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ABSTRACT 

 

The vaginal microbiome is increasingly characterized by deep sequencing of universal genes. 

However, there are relatively few studies of how different specimen collection and sample 

storage and processing influence these molecular profiles. Here, we evaluate molecular microbial 

community profiles of samples collected using the HerSwab
TM

 self-sampling device, compared 

to nylon swabs and under different storage conditions. In order to minimize technical variation, 

mixtures of 11 common vaginal bacteria in simulated vaginal fluid medium were sampled and 

DNA extracts prepared for massively parallel sequencing of the cpn60 universal target (UT). 

Three artificial mixtures imitating commonly observed vaginal microbiome profiles were easily 

distinguished and proportion of sequence reads correlated with the estimated proportion of the 

organism added to the artificial mixtures. Our results indicate that cpn60 UT amplicon 

sequencing quantifies the proportional abundance of member organisms in these artificial 

communities regardless of swab type or storage conditions, although some significant differences 

were observed between samples that were stored frozen and thawed prior to DNA extraction, 

compared to extractions from samples stored at room temperature for up to 7 days. Our results 

indicate that an on-the-market device developed for infectious disease diagnostics may be 

appropriate for vaginal microbiome profiling, an approach that is increasingly facilitated by 

rapidly dropping deep sequencing costs.  

 

Keywords: vaginal self-sampling; HerSwab
TM

; quantitative microbiome profiling; cpn60 

universal target; hierarchical clustering; UniFrac; ALDEx2  
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INTRODUCTION 

The vaginal microbiome, defined as the community of microbes that colonize the female 

reproductive tract, plays a critical but still poorly understood role in reproductive health. The 

identification and quantification of bacterial types in the vaginal microbiome is increasingly 

measured by molecular census using clone libraries, high-throughput sequencing or quantitative 

PCR of phylogenetically informative genes (Hill et al., 2005, Schellenberg et al., 2011, van de 

Wijgert et al., 2014). A 552 bp portion of the cpn60 gene (the universal target, UT) is an ideal 

molecular barcode since it is protein-coding and therefore more variable than 16S rRNA genes 

between closely related taxa (Goh et al., 1996, Hill et al., 2006), and has been shown to provide 

similar phylogenetic resolution to whole genome-based comparisons of closely related groups of 

organisms that cannot be easily distinguished with 16S rRNA gene sequences (Katyal et al., 

2015, Links and Hill, 2012, Schellenberg et al., 2016, Verbeke et al., 2011). cpn60-based 

sequencing is particularly useful in the context of the vaginal microbiome since it can easily 

distinguish at least four subgroups of Gardnerella vaginalis that are likely different species 

(Schellenberg, et al., 2016). The normal range of microbiological profiles, temporal fluctuations 

and clinical manifestations of the vaginal microbiota in relation to mucosal inflammation, pre-

term birth and increased acquisition of exogenous pathogens can now be defined in quantitative 

terms. However, the contribution of technical sources of variation in microbial community 

profile, due to swab type, sample quality, storage conditions, DNA extraction methods, 

sequencing platform, etc. have yet to be adequately distinguished from biological sources of 

variation, complicating the interpretation of various studies which use different combinations of 

methods. In particular, research attention has focused on the appropriateness and acceptability of 

self-collected vaginal swabs for various clinical and research applications, comparing favourably 
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with physician-collected specimens in terms of diagnostics and participant comfort (Arias et al., 

2016, Lunny et al., 2015, Serlin et al., 2002, Shafer et al., 2003, Strauss et al., 2005).  

 In this study, we set out to evaluate the HerSwab
TM 

(Eve Medical, Inc., Toronto, ON), a 

novel vaginal self-sampling device designed for infectious disease diagnostics, as a potential tool 

for vaginal microbiome profiling, defining proportional abundance of different organisms in this 

environment. Evaluation was based on a comparison of microbiome profiles generated from 

HerSwab
TM

 collected samples to those created using an established protocol based on samples 

collected using nylon swabs. HerSwab
TM

 devices have previously been shown to be effective and 

acceptable for diagnosis of sexually transmitted infections (Arias, et al., 2016). We demonstrate 

that the HerSwab
TM

 collects a biological sample that is sufficient and suitable for downstream 

processes for cpn60 UT deep sequencing analysis, including DNA extraction, indexing PCR and 

sequencing using the MiSeq platform. We also confirm that the proportion of reads per 

phylotype per sample from the deep sequencing results is significantly correlated with the 

estimated proportion of each organism in mixtures, further evidence that cpn60 UT deep 

sequencing is a quantitative method in molecular microbial ecology. 

 

MATERIALS AND METHODS 

Culture models of vaginal micro-organisms 

 In order to standardize organism input, we made three mixtures with varying proportions 

of 11 vaginal bacteria from our culture collection (Table 1), representing simplified versions of 

commonly observed “community state types” (CST) in healthy Canadian women (Albert et al., 

2015), including CST I (Lactobacillus crispatus-dominated), CST IV (mixed or intermediate) 

and CST V (Gardnerella subgroup A-dominated). L. crispatus ATCC 33820 and L. jensenii 
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ATCC 25258 (American Type Culture Collection, Manassas, VA) were revived on Mann-

Rogosa-Sharpe Agar (EMD Chemicals Inc., Mississauga, ON). L. iners ATCC 13335 and all 

other organisms, isolates from our culture collection of vaginal micro-organisms (Schellenberg et 

al., 2012, Schellenberg, et al., 2016), were revived on Columbia Agar with 5% sheep's blood 

(BD Biosciences, Mississauga, ON), in anaerobic jars with GasPak anaerobic sachets (BD 

Biosciences, Mississauga, ON) at 37°C. The identities of the micro-organisms were confirmed 

based on known phenotype, Gram stain characteristics, and Sanger sequencing of the cpn60 UT 

amplified with the same universal primers used for sequencing library preparation. cpn60 

sequences were compared to the cpnDB reference database to confirm species identity 

(www.cpndb.ca) (Hill et al., 2004). Micro-organisms growing on plates were resuspended with 

sterile swabs in 0.85% saline solution to McFarland standard ~4 and an aliquot of 100 L 

transferred to 10 mL NYC III (ATCC # 1685) medium (per L: HEPES buffer, 4 g; proteose 

peptone, 15 g; sodium chloride, 5 g; yeast extract, 2 g, with 10% v/v deactivated horse serum and 

10 mL filter-sterilized 50% w/v glucose solution added after autoclaving). After 24 h incubation 

at 37°C, cell concentration was estimated by transferring 100 L of sample to duplicate wells of 

a clear-bottomed 96-well plate and optical density at 595 nm assessed in a Vmax microplate 

reader (Molecular Devices Inc., Sunnyvale, CA). Micro-organisms from plates or liquid cultures 

were mixed at different ratios (adjusted for optical density, see Table 1), centrifuged and 

resuspended in 2 mL Medium Simulating Vaginal Fluid or MSVF (per L: glucose, 10 g; bovine 

glycogen, 10 g; lactic acid, 2 g; acetic acid, 1 g; bovine serum albumin, 2 g; porcine stomach 

mucin, 0.5 g; urea, 0.25 g; sodium chloride, 3.5 g; potassium chloride, 1.5 g; Tween 80, 1.08 g; 

cysteine hydrochloride, 0.5 g; all from Sigma-Aldrich, Oakville, ON) (Geshnizgani and 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 6 

Onderdonk, 1992, Juarez Tomas and Nader-Macias, 2007). Aliquots of un-inoculated MSVF 

were reserved for use as negative controls. 

 

Sampling of artificial vaginal microbiome mixtures 

 For each of the three CST (CST-I, -IV and -V), one set of triplicate nylon swabs (N = 3) 

and four sets of triplicate HerSwabs
TM

 (N = 12) were immersed sequentially in vials containing 

the bacterial mixtures (Fig. 1A). One set of triplicate nylon swabs and one set of HerSwabs
TM

 

were stored immediately at -80°C (NY vs. HS). The three remaining sets of triplicate 

HerSwabs
TM

 were stored at room temperature for 1, 4 and 7 days to simulate shipping of self-

collected samples to a laboratory (D1 vs. D4 vs. D7). Swabs were weighed before and after 

sampling to quantify fluid retained in milligrams, with differences between nylon swabs (N=9) 

and HerSwabs
TM

 (N=34, 2 values missing) assessed using the Wilcoxon rank sum test in R 

statistical software, v. 3.3.2 (R Core Team, 2015). 

 

DNA extraction and estimation of total bacterial cells 

 DNA was extracted from all swabs and un-inoculated MSVF using the MagMAX DNA 

extraction kit (Life Technologies, Burlington, ON), following the manufacturer’s directions. 

DNA concentration and assessment of DNA quality was measured by the NanoDrop 

spectrophotometer (Thermo Fisher Scientific Inc., Burlington, ON) and the Qubit fluorometer 

with the high-sensitivity double-stranded DNA quantification kit (Life Technologies Inc., 

Burlington, ON). Since the degenerate cpn60 primers produce a product too large for optimal 

SYBR green qPCR, estimation of total bacterial cells was carried out for all samples by 

quantitative polymerase chain reaction (qPCR) targeting the 16S rRNA gene in reference to a 
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standard curve, as previously described (Chaban et al., 2013). Briefly, previously published 16S 

rRNA primers (Lee et al., 1996) were applied in a qPCR assay against a standard curve 

composed of plasmids containing the V3 region of the 16S rRNA gene from an uncultured 

human fecal bacterium (Fernando et al., 2010) at concentrations of 10
0
 to 10

7
 copies/reaction. 

Reactions in duplicate consisted of 12.5 l 2 SsoFast EvaGreen Supermix (BioRad, 

Mississauga, ON), 1 l forward primer (SRV3-1 : 5' - CGG YCC AGA CTC CTA C - 3'), 1 l 

reverse primer (SRV3-2 : 5' - TTA CCG CGG CTG CTG GCA C - 3', both primers 400 nM final 

concentration) and 2 l template DNA in a final volume of 25 l. No template controls were 

included with all qPCR runs. Reactions were amplified on a CFX96 real-time thermocycler 

(BioRad, Mississauga, ON), using the following program: 95°C for 3 min., followed by 40 

cycles of 95°C for 15 sec, 62°C for 15 sec and 72°C for 15 sec, with fluorescence measured after 

each annealing step and in a subsequent dissociation curve consisting of 81 cycles at 0.5°C 

increments from 55°C to 95°C. qPCR results were analyzed using CFX Manager Software v3.1 

(BioRad, Mississauga, ON).  

 

cpn60 universal target PCR and sequencing library preparation 

 Procedures were adapted from the “16S Metagenomic Sequencing Library Preparation” 

manual (available at http://www.illumina.com/content/dam/illumina-support/documents) for 

amplification of the cpn60 UT instead of the 16S rRNA gene.  Initial amplification of the cpn60 

UT was carried out using a 1:3 molar ratio of degenerate cpn60 primer pairs 

H279/H280:H1612/H1613, as previously described (Schellenberg et al., 2009), except that the 

base primers were modified with Illumina sequencing adaptors (in bold underline) at the 5' and 3' 

ends (Forward primer #1 – M279 : 5' - TCG TCG GCA GCG TCA GAT GTG TAT AAG 
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AGA CAG GAI III GCI GGI GAY GGI ACI ACI AC - 3'; Reverse primer #1 – M280 : 5' - 

GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G YKI YKI TCI CCR AAI 

CCI GGI GCY TT - 3' ; Forward primer #2 – M1612 : 5' - TCG TCG GCA GCG TCA GAT 

GTG TAT AAG AGA CAG GAI III GCI GGY GAC GGY ACS ACS AC – 3' ; Reverse 

primer #2 – M1613 : 5' GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G 

CGR CGR TCR CCG AAG CCS GGI GCC TT - 3'). DNA extract from swab samples and un-

inoculated MSVF (2 l) was added to a 50 l (final volume) PCR Master Mix, including (per 

reaction): 5 l 10x PCR buffer, 2.5 l 50 mmol l
-1

 magnesium chloride, 1.25 l dNTPs, 0.3 l 10 

mmol l
-1

 forward primer #1 (M279), 0.3 l 10 mmol l
-1

 reverse primer #1 (M280), 0.9 l 10 

mmol l
-1

 forward primer #2 (M1612), 0.9 l 10 mmol l
-1

 reverse primer #2 (M1613), and 0.5 l 

50 U l
-1

 Platinum Taq DNA Polymerase. Thermocycling parameters were 40 cycles of 95°C for 

30 sec, 50°C for 30 sec, 72°C for 30 sec, with a final extension of 72°C for 7 min. No template 

controls were included in all runs. PCR products (~700bp) were gel-purified based on size in an 

ethidium bromide-free 1% agarose gel, using known migration of target band size against a 

multi-colour loading dye and subsequent extraction using the QIAEX II gel extraction kit 

(QIAGEN, Inc., Toronto, ON). Resulting extracts were used for attaching Nextera XT dual 

indices in a mixture containing 5 l gel-purified amplicon, 5 l each index primer, 25 l 2x Kapa 

HiFi HotStart ReadyMix (KAPA Biosciences, Inc., Wilmington, MA) in a final volume of 50 l 

per reaction. Thermocycling parameters were 8 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C 

for 30 sec, with a final extension of 72°C for 5 min. Indexed amplicons were purified with 

AMPure XP beads (Beckman Coulter, Inc., Mississauga, ON). Average size of the final 

amplicon libraries (649 bp) was calculated using the DNA High-Sensitivity chip on the 2100 

Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA) and concentration in ng/L assessed 
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using the Qubit fluorometer (Life Technologies, Inc., Burlington, ON). Molar concentration was 

calculated using the formula provided in the manual and all libraries normalized to 4 nmol l
-1

 

prior to pooling. Dilution, denaturing and loading of the Nano v2 500 cycle sequencing cartridge 

with pooled libraries was carried out and flow cell loaded onto the Illumina Miseq with 10% 

PhiX as directed by the manufacturer. In order to maximize coverage of the cpn60 UT, the 

number of cycles was set at 400 for the first read and 100 for the second read. Our previous 

experience has shown that reads >150 bp provide adequate species identification in database 

comparisons (Schellenberg, et al., 2009). 

 

Deep sequencing analysis 

 Demultiplexed .fastq files were trimmed based on quality scores using Trimmomatic 

(www.usadellab.org) with a 4 base sliding window, minimum average quality of 15, LEADING 

and TRAILING both set to 3, and  MINLEN set to 150. This eliminated the shorter R2 reads 

from the dataset, leaving one quality-trimmed .fastq file (R1) per sample. These sequences were 

mapped on to cpn60 UT sequences of the 11 bacterial species comprising the synthetic samples, 

using Bowtie 2 (Langmead and Salzberg, 2012), to determine the numbers of reads in each 

library derived from each input organism. All subsequent analyses were carried out in R 

statistical software v.3.3.2 (R Core Team, 2015). For each sample, the proportion of sequencing 

reads mapped to each organism was visualized as a heatmap and hierarchical clustering of 

samples was performed based on the Jensen-Shannon distance matrix, as previously described 

(Albert, et al., 2015). In order to compare expected proportions of each organism based on 

volume with the proportion of sequencing reads for each organism, the adjusted volume (l / 

OD595) of each organism added to the final mixture was plotted against sequencing reads and 
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assessed using Pearson’s test in the ggplot2 package. The extent of variability between CST 

(CST-I vs. CST-IV vs. CST-V) replicates (Replicate #1 vs. Replicate #2 vs. Replicate #3), swab 

type (HS vs. NY), days at room temperature (D1 vs. D4 vs. D7) and storage condition (HS/NY 

vs. D1/4/7) was assessed using two analytical packages: Unifrac (Lozupone et al., 2011) and 

ALDEx2 (Fernandes et al., 2013). The Unifrac algorithm calculates the overall phylogenetic 

distance between pairs of samples, based on presence and abundance of sequencing reads for 

each organism, resulting in a value on a scale of 0 to 1, where 0 indicates most similar and 1 

indicates least similar. In this study, the weighted Unifrac metric (including abundance 

information) was applied to address the hypothesis that phylogenetic distance between pairs of 

samples is likely to be higher when collected by different devices or frozen and thawed prior to 

analysis. A boxplot of median UniFrac distances by CST, replicates and experimental conditions 

was created in R and compared using the Wilcoxon rank sum test. ALDEx2 was used in order to 

assess which specific elements being measured (in this case, abundance of sequencing reads for 

each organism) are significantly differentially abundant across tested conditions. In this study, 

ALDEx2 was applied in order to assess hypotheses that each specific organism is significantly 

differentially abundant across devices or storage conditions. ALDEx2 uses Wilcoxon and 

Kruskal-Wallis statistics to compare the distribution of taxa, while GLM and Welch’s t statistics 

are used to compare means. Differences between and within conditions were plotted using 

ALDEx2 functions and organisms that were significantly different by all four statistical tests 

were coloured red, while those that were significantly different by one or two tests were coloured 

green. 

 

RESULTS 

Lower fluid retention by HerSwabs
TM
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 Nylon swabs absorbed approximately three times greater sample mass when compared to 

HerSwabs
TM

 (W=306, p<0.0001 by Wilcoxon rank sum test, Fig. 1B, right). Although 

measurement of extracted DNA was below the spectrophotometric detection limit, high-

sensitivity fluorometry showed that the amount of DNA extracted was also greater for nylon 

swabs, as expected (W=324, p<0.0001 by Wilcoxon rank sum test, Fig. 1B, middle). 

Quantitative PCR showed that 16S rRNA gene copy numbers ranged from 10
5
-10

7
 per swab, 

with significantly higher estimated copy number in nylon swabs (W=270, p=0.001, Fig. 1B, left), 

consistent with higher fluid retention. Despite low DNA concentrations in all swabs, amplicon of 

the expected size (~700 bp) was visible in the agarose gel after cpn60 UT PCR, with sufficient 

concentration (>4 nM) after the indexing PCR step for loading onto the flow cell for sequencing. 

Extracts from un-inoculated MSVF and no template controls yielded no PCR product. These 

results indicate that HerSwabs
TM

 provided sufficient material for downstream sequencing 

procedures. 

 

Sequencing results and detection of input organisms 
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Streptococcus anginosus sequences were detected in 34/45 

samples and Prevotella bivia was detected in 44/45. The other 8 input organisms were detected 

in all samples (Supplementary Table 1).

 

Samples cluster primarily by CST, not by swab type 

 Hierarchical clustering demonstrated that deep sequencing clearly differentiates the three 

mixtures imitating CST-I, CST-IV and CST-V (Fig. 2A). HerSwab
TM

 replicates stored at -80°C 

did not cluster separately from nylon swab samples, indicating that profiles generated from 

HerSwabs
TM

 were highly similar to those from nylon swabs stored at -80°C. However, sub-

clusters were observed for swabs stored at -80°C (NY and HS) and swabs stored at room 

temperature (D1, D4 and D7), in CST-IV and CST-V, but not CST-I. Most strikingly, in CST-IV 

and CST-V, P. bivia appears to be more abundant and Gardnerella C less abundant in -80°C 

samples compared to room temperature samples. For D1 samples, all three replicates clustered 

together in all three CST, while replicates in D4 samples did not cluster together and replicates in 

D7 samples only clustered together in CST-V.  

 

Sequence abundance correlates with quantitative estimates of input organisms 

Percent sequencing reads attributed to each organism correlated strongly with estimated 

percent of adjusted volume added to each artificial mixture (R
2
 = 0.95, p < 0.0001)(Fig. 2B), 

indicating that deep sequencing provides quantitative estimates of the proportions of component 
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organisms. The correlation was similarly strong when the most abundant species, L. crispatus in 

CST I, was removed from the analysis (R
2
 = 0.86, p < 0.0001). While input and output were 

similar overall, the intended proportion (adjusted volume) of Gardnerella A/B/C and P. bivia in 

CST-V was higher than the outcome proportion (sequencing reads), indicating the sequence-

based profiles under-estimated the abundance of these organisms in CST-V samples.  

 

Profile reproducibility and phylogenetic distance by UniFrac 

 Phylogenetic profiles generated from HerSwabs
TM

 were highly similar to those generated 

from standard nylon swabs, as calculated using the UniFrac algorithm (Fig. 3A). As expected, 

the greatest and least phylogenetic distance was observed between samples from different CST 

and different replicates, respectively (p<0.0001 by Wilcoxon rank sum test). Distance values 

across experimental conditions were significantly higher than values across replicates, but much 

closer to replicate values when considering values across CST. Further, most of the phylogenetic 

distance across conditions was observed when comparing -80°C samples to room temperature 

(RT) samples (Fig 3A, left panel), not when comparing -80°C samples to -80°C samples or RT 

to RT samples. Within -80°C comparisons and within RT comparisons were only marginally 

higher than within replicates, although the difference was still statistically significant (p=0.02 by 

Wilcoxon rank sum test). 

 

Organism-level statistical comparisons by ALDEx2 

 No differences in the abundance of specific organisms were observed between 

HerSwabs
TM

 and nylon swabs, as assessed by the Kruskal-Wallis p-value generated by ALDEx2 

(Fig. 3B, right panel). As expected, all p-values were significant (<0.05) when comparing CST, 
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while none were significant when comparing replicates (Fig. 3B, left panel). Although p-values 

were generally much lower than those for replicates when comparing across all conditions, 

across samples stored at -80°C, and across room temperature samples, none were statistically 

significant. However, a number of organisms were significantly different when comparing -80°C 

samples to room temperature samples (Fig. 3B, right panel). To visualize these differences in the 

context of differences observed between CST and replicates, ALDEx2 values for differences 

within and between comparators were plotted (Fig. 3C) and each assessed using four statistical 

tests (see Methods) corrected for multiple comparisons by the Benjamini-Hochberg test post hoc. 

Most differences in CST were statistically significant using all four tests (red circles), while none 

were significant when comparing replicates, across -80°C samples or across room temperature 

samples (small grey circles). A subset of organisms were significantly different by the GLM test 

alone or by the GLM and Welch’s t tests only (green circles) when comparing room temperature 

samples with previously frozen samples (Fig. 3C, bottom right and Supplementary Table 2). 

However, these organisms were not significantly different in all ALDEx2 comparisons of fresh 

vs. frozen samples (Supplementary Table 2), indicating that the effect of freezing on organism 

abundance is inconsistent. Eight of the 9/161 comparisons across room temperature and 

previously frozen samples where a significant difference was indicated by both GLM and 

Welch’s t test, were accounted for by Prevotella bivia, which was detected at lower levels in 

room temperature samples than frozen (Supplementary Table 2). The visually apparent 

differences in Gardnerella vaginalis C abundance in CST-IV and CST-V (Fig. 2) were not fully 

supported by ALDEx2 results, where differences were detected in only three comparisons 

between room temperature and previously frozen CST-IV samples and only by GLM. Overall, 

our results demonstrate that swab type and room temperature storage for 7 days do not 
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significantly influence cpn60 UT sequence profiles, and that observed differences due to frozen 

storage were modest compared to overall differences between CST. 

 

DISCUSSION 

Vaginal samples are routinely collected with different types of medical swabs used to 

prepare wet mounts and Gram stained smears for observation of clue cells and diagnosis of 

bacterial vaginosis, and increasingly for molecular diagnostics. Self-collected vaginal samples 

have been widely used for a wide range of both research and clinical applications (Arias, et al., 

2016, Lunny, et al., 2015, Shafer, et al., 2003), increasing participant comfort and convenience 

and allowing for more frequent or routine sampling without the need of physician examinations. 

In this study, we performed an evaluation of the HerSwab
TM

 device, consisting of a rubber-like 

head with soft-toothed bristles, housed in a graspable, moulded plastic sheath that is twistable at 

one end, unsheathing and re-sheathing the swab during sampling to minimize contamination with 

external surfaces. Notably, this design facilitates targeted cervical sampling for Pap smears and 

human papillomavirus screening, minimizing exposure to other vaginal surfaces. Once sheathed, 

the sample remains dried on the swab head during transport to the lab, providing a sample that is 

suitable for molecular analysis of component organisms.  

 Although HerSwabs
TM

 absorbed less specimen than nylon swabs, as reflected in lower 

DNA concentrations in swab extracts and lower bacterial concentrations determined by 

quantitative PCR of 16S rRNA copy number, enough cells were collected by the HerSwabs
TM

 to 

yield sufficient high-quality DNA for deep sequencing analysis in this study. Total 16S rRNA 

copy numbers for the synthetic samples overall were 10
5
-10

7
 per swab, which is within the wide 

range of 10
4
-10

9 
per swab that we have quantified in actual vaginal samples using the same 

method (Albert, et al., 2015). Although the total bacterial load of the synthetic samples was 
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similar to actual samples, they were less complex, containing only the 11 added species. Total 

community size or density may be an important parameter to evaluate, but this would require 

knowledge of the total sample weight or volume, which could be challenging with self-collected 

samples. In this study we were limited to reporting 16S rRNA copy numbers per swab. 

Knowledge of the actual sample mass or volume is likely to be challenging for self-collected 

samples, especially those like the HerSwab
TM

 that produce dried samples. 

 All analytical techniques confirmed that CST was the primary factor differentiating 

samples, indicating that swab type or storage conditions did not affect our ability to classify 

profiles into CST categories (Fig. 2). Given the wide variation in the number of reads generated 

for each sample, we have reported species abundance in terms of the proportion of the specific 

sequence against total sequencing reads. Expression of microbiome profiles as proportional data 

is common, but the appropriateness of this approach remains an active topic of discussion in the 

literature. Analysis tools such as ALDEx2 (Fernandes, et al., 2013), utilized in this study, have 

been specifically developed to overcome challenges associated with compositional data. 

Replicates within conditions were also remarkably similar. Some differences were detected in 

the abundance of individual organisms when frozen samples were compared to those stored at 

room temperature (Fig. 3C, bottom right and Supplementary Table 2). However, the differences 

were not consistently associated with conditions. For example, there was a significant difference 

in abundance of Prevotella bivia in HerSwab
TM

 stored at room temperature for one day and 

HerSwab
TM

 stored frozen (D1 vs. HS), but no difference between P. bivia abundance between 

D7 HerSwab
TM

 and HerSwab
TM

 stored frozen (D7 vs. HS). These results illustrate the 

idiosyncratic effects of storage, perhaps particularly on rare low abundance organisms. A 

previous study has shown that frozen storage affected flow cytometric counts of bacteria eluted 
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from vaginal swabs (Schellenberg et al., 2008), and preferential lysis of some cell types during 

freeze-thaw cycles may explain observed differences in proportional abundance of bacterial 

phylotypes in deep sequencing read data. However, results of studies of the effects of storage 

conditions on microbiome profile results are mixed and difficult to compare since some 

investigators focus only on overall community structure and abundant organisms, rather than 

individual species (Dominianni et al., 2014, Song et al., 2016). In general, variation introduced 

by different preservation and storage methods does not overwhelm larger differences between 

sample types (Bai et al., 2012, Lauber et al., 2010), individuals sampled (Dominianni, et al., 

2014), or in the case of this study, CST. We are unaware of any other studies evaluating room 

temperature storage of vaginal samples. Differences of borderline statistical significance we 

observed between samples stored frozen and at room temperature samples will require further 

elucidation.  

 Overall correlation between sequence read abundance and input amount of each bacterial 

species was strong (Fig. 2), confirming that read abundance is a good indicatory of relative 

abundance in the original sample. This has previously been shown in cpn60 based microbiome 

profiles of human vaginal (Chaban et al., 2014) and respiratory tract microbiomes (Chaban, et 

al., 2013), where organism abundance based on sequence read numbers was validated by direct 

species-specific qPCR of samples. We did observe some cases where sequence read abundance 

was lower than expected (Gardnerella A/B/C and P. bivia in CST V), which could be the result 

of PCR bias within that particular mixture of species. Failure to detect community members that 

were shown to be amplifiable using the universal PCR primers is not likely explained by 

differences in swab type, but rather by PCR bias or insufficient sequencing depth. Differences in 

the efficiency of PCR amplification of various targets using “universal” primers is an issue 
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regardless of the target, and is difficult to quantify since it is affected by the amounts and types 

of target sequences present in any sample (Hong et al., 2009). Biases also vary among targets and 

primer sets (Hill et al., 2010, Schellenberg, et al., 2009). Notably, although PCR bias may 

account for observed differences between actual community composition and proportional 

sequence read abundance, it would not affect the comparison of the sequence-based microbiome 

profiles to each other since samples were processed identically, ensuring that biases were 

uniformly imposed. Our results indicate that while not strictly quantitative, cpn60 universal PCR 

and deep sequencing creates a microbiome profile that reflects the relative abundance of species 

in the original microbial community. 

 As sequencing costs are reduced and procedures streamlined, routine diagnostic 

applications for high-throughput sequencing of vaginal microbial communities, long predicted 

(Brotman and Ravel, 2008), are increasingly feasible. A key benefit of cpn60 universal target 

(UT) sequencing is that it can reliably distinguish four different subgroups of Gardnerella 

vaginalis, likely different species, that cannot be reliably distinguished using 16S rRNA gene 

sequences (Schellenberg, et al., 2016). Only recently have studies begun to define the range of 

microbial communities commonly observed in healthy women and specific groups around the 

world, with preliminary information available about the demographic distribution of microbial 

communities, shifts over time, and correlations with immune parameters and other health 

outcomes (Brotman et al., 2014, Chaban, et al., 2014, Gautam et al., 2015, Ravel et al., 2013, 

Schellenberg et al., 2012, Schellenberg, et al., 2011). The potential to generate quantitative and 

statistically verifiable estimates for individual organisms in artificial mixed cultures is 

corroborated by several recent studies describing quantitative deep sequencing output for a 

variety of biological applications using the MiSeq platform (Greiff et al., 2014, Katsuoka et al., 
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2014, Masser et al., 2013, Zheng et al., 2015). Combined with user-friendly devices for self-

collection of samples, these technologies offer enormous potential for research and diagnostics 

for women’s health. 

In conclusion, we have demonstrated that HerSwabs
TM

 provide reproducible, molecular 

profiles that are consistent with those from nylon swab samples in our in vitro model, and that 

minor variations in profiles were associated with storage conditions but not swab type. 

HerSwabs
TM

 have been shown to be an appealing technology for women participating in 

research concerning screening of sexually transmitted diseases (Arias, et al., 2016), increasing 

the feasibility of frequent and/or longitudinal vaginal microbiome profiling for research, 

diagnostics and treatment monitoring (Ravel, et al., 2013, Santiago et al., 2012). Further studies 

with human participants will be required to confirm the effectiveness of HerSwab
TM

 self-

sampling in quantitative microbiome profiling. 
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FIGURE LEGENDS 

 

Fig. 1: A. Experimental overview. Artificial mixtures of vaginal bacteria representing three 

community state types (CST-I, CST-IV, CST-V) were sampled with one set of triplicate nylon 

swabs (NY = 3) and one set of triplicate HerSwabs
TM

 (HS = 3) and stored at -80°C, as well as 

three sets of triplicate HerSwabs
TM

 stored at room temperature for 1, 4 and 7 days (D1 = 3, D4 = 

3, D7 = 3). B. Nylon swabs absorbed significantly more sample than HerSwabs
TM

, as indicated 

by greater sample mass (left), high concentration DNA extracts (middle) and higher 16S rRNA 

gene copy number (right). P values show significant differences by Wilcoxon rank sum test. 

Note that for HerSwabs
TM

, N=34, due to two missing values.  

 

Fig. 2: A. Hierarchical clustering of all samples based on Jensen-Shannon distance. Heatmap 

shows proportion of total quality trimmed reads for each organism for all samples. The bars 

allow for visual aid of the classification of each sample. Heatmap shows the proportional 

abundance of the organism (row) in each sample (column) in a red color gradient. RT = Room 

temperature. Expected results based on input amounts of each organism in each CST are 

indicated to the left of the main heatmap. B. Correlation of percent adjusted volume (volume 

adjusted for optical density of culture, see Methods) and percent sequencing reads, with 

significance assessed using Pearson’s product-moment correlation in R. 

 

Fig. 3: A. Profile reproducibility across replicates as measured by phylogenetic distance using 

the weighted UniFrac metric. Range of values is 0 to 1, representing the range of all inter-sample 

comparisons (0 is most similar, 1 is least similar). Statistical comparisons by Wilcoxon rank sum 
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test in R. B. Organism-level differences between sample sets using ALDEx2, showing plots of 

Kruskal-Wallis p-values, with significance level indicated by dashed grey line. C. Scatterplots of 

ALDEx2 between- and within-difference values for individual organisms across CST, replicates 

and experimental conditions. Organisms with significant p-values by all four statistical tests (see 

Methods) are shown as large orange circles, those significant by 1-2 statistical tests as large blue 

circles, and those significant in no tests as small grey circles. Dashed lines circumscribe 

significant differences (abline = 1, -1). RT = Room temperature, NY = nylon swab, HS = 

HerSwab
TM

, D1/4/7 = HerSwabs
TM

 Day 1/4/7 (RT). 

 

SUPPORTING INFORMATION 

 

Supplementary Table 1. Number of sequence reads mapped by Bowtie2 on to each species 

comprising the synthetic vaginal microbiome communities. 

 

Supplementary Table 2. ALDEx2 results for comparison of abundance of each species across 

storage temperature. Corrected p values for GLM, Welch’s t test, Wilcoxon and Kruskal-Wallis 

are shown. Significant values are highlighted in red. 
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Table 1 : Proportion of vaginal micro-organisms in artificial mixtures imitating community state types  

  CST-I  CST-IV  CST-V 

Micro-organisms OD595 Vol. (l) % AV
*
 % TR

†
  Vol. (l) % AV

*
 % TR

†
  Vol. (l) % AV

*
 % TR

†
 

Lactobacillus crispatus (LC) 0.239 1701 94.3 87.4  292 26.9 16.1  11 0.8 2.0 

Lactobacillus iners (LI) 0.046 20 0.2 1.2  30 0.5 1.6  10 0.1 0.6 

Lactobacillus jensenii (LJ) 0.179 25 2.2 4.4  60 8.9 10.7  10 1.2 2.0 

Gardnerella vaginalis A (GA) 0.179 20 0.8 2.3  239 16.4 24.4  561 30.6 41.5 

Gardnerella vaginalis B (GB) 0.103 10 0.2 0.3  293 11.6 10.5  181 5.7 5.4 

Gardnerella vaginalis C (GC) 0.069 32 1.0 2.9  330 16.4 28.0  522 20.6 27.7 

Atopobium vaginae (AV) 0.069 21 0.3 0.1  180 4.7 2.0  360 7.5 4.6 

Peptoniphilus harei (PH) 0.103 2 <0.1 --  18 0.7 --  5 0.2 -- 

Streptococcus anginosus (SA) 0.147 10 0.3 <0.1  114 6.4 0.3  8 0.4 0.1 

Prevotella bivia (PB) 0.206 10 0.5 1.3  94 7.5 6.4  522 32.9 16.1 

Prevotella disiens (PD) 0.151 0.1 <0.1 --  0.1 <0.1 --  0.1 <0.1 -- 

*
Percent Adjusted Volume: The percent of each organism based on total volume adjusted per 0.1 OD595. 

†
Percent Total Reads: The 

percent of deep sequencing reads mapped to the cpn60 UT sequence for each organism. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Highlights 
 

 On-market vaginal self-sampling device provides sample for microbiome profiling 

 Device allows room-temperature storage of samples for at least 7 days 

 Minor variations in microbiome profiles due to storage conditions but not swab type 

 Microbiome profiles based on cpn60 amplicon sequencing are highly reproducible 

 Strong correlation between sequence read number and organism abundance 
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