body sites, the PMA + QlAamp
PowerFecal DNA kit showed the largest BC dissimilarity, respectively, 43.2% for vagina, 65.5% for skin, and
78.0% for saliva samples. These differences in dissimilarity based on beta-diversity analysis indicate that the
strategies to eliminate host DNA might unequally influence the presence of bacterial taxa. Regarding the
host DNA depletion efficiency and BC dissimilarities, both QlAamp DNA Microbiome kit and HostZERO
Microbial DNA kit showed similar performance for vaginal and skin samples. Therefore, we continued using
this host DNA depletion kit based on our experience of time-efficiency in the laboratory and cost per sam-
ple. The HostZERO Microbial DNA kit performed considerably better on both criteria by cutting work time
and cost in half.

Host DNA was effectively depleted for shotgun metagenomic sequencing

After our detailed gPCR and 16S rRNA gene amplicon sequencing data analysis, we aimed to evaluate the
HostZERO Microbial DNA kit for its effectivity in reducing host reads in metagenomic sequencing and
compared this with the QlAamp PowerFecal DNA kit (without host DNA depletion). Therefore, a new
pool of vaginal, skin, and saliva eNAT swabs from fifteen healthy women were collected and extracted
with both HostZERO Microbial DNA kit and QlAamp PowerFecal DNA kit within 3 h after sampling, result-
ing in 90 samples for sequencing. Without host DNA depletion, vaginal samples contained 95.9% of human
reads, skin samples 92.4%, and saliva samples 92.3%. The HostZERO Microbial DNA kit could deplete hu-
man reads from vaginal, skin, and saliva samples considerably, resulting in 13.6%, 31.6%, and 14.4% human
reads in vaginal, skin, and saliva samples, respectively (Figure 5). Subsequently, shallow shotgun
sequencing confirmed that host DNA contamination was significantly lower for the HostZERO Microbial
DNA kit compared with the QlAamp PowerFecal DNA kit for vaginal, skin, and saliva samples, concluding
that the host DNA depletion was successful.

In addition, the decrease in total DNA concentration after host DNA depletion steps caused only skin sam-
ples (4 of 15 samples) to fail quality control during library preparations for shotgun sequencing, compared
with saliva and vaginal samples. Therefore, we evaluated the extent to which bacterial read concentrations
were reduced along with the host DNA. Here, we noticed an increase in bacterial read concentration after
host DNA depletion for saliva and mainly vaginal samples, which was not the case for skin samples
(Figure S6).

Taxonomic bias of enrichment methods toward Gram-negative taxa

After we evaluated the effectiveness of host DNA depletion for vaginal, skin, and saliva samples, we also
evaluated the taxonomic impact of host DNA depletion. Here, we compared the detected taxonomic pro-
files and looked at the differential abundance per taxon while comparing both methods (Figure 6). Overall,
there was significant differential abundance of most taxa between both kits, with the HostZERO Microbial
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Figure 6. Each cell of the heatmap represents the differential abundance of a taxon when comparing two
methods (HostZERO Microbial DNA kit versus QlAamp PowerFecal DNA kit), relative to another taxon, on which
a Wilcoxon test (+ in heatmap relates to p < 0.05 and - relates to p > 0.05) was performed.

The entire plot was also corrected for multiple testing (QlAamp PowerFecal DNA kit and the HostZERO Microbial DNA
kit). The color represents the median of all pairwise differences of log ratios between two groups of samples (two-sample
Hodges-Lehmann estimator). (A) Vagina; (B) Skin; (C) Saliva. (=), Gram-negative taxon; (+), Gram-positive taxon; *taxon
929, Peptostreptococcaceae bacterium oral taxon 929.

DNA kit significantly reducing the relative abundance of mostly Gram-negative taxa. When looking for
overlapping taxa in the microbial community of the different body sites, some taxa were found to be simi-
larly reduced, such as Prevotella spp., Fusobacterium spp., and Gammaproteobacteria in both vaginal and
saliva samples, and Haemophilus spp. and Neisseria spp. in both skin and saliva samples. When focusing
on body site-specific key taxa, several other Gram-negative taxa showed to be significantly different abun-
dant. For the vaginal samples, the Gram-negative taxa such as Bacteriodes spp., Xanthomonas spp., and
Enterobacter spp. were significantly reduced after host DNA depletion (Figure 6A). The effects on saliva
samples were also highly dependent on the kit used, with the HostZERO Microbial DNA kit significantly
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reducing the abundance of Gram-negative taxa such as Staphylococcus spp. and Pseudomonas spp. (Fig-
ure 6C). Finally, Acinetobacter spp. and Moraxella spp. were significantly less represented after host DNA
depletion in the skin samples (Figure 6B). This was also confirmed by the pairwise BC dissimilarities,
comparing the HostZERO Microbial DNA kit with the standard QlAamp PowerFecal DNA kit for each
participant (Figure S7). Here, the vaginal samples showed the lowest mean BC dissimilarity, whereas the
saliva samples within a participant were the least similar over the two enrichment methods compared
with the skin and vaginal samples.

DISCUSSION

Citizen Science-based studies that strongly rely on active collaboration of citizens to generate scientific in-
sights are increasingly gaining interest. However, several logistic and technical challenges need to be eval-
uated in order to conduct a large-scale project of the human microbiome, such as the Isala project that our
group launched on March 24, 2020 (www.isala.be/en/). In this study, we therefore evaluated sample collec-
tion and storage conditions for vaginal, skin, and saliva swabs. In addition, the effectiveness of host DNA
depletion and microbial enrichment was evaluated for four different approaches. Particular attention was
given to methods that could significantly decrease human DNA, since this is important for metagenomic
shotgun sequencing, while not substantially decreasing bacterial DNA or introducing a significant taxo-
nomic bias.

Under ideal laboratory conditions, samples are processed immediately after collection, which is not
feasible in a large-scale Citizen Science study. We therefore investigated the effects of storage time and
temperature on the microbial profiles of vaginal samples, using two different commercial swabs. First,
we evaluated the eNAT swab, which contains a lysis buffer specifically made for longer stabilization and
preservation of microbial DNA and RNA (Young et al., 2020). We also evaluated the MSwab, which contains
a weaker lysis buffer and is focused on collection and transport of clinical samples to preserve microbial
viability (Lei et al., 2020). We observed a clear swab buffer-dependent taxonomic shift in microbial compo-
sition of vaginal samples over time when using the MSwab and thus would recommend to use the eNAT
swab when longer storage of vaginal swabs at various temperatures is preferred. This finding confirms
the applicability of the eNAT swab for microbiome analysis as described by Young et al. (2020).

In addition to sample collection and storage, several factors related to sample processing need to be
considered. Here, we specifically aimed to optimize the workflow for metagenomic shotgun sequencing,
since this technique allows a high-resolution microbiome analysis (Hillmann et al., 2018). An important chal-
lenge for this technique is the proportion of human genome reads in relation to microbial reads. As ex-
pected by the physiological characteristics of the mucocutaneous niches and observations of other studies
(Bjerre et al., 2019; Marotz et al., 2018), we confirmed via gPCR that skin swabs do not contain as many hu-
man cells as vaginal and saliva swabs. Although the vaginal mucosa and skin epidermis resemble each
other structurally, an important difference is the higher permeability to water and proteins of the vaginal
stratum corneum and the absence of keratin bundles in vaginal epithelium (Boskey et al., 2001; Wylie
and Henderson, 1969). Also, the specific mucous polysaccharide structure and mucin composition at the
wet epithelium of the mouth and vagina differ considerably from that of the skin. Mucus is composed of
water, mucins, globular proteins, salts, DNA, lipids, cells, and cellular debris and forms a dense, viscoelastic
layer over epithelial cells, which can result in a higher concentration of human DNA and cells on swabs (Leal
et al., 2017; Lethem et al., 1990). In addition to containing relatively low human DNA concentrations, skin
samples generally also contain a low bacterial biomass (Bjerre et al., 2019; Grogan et al., 2019). In our study,
DNA concentrations from 0.05 to 0.26 ng/uL were obtained for skin swabs. This indicates that skin samples
might be more difficult to be accurately analyzed by metagenomic shotgun sequencing in combination
with host DNA depletion methods.

Because the impact of host DNA is so crucial in shotgun sequencing, an in-depth evaluation of host DNA
depletion mechanisms on microbial profiling of different body sites was performed through 16S rRNA gene
amplicon and shallow metagenomic shotgun sequencing. Previous studies have demonstrated that
vaginal, skin, and saliva samples have distinct microbial patterns, making them ideal for use as microbial
fingerprinting tool for diagnostic and forensic purposes (Costello et al., 2009; Tackmann et al., 2018).
Most samples in our study clustered according to the mucocutaneous niche (i.e., vagina, skin, and saliva)
and not by microbial enrichment method, indicating that the distinct microbial patterns could be equally
profiled with most of the used methods, with the exception of PMA in combination with the QlAamp
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PowerFecal DNA kit. PMA is a cell membrane-impermeable DNA intercalator that can fragment and elim-
inate the exposed human DNA from downstream analysis and was introduced previously as an adequate
host DNA depletion method (Marotz et al., 2018). Our results, however, suggest that this approach is not
suitable for forensic and diagnostic fingerprinting of mucocutaneous samples since the method introduces
a significant taxonomic bias. In addition, we hypothesize that swabs that are stored in a lysis buffer as
opposed to a non-lysing buffer might have more free-floating bacterial DNA that could be depleted faster
than anticipated.

Beta-diversity analysis also suggested that the microbial enrichment methods unequally influenced the de-
tected abundance of specific bacterial taxa in our samples. Furthermore, this taxonomic bias depended on
the biological differences between the studied body sites. As such, the HostZERO Microbial DNA kit signif-
icantly reduced the relative abundance of Gram-negative taxa within skin and saliva samples (e.g., Haemo-
philus spp., Neisseria spp. and Prevotella spp.) when compared with the QlAamp PowerFecal DNA kit. The
taxonomic bias represents a disadvantage, as previous research has suggested that both Gram-negative
bacteria (e.g., Prevotella, Veillonella, Neisseria, Haemophilus, Campylobacter, Fusobacterium, Myco-
plasma) and Gram-positive bacteria (e.g., Streptococcus, Rothia, Actinomyces) represent an important
taxonomic and functional part of the human salivary microbiome (Dzidic et al., 2018; Hasan et al., 2014; Mar-
otz et al., 2018). Of note, Salonen et al. (2010) demonstrated that recovery of the Gram-negative bacteria is
often impaired by the lysis used in the DNA extraction method. The identification of Porphyromonas gin-
givalis, for instance, in caries and periodontal samples was significantly variable depending on the DNA
extraction kit used, whereas Streptococcus mutans detection was not significantly affected. The authors
proposed that bacteria with a thin or absent cell wall might be lysed together with human cells, resulting
in a skewed microbiome profile. Indeed, in our study this effect can also be observed for the HostZERO
Microbial DNA kit. This was much more pronounced within salivary microbial communities and less within
the vaginal microbial communities, which mostly contained Gram-positive bacteria. To avoid significant
skewing of the detected taxonomic abundances toward bacteria more resistant to lysis, it is crucial to
choose an appropriate kit and tailor the protocol to the expected microbiome composition (Hardwick
et al., 2018). We advise against using any of the three tested host DNA depletion methods for skin and
saliva samples, as more research focused on minimizing the taxonomic bias of Gram-negative bacteria
is necessary. We do recommend the QlAamp DNA Microbiome kit and HostZERO Microbial DNA kit for
vaginal samples that mostly contain Gram-positive bacteria. However, it is important to mention that a
taxonomic bias by microbial DNA isolation cannot entirely be avoided. We therefore recommend re-
searchers to apply a method that minimizes this bias as much as possible. In addition, we highlight that
it is important to apply the same protocol throughout the study, to minimize potential batch effect asso-
ciated with the experimental flow of microbiome analysis.

Depending on the study population, women have a vaginal microbiome that is generally dominated by
Gram-positive Lactobacillus spp. (i.e., L. crispatus, L. iners, L. gasseri, and L. jensenii) or by non-lactobacilli
(e.g., Bifidobacterium, Gardnerella, Atopobium, Prevotella, and Streptococcus) (France et al., 2020; Ravel
etal., 2011). Even though the sample size was relatively small, the vaginal microbiome profiles in our study
still resembled those reported in the literature, namely, mainly dominated by L. crispatus, L. gasseri, and
L. jensenii. For the saliva samples, Willis et al. (2018) found that the salivary microbiome mostly clusters
into two community types, dominated by the Gram-negative Neisseria or Prevotella, but it also contains
large proportions of Gram-positive Streptococcus taxa (e.g., Streptococcus salivarius and Streptococcus
oralis). Although in our study the Gram-negative taxa were strongly depleted with the HostZERO Microbial
DNA kit, using the QlAamp PowerFecal DNA kit we found both Gram-negative (e.g., Neisseria spp., Pre-
votella spp., and Veilonella spp.) and Gram-positive (e.g., Streptococcus spp.) taxa that presented a more
expected salivary microbiome profile. At last, for the skin samples, Costello et al. (2009) and Grice et al.
(2009) studied the microbiome of various skin body sites and reported that the four most detected phyla
were Actinobacteria (51.8%), Firmicutes (24.4%), Proteobacteria (16.5%), and Bacteroidetes (6.3%). Moist
body sites, such as the inner elbow that was sampled in this study, were dominated by Corynebacteria, Pro-
pionibacterium, and Staphylococcus species (Grice et al., 2009). In our 16S rRNA gene amplicon
sequencing data, Propionibacterium were less detected than Corynebacterium and Staphylococcus spe-
cies, which is a known bias when sequencing the V4 region of 165 rRNA gene. In the metagenomic shotgun
data, Cutibacterium acnes was clearly present. Although Gram-negative Acinetobacteria were not the
most abundant on moist skin sites, it was clear that these were strongly depleted in the host DNA depleted
samples with the HostZERO Microbial DNA kit.
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Figure 7. Evaluation of different microbial isolation methods and swab buffers for storage for microbiome
sequencing of vaginal, skin, and saliva samples

Legend: +, good; +/—, medium,; -, poor kit performance (based on result section) when compared with the QlAamp
PowerFecal DNA kit as standard method for the effect of microbial isolation methods, and compared with no storage
(processing on day of sampling) for the effect of longer storage in swab buffer. *Short-term storage, **all samples
performed with the HostZERO Microbial DNA kit.

Our results show that the HostZERO Microbial DNA kit was most ideal for vaginal samples, since we ob-
tained an effective host DNA depletion and no remarkable taxonomic bias, as summarized in Figure 7.
For skin and saliva samples, we recommend the QlAamp PowerFecal DNA kit since less taxonomic bias
was observed compared with processing with the HostZERO Microbial DNA kit. In addition, the HostZERO
Microbial DNA kit showed a higher risk for low-biomass samples (i.e., skin samples) failing quality control
during downstream processing. Respectively, the HostZERO Microbial DNA kit was not an added value to
the low biomass skin samples and even increased their risk to fail in metagenomic shotgun sequencing. For
the saliva samples, a selection was made with the aim to microbial fingerprint as accurately as possible, and
therefore recovering as much taxa as possible. Finally, the HostZERO Microbial DNA kit method scored
best from all host DNA depletion methods regarding cost, time, and labor efficiency per sample.

Conclusion

In conclusion, we evaluated a sample collection method for efficient transport and longer storage of micro-
biome samples on various temperatures. The eNAT buffer keeps the microbial composition stable during
various storage conditions, in contrast to the MSwab buffer. In addition, our findings emphasize that the
microbial community composition of mucocutaneous body sites such as the vagina, skin, and mouth (saliva)
should, next to the aim of the study, always be taken into account when implementing a microbiome anal-
ysis protocol, and especially a host DNA depletion method for metagenomic shotgun sequencing. For
vaginal and saliva samples, two of three tested host DNA depletion methods successfully reduce human
DNA while not or barely reducing bacterial DNA. But all three host depletion methods drastically changed
the detected microbial compositions of the mucocutaneous samples, except the HostZERO Microbial DNA
kitand QlAamp DNA Microbiome kit for the vaginal samples. Overall, the HostZERO Microbial DNA kit was
the best-performing host DNA depletion method, as it even enriches bacterial reads for vaginal and saliva
samples. However, it is important to recognize that microbial DNA isolation methods introduce a taxo-
nomic bias that cannot entirely be avoided. The aim should therefore always be to minimize this bias as
much as possible and be aware of the taxa toward which this bias extends. Finally, the molecular and bio-
logical impact of storage over a longer period of time (>6 months up to years) in combination with host
DNA depletion approaches should be further investigated.
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Limitations of the study

More research is needed not only on the taxonomic bias toward the over- and/or underrepresentation of
Gram-positive and Gram-negative bacteria but also on the sensitivity and specificity of the existing
methods toward viruses, archaea, and fungi. We therefore acknowledge that our study had some
limitations:

— Limited sample size of 322 samples and 23 participants

— Limited storage time conditions tested (up to 4 weeks) and this only for vaginal swabs with mainly
L. crispatus and L. iners profiles. To evaluate long-term storage (>6 months to years), more research
is needed including different time points and sampling sites.

— Two of three host DNA depletion methods were only evaluated with gPCR and 16S rRNA gene am-
plicon sequencing (no shotgun metagenomic sequencing).

— Our focus was mainly on bacteria and not on viruses, archaea, and fungi

— Equimolar pooling for shotgun sequencing by both Qubit and the Fragment analyzer was not
optimal. Since this is still a bottleneck in the entire field of microbiome sequencing, more research
and optimization are needed.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Genomic DNA from Microbial Mock Community BEI Resources HM-276D

B (Even, High Concentration), V5.1H

Lacticaseibacillus rhamnosus GG American Type Culture Collection (ATCC) ATCC53103

Candida albicans Centre of Microbial and Plan Genetics SC5314
(CMPG), KULeuven

Biological samples

Human vaginal swabs University of Antwerp N/A

Human saliva swabs University of Antwerp N/A

Human skin swabs University of Antwerp N/A

Chemicals, peptides, and recombinant proteins

eNAT™ COPAN Diagnostics 6U073501

MSwab™ COPAN Diagnostics 404C.R

de Man, Rogosa and Sharpe (MRS) Difco BD288210

SeaKem® LE Agarose Lonza 50004

1.0N NaOH lllumina NA

PhiX sequencing control v3 lllumina FC-110-3001

Trizma base Sigma-Aldrich 77-86-1

Ethylenediaminetetraaceticacid (EDTA) Sigma-Aldrich 60-00-4

Tween-20 Biorad 170-6531

Propidium monoazide (PMAxx™) Biotium 40069

PowerSYBR® Green PCR Master Mix Applied Biosystems 13266519

Critical commercial assays

QlAamp Powerfecal DNA kit Qiagen 12830-50

Agencourt AMPure XP Beckman Coulter A63881

HostZERO Microbial DNA Kit Zymo Research D4310

QlAamp DNA Microbiome Kit Qiagen 51704

Nextera™ DNA Flex Library Prep lllumina 20015829

High Sensitivity NGS Fragment Kit Agilent DNF-474

NucleoSpin 96 Tissue kit

Machery-Nagel

MN 740609.50

Deposited data

DNA-Seq data This paper PRJEB45093

R code This paper github.com/Sarahtopia/isala_pilot
Experimental models: Cell lines

Human Caco-2 epithelial cells ATCC HTB-37

Oligonucleotides

Human housekeeping gene PPIA (PPIA_F) Jacobsen et al. (2014) N/A

GCT TGC TGG CAG TTA GAT GTC

Human housekeeping gene PPIA (PPIA_R) Jacobsen et al. (2014) N/A

AGA GGT CTG TTA AGG TGG GC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial 16S rRNA gene V4 region (515F) Kozich et al. (2013) N/A
GTG CCA GCM GCC GCG GTA A

Bacterial 165 rRNA gene V4 region (806R) Kozich et al. (2013) N/A
GGA CTA CHV GGG TWT CTA AT

Bacterial 16S rRNA gene (338F) Ovreas et al. (1997) N/A
ACT CCT ACG GGA GGC AGC AG

Bacterial 16S rRNA gene (518R) Ovreas et al. (1997) N/A
ATT ACC GCG GCT GCT GG

Fungal ITS gene (ITS86F) Op De Beeck et al. (2014) N/A
GTGAATCATCGAATCTTTGAA

Fungal ITS gene (ITS4R) Op De Beeck et al. (2014) N/A

TCCTCCGCTTATTGATATGC-3

Software and algorithms

GraphPad Prism
DADAZ2, version 1.6.0
R version 3.4.4
Tidyamplicons

GraphPad Software
https://doi.org/10.1038/nmeth.3869

https://www.graphpad.com/
https://benjjneb.github.io/dada2/index.html
https://www.r-project.org/

github.com/Swittouck/tidyamplicons

Other

MiSeq Desktop sequencer lllumina MO00984
StepOne Plus Real-Time PCR System (v.2.0) Applied Biosystems N/A
Qubit 3.0 Fluorometer Life Technologies Q33216
EVE™ Automatic cell counter NanoEntek EVE-MC
5200 Fragment Analyzer System Agilent M5310AA

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Sarah Lebeer (sarah.lebeer@uantwerpen.com).

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and code availability

e All sequencing data were deposited in ENA: PRJEB45093 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB45093).

® The R code generated during this study can be found on GitHub at github.com/Sarahtopia/isala_pilot.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

For the microbiome analysis, human subjects were recruited and self-sampled in a standardized way.
Vaginal, saliva and skin swabs were obtained from 23 healthy premenopausal adult participants (100% fe-
male, average age 27). This study was approved by the Ethics Committee of the Antwerp University Hos-
pital/University of Antwerp (registration number B300201942076, registered 18 November 2019, Clinical-
Trials.gov Identifier: NCT04319536). The written informed consent was obtained from all participants
prior to sampling.
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Sample collection

Vaginal, skin (elbow bend) and saliva samples were collected with the eNAT™ and the MSwab™ (Copan,
Brescia, Italy). Vaginal swabs were turned around 2-3 times to acquire enough biomass. For the skin sam-
ples, participants were required to not wash the elbow and knee region for 8 to 12 hours before sampling.
Skin samples (elbow bend) were collected by turning around the swab while brushing an indicated area of
20 cm?, for 30 seconds. Prior to sampling, the swab was soaked in a vial of sterile pre-moisture buffer
(50 mM Tris buffer [pH 7.6], 1 mM EDTA [pH 8.0], and 0.5% Tween-20). Lastly, for the saliva samples partic-
ipants were required to not brush their teeth, eat, or drink 1 hour before sampling. They spit 2-3 times in a
sterile 50 mL falcon and turned the swab around in the saliva to acquire enough biomass. All swabs were
transferred immediately after sampling to the vial which contained the commercial transport buffer. At last,
all samples were stored at 4°C until further processing approximately 3 hours later.

METHOD DETAILS
Host DNA depletion and microbial DNA extraction

Before further processing, all samples were vortexed for 15-30 seconds and divided into four aliquots. DNA
from the first aliquot was extracted with the PowerFecal® DNA Isolation Kit (Qiagen, Hilden, Germany) ac-
cording to the instructions of the manufacturer. The second aliquot was also processed with the Power-
Fecal® DNA Isolation Kit (Qiagen), however prior to DNA extraction samples were treated with propidium
monoazide (lyPMA) according to Marotz et al. (2018), with the adjustment that we started from 200 pL swab
buffer instead of fresh saliva. The third aliquot was processed with the QlAamp DNA Microbiome Kit (Qia-
gen) according to the instructions of the manufacturer. The fourth aliquot was processed with the Host-
ZERO Microbial DNA Kit (Zymo Research, California, United States). DNA concentration of all samples
was measured using the Qubit 3.0 Fluorometer (Life Technologies, Ledeberg, Belgium) according to the
instructions of the manufacturer. The mock community DNA was obtained through BEI Resources, NIAID,
NIH as part of the Human Microbiome Project: Genomic DNA from Microbial Mock Community B (Even,
High Concentration), v5.1H, for Whole Genome Shotgun Sequencing, HM-276D. Microbial composition
of the mock community DNA can be found in Table S2.

Sample storage conditions

To evaluate the optimal storage conditions for the samples two vaginal swabs of each participant were
collected (eNAT™ and the MSwab™), aliquoted and later processed with the HostZERO Microbial
DNA kit (Zymo Research). For the first aliquot (T1), both host DNA depletion and microbial isolation
were finished on the day of sampling (approximately 3 hours after sampling). The second aliquot (T2)
was stored for 3 weeks at 4°C, followed by 3 days at room temperature (mimicking package transport by
the postal service), after which the both host DNA depletion and microbial isolation were executed. The
third aliquot (T3), started with the same storage conditions as T2 but only the host DNA depletion step
was finished right after storage conditions. The host DNA depleted sample was then stored for 3 days
at-80°C, after which the microbial DNA extraction step was completed. The fourth aliquot (T4) also started
with the same storage conditions as T2, followed by storing the aliquot at -20°C for 3 days, after which both
host DNA depletion and microbial isolation were finished.

Quantitative PCR (qPCR)

gPCR was used for estimation of absolute bacterial, fungal and human DNA concentrations in samples after
DNA extraction. gPCR was performed in duplicate on a 20-fold dilution (to avoid interference of PCR inhib-
itors) of total DNA isolated from the samples, using the StepOnePlus Real-Time PCR System (v.2.0; Applied
Biosystems®, Foster City, California, USA), SYBR® Green chemistry (PowerUp™ SYBR® Green Master Mix,
Applied Biosystems®, Foster City, California, USA) and primers and PCR conditions as indicated in
Resource table and Tables S3, S4 and S5. All primers were designed on the basis of published sequences
and chemically synthesized by Integrated DNA Technologies (IDT, Leuven, Belgium). Primers for the hu-
man housekeeping gene PPIA were used to estimate human DNA concentration (PPIA_F and PPIA_R, (Ja-
cobsen et al., 2014)). Universal bacterial 16S rRNA primers were used to estimate bacterial DNA concen-
tration (338F and 518R, (Ovreas et al., 1997)). Universal fungal ITS primers were used to estimate fungal
DNA concentration (ITS86F en ITS4R, (Op De Beeck et al., 2014)). Standard curves were used to estimate
bacterial, fungal or human DNA concentrations in the samples and derived from serially diluted DNA from
an overnight culture of Lacticaseibacillus rhamnosus GG (primers 338F and 518R), Candida albicans
(primers ITS86F and ITS4R) and human Caco-2 epithelial cells (primers PPIA_F and PPIA_R). Bacterial
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concentration was determined by plating out on MRS growth medium and human cell concentration was
determined by cell counter.

16S rRNA gene amplicon sequencing

[llumina MiSeq 16S rRNA gene amplicon sequencing was performed on the extracted DNA using all
different host DNA depletion and DNA extraction methods. No less than 5 ul of each bacterial DNA sample
was used to amplify the V4 region of the 16S rRNA gene. All DNA samples and negative controls of both
PCR (PCR grade water) and the DNA extraction kit (Figure S8) were included. Standard barcoded forward
(515F) and reverse primer (806R) were used. These primers were altered for dual index paired-end
sequencing, as described in Kozich et al. (2013). The resulting PCR products were checked on a 1% agarose
gel. The PCR products were purified using the Agencourt AMPure XP Magnetic BeadCapture Kit (Beckman
Coulter, Suarlee, Belgium) and the concentration of all samples was measured using the Qubit 3.0 Fluo-
rometer. Next, a library was prepared by pooling all PCR samples in equimolar concentrations. This library
was loaded onto a 0.8% agarose gel and purified using the NucleoSpin Gel and PCR clean-up (Macherey-
Nagel). The final concentration of the library (2 nM) was measured with the Qubit 3.0 Fluorometer. After-
wards the 5 pl of the library was denatured with 0.2N NaOH (Illumina, San Diego California United States),
diluted to 6 pM and spiked with 10% PhiX control DNA (lllumina). Dual-index paired-end sequencing was
performed on the V4 region of the 16S rRNA gene using a MiSeq Desktop sequencer (M00984, lllumina).

Shallow metagenomic shotgun sequencing

Library preparation for metagenomic shotgun sequencing was performed using the Nextera™ DNA Flex
Library Prep (lllumina), according to the instructions of the manufacturer. For the Nextera™ DNA Flex Li-
brary Prep, 2 — 30 uL DNA sample was used to obtain input DNA with a start amount between 1 and
100 ng. For the Nextera™ XT DNA Library Preparation kit, 1 ng DNA samples in 5 uL was used as input
DNA. For both protocols, when the 1 ng input DNA could not be obtained for a certain DNA sample,
the library preparation was continued with the highest available amount of input DNA. Pooling of the li-
braries was done individually using the Qubit 3.0 Fluorometer. During library preparation, library quality
was checked using the 5200 Fragment Analyzer System with Agilent High Sensitivity NGS Fragment Kit
(DNF-474). 22ul NGS Diluent Marker solution was mixed with 2l library and ran on the Fragment Analyzer,
according the instruction of the manufacturer. The NGS DNA Ladder was used as standard.

Bioinformatic analysis

Quality control and processing of 16S rRNA amplicon reads was performed using the R package DADA2,
version 1.6.0. Reads with more than two expected errors were removed; no trimming was performed. For-
ward and reverse reads were denoised per sample using the DADA2 algorithm. Reads were then merged;
during this process, read pairs with sequence conflicts were removed. Chimeras were detected and
removed with the removeBimeraDenovo function. The merged and denoised reads (amplicon sequence
variants or ASVs) were taxonomically annotated from the phylum to the genus level with the assignTaxon-
omy function using the EzBioCloud reference 16S rRNA database (Yoon et al., 2017). Non-bacterial ASVs
(e.g. mitochondria and chloroplasts) were removed. ASVs with a length greater than 299 bases were also
removed. Samples contained on average 22,287 high-quality reads per sample. All data handling and visu-
alization was performed in R version 3.4.4 (R Core Team, 2020) using the tidyverse set of packages and the
in-house package tidyamplicons (github.com/Swittouck/tidyamplicons) (De Boeck et al., 2020).

Metagenomic shotgun reads were processed with Kraken2 (Wood and Salzberg, 2014). Forward and
reverse read pairs were classified from the phylum to the species level using the MiniKraken2 v2 reference
database. This database was constructed from the bacterial, archaeal and viral genomes in NCBI RefSeq, in
addition to the human genome version GRCh38 (to detect human contamination). Reads classified to non-
bacterial taxa were removed. Based on these classifications, a read count table was constructed where the
columns represent taxa and the rows represent samples. Taxa were either species or higher-level taxa for
reads that were unclassified at one or more ranks. Samples contained on average 39,164 high-quality bac-
terial reads per sample Parsing of Kraken2 output was implemented in R v3.6.1 (R Core Team, 2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details can be found in the figure legends. Statistical analysis for the Qubit and gPCR data (Fig-
ure 2) was performed in Graphpad Prism 9, using a nonparametric Kruskal-Wallis with Dunn’s multiple
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comparisons. Statistical analysis of pairwise Bray-Curtis dissimilarities (Figure 4A)and bacterial proportions
(Figure 5) was performed using Wilcoxon tests in R-studio. Differential abundances (Figure 6) were tested
using our in-house codifab method: for each pairwise combination of taxa, the logratio of their relative
abundances was calculated for each sample. For each combination of taxa, the difference of their logratio
between two groups of samples was expressed as the median of all pairwise differences between the two
sample groups (Hodge-Lehmann estimator). Next, for each combination of taxa, a Wilcoxon rank-sum test
was performed to compare their logratio between two groups of samples. This resulted in nA2 p-values for
n taxa; these were corrected for multiple testing using the method of Benjamini and Yekutieli (Benjamini
and Yekutieli, 2001).

Additional resources

This study was approved by the Ethics Committee of the Antwerp University Hospital/University of Ant-
werp: registration number B300201942076, registered 18 November 2019, ClinicalTrials.gov Identifier:
https://clinicaltrials.gov/ct2/show/NCT04319536.

This study was part of a large-scale Citizen Science project investigating the female microbiome in
Belgium. More information about the goals and preliminary results of this project: https://isala.be/en/
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