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Abstract
Background: A healthy vaginal microbiome is dominated by Lactobacillus species that produce lactic
acid, lowering vaginal pH and limiting colonization by pathogens. Lactobacillus dominance (LD) is
established during puberty, but many women, especially those of Black race, lose LD during their
reproductive years. Glycogen is thought to be a key host nutrient that supports vaginal lactobacilli and
their fermentative lactic acid production, but mechanisms of glycogen utilization by Lactobacillus
species are incompletely understood. By partitioning glycogen and glycogen-derived maltodextrin, as well
as the activity of glycogen-degrading amylase and pullulanase enzymes (targeting glycogen α-1,4 and
α-1,6 linkages, respectively) in vivo, this work re�nes understanding of vaginal glycogen catabolism and
identi�es correlates of LD.

Results: Vaginal swab samples were collected from a cohort of young women with limited sexual
experience in Thika, Kenya (N=17, ages 16–21). Metagenomic pro�ling of the vaginal microbiome
revealed that most samples exhibited LD, particularly dominant Lactobacillus crispatus. Glycogen and
pullulanase activity, but not maltodextrin and amylase activity correlated with lactic acid levels. Amylase
activity showed a positive correlation with glycogen-derived maltodextrin, but no relationship with L.
crispatus dominance. In contrast, pullulanase activity was 3-fold higher in L. crispatus-dominated
samples. Metagenomics and targeted PCR revealed that 36% of L. crispatus-dominated metagenomes
from our African cohort lacked a functional L. crispatus pullulanase (pulA) gene, a 3-fold higher
frequency of gene loss than that seen in metagenomes from European and North American women. Our
�ndings suggest pulA gene loss or inactivation may correspond with reductions in pullulanase activity,
lactic acid, and L. crispatus abundance compared to samples dominated by pulA-competent L. crispatus.

Conclusions: Our results indicate that although amylase activity drives the accumulation of glycogen
catabolites in vaginal �uid, pullulanase appears to speci�cally contribute to maximal D-lactic acid
production by L. crispatus. However, this is only possible when a functional pulA gene is present, which
was not the case in a substantial proportion of young African women with dominant L. crispatus. Scaling
this analysis to a larger cohort will address whether genomic and enzymatic indicators of L. crispatus
pullulanase activity are predictive of sustained LD and vaginal health.

Background
The optimal vaginal microbiome of reproductive aged women is typically characterized by low species
diversity, low pH and dominance by lactic acid-producing Lactobacillus species (spp.), including
Lactobacillus crispatus, Lactobacillus jensenii, Lactobacillus gasseri and Lactobacillus iners [1-3]. Loss
of protective Lactobacillus spp. contributes to a dysbiotic shift in the vaginal microbiome that can lead to
bacterial vaginosis (BV), a clinical condition characterized by overgrowth of diverse anaerobic bacteria [4,
5]. Bacterial vaginosis is associated with increased risk of preterm birth [6-8], genital tract cancers [9-
11] and acquisition and transmission of sexually transmitted infections (STI), including human
immunode�ciency virus (HIV) [12, 13]. Previous studies have shown that the vaginal microbiome displays
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compositional variance by race and ethnicity [3, 14-18]. Up to 40% of African American women do not
exhibit Lactobacillus dominance, corresponding with a prevalence of BV that is 2–3x higher than that in
Caucasian women [3, 16, 17, 19]. In adult Black women with dominant Lactobacillus spp., the less
protective species L. iners is most prevalent (58–65%), with L. crispatus and L. jensenii following at 20%
and 13% prevalence, respectively [14, 18, 20, 21]. A high incidence of BV and low prevalence of L.
crispatus have also been documented in African women, increasing their risk of HIV acquisition [21-23].
Furthermore, loss of L. crispatus and increased BV susceptibility have been linked to sexual activity in
both girls and women [18, 24-27]. However, recent studies of adolescent girls from Tanzania and Kenya
revealed that samples captured around the time of sexual debut exhibit a higher frequency of L.
crispatus dominance [27-29]. This highlights a critical need to continue studying adolescent populations,
in which fewer environmental exposures (sex, vaginal hygiene practices, hormonal contraceptives)
confound relationships between nutritive biomolecules  and L. crispatus dominance of the vaginal niche. 

A key aspect of Lactobacillus dominance is the fermentative production of lactic acid by Lactobacillus
spp., which acidi�es the vaginal microenvironment and protects against genital tract colonization by
pathogens or BV-associated bacteria [2, 30-37]. While the L-lactic acid isomer is produced by human cells
and vaginal lactobacilli, the D-lactic acid isomer is only produced by L. jensenii, L. gasseri, L.
paragasseri and L. crispatus [38-40]. Since free glycogen in vaginal �uid correlates with
Lactobacillus dominance and low pH [41, 42], glycogen is proposed to be a key nutrient supporting
vaginal lactobacilli and their lactic acid production. Glycogen is a large, highly branched D-glucose
polymer that contains α-1,4 glycosidic bonds within linear chains and α-1,6 linkages at branch points [43].
Human α-amylase enzymes present in vaginal �uid can metabolize glycogen α-1,4 linkages to generate
breakdown products, including maltose, maltotriose and maltodextrin (longer unbranched D-glucose
polymers). Several Lactobacillus spp. have been shown to directly utilize these glycogen breakdown
products for growth [44, 45]. Recent work by van der Veer et al. con�rms that vaginal isolates of L.
crispatus can utilize glycogen as a sole carbon source [46], in contrast with prior work that concluded
Lactobacillus spp. do not directly utilize glycogen [44, 47-49]. Intriguingly, van der Veer et al. showed that
rapid growth of L. crispatus on glycogen correlated with the presence of a functional α-1,6 targeting type I
pullulanase (pulA) gene; L. crispatus isolates containing putative inactivating deletions in the pulA gene
were de�cient for growth on glycogen [46]. While pullulanase enzymes target the α-1,6 glycogen branched
linkages, endo-acting α-amylases and exo-acting α-glucosidases target the α-1,4 linkages [43]. Genes
encoding both α-1,6 and α-1,4 targeting enzymes have also been identi�ed in other Lactobacillus species,
including, L. iners, L. gasseri and L. jensenii  [50-52], as well as BV-associated bacteria [51, 53].
Furthermore, glycogen and maltodextrin degrading enzymesfrom Lactobacillus spp. and BV-associated
bacteria have been detected in human vaginal �uid proteomes [51]. However, the competitive/cooperative
utilization of glycogen and maltodextrin by Lactobacillus spp. and BV-associated bacteria is not
understood. 

            Although the temporal and correlative link between Lactobacillus dominance, glycogen and lactic
acid has been described in several studies [41, 42], our work shows that commonly-employed glycogen
quanti�cation kits non-speci�cally detect both glycogen and glycogen-derived glucose polymers,
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including maltose, maltotriose and maltodextrin in vaginal samples. Similarly, most enzyme activity kits
do not distinguish α-1,4 and α-1,6 targeting enzymes. In this study, we analyzed vaginal swab specimens
from a cohort of 17 adolescent girls and young women (AGYW) from Thika, Kenya. The aim of this pilot
analysis was to demonstrate that partitioning glycogen catabolites and enzyme activities can deepen our
understanding of glycogen utilization and provide clues as to how L. crispatus dominance may be
therapeutically sustained in the vaginal niche.

Methods
Kenyan cohort of adolescent girls and young women (AGYW)

Samples for this pilot cohort were collected from the Kenyan Girls Health Study (KGHS), a prospective
sexual health study of AGYW with limited sexual experience in Thika, Kenya (full study details are
provided in [54]). Girls who met the following criteria and provided written informed consent with their
guardian present were enrolled between 2014 and 2016: 1) age 16–21; 2) HIV and HSV-2 seronegative; 3)
willing to undergo genital examination; 4) ≤1 sexual partners (total) to date. All samples used in this
analysis were from the baseline clinical visit at which the participants underwent a genital exam and
provided vaginal swab specimens. Demographic and sexual history data was gathered using
questionnaires. Participant demographic and clinical metadata can be found in Table 1 and Table S1,
Additional File 2. Study approval was obtained from the Kenya Medical Research Institute Scienti�c
Ethics Review Unit, the University of Washington Institutional Review Board and the Conjoint Health
Research Ethics Board (CHREB) at the University of Calgary.

Biospecimen processing

After collection, samples were stored at -80°C and transported on dry ice from the study site to the
University of Washington, and then on to the University of Calgary. Saline (0.9% NaCl) was prepared with
UV irradiated H2O (HyClone; Cytiva Life Sciences, Marlborough, MA, USA) and �ltered with a 100 kDa
molecular weight cut-off (MWCO) Amicon Ultra-15 �lter unit (Millipore, Oakville, ON, CA). Vaginal swabs
were eluted in 1.5 mL sterile �ltered saline by thawing at room temperature for 5–10 minutes (min), then
vigorously vortexed for 1 min to release the remaining biomass; subsequent swab processing steps were
conducted at 4°C. Swab eluates were centrifuged at 18,407 × g for 10 min and resulting cell-free
supernatant and pellet samples stored at -80°C. Swabs were processed in batches of 9, including a sham
swab as a negative control (Puritan sterile foam tipped applicator swab; Guilford, Maine, USA).

Biomolecule analyses

Total protein

Total protein content in cell-free swab supernatants was measured using the PierceTM BCA protein assay
according to the manufacturer’s instructions (ThermoFisher Scienti�c, Burnaby, BC). Brie�y, 25 µL
aliquots of swab supernatants or bovine serum albumin (BSA) standards diluted in 0.9% saline were
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added to a 96 U-well plate (Greiner Bio-One, Monroe, NC, USA) in technical duplicate. Working reagent
(200 µL/well) was added prior to incubation at 37°C for 30 min. The plate was then cooled to room
temperature before the optical density at 562 nm (OD562) was measured in a BioTek Synergy H1 plate
reader (BioTek Instruments, Inc, Winooski, VT) after a 5 second orbital shake. To account for differences
in swab load/biomass that can result from sampling variability, all biomolecule measurements (lactic
acid, glycogen/maltodextrin and enzyme activities) were normalized to the total protein concentration of
each vaginal swab supernatant (Tables S2–S3, Additional File 2). 

Lactic acid 

D- and L-lactic acid were quanti�ed in cell-free swab supernatants using the sequential method of the
D-/L-Lactic Acid Rapid Assay Kit (Megazyme, Darmstadt, Germany). Adapted from the manufacturer’s
instructions for a 96 well plate format, 50 µL of D-/L-lactic acid standards and swab supernatants were
aliquoted into a 96 U-well plate (Greiner Bio-One) in technical duplicate. Samples and standards were
mixed with D-glutamate-pyruvate transaminase (2 µL/well), NAD+ (9 µL/well), buffer (45 µL/well) and
water (83 µL/well), and the background absorbance (OD340) was measured in a BioTek Synergy H1 plate
reader. D-lactic acid was quanti�ed by adding D-lactate dehydrogenase (5 µL) to each well and
measuring OD340after a 20 min incubation following a 5 second orbital shake. Next, 5 µL of L-lactate
dehydrogenase was added to each well of the same plate and the same steps were followed for
quanti�cation of L-lactic acid. Total lactic acid was considered the sum of D- and L-lactic acid.

Glycogen and maltodextrin

The speci�city of a �uorometric glycogen assay kit (BioVision, Milpitas, CA) was evaluated by testing 3.2
µg/mL solutions of glycogen (BioVision), maltodextrin (Sigma-Aldrich), maltotriose (Sigma-Aldrich, St.
Louis, MO) and maltose (ThermoFisher Scienti�c) (Figure S1, Additional File 1). These solutions, alone
and in combination, were then used to validate that size exclusion improves the kit’s speci�city for
glycogen. Carbohydrate solutions (50 µL) were diluted in 250 µL of HyPure H2O (Cytiva Life Sciences,
Marlborough, MA) and added to a 100 kDa MWCO Amicon Ultra-0.5 centrifugal �lter unit (Millipore
Sigma, Oakville, ON). Glycogen (concentrate) and maltodextrin/glucose (�ltrate) were separated by
centrifuging at 14,000 x g for 2.5 min at room temperature. After centrifugation, the volume of each
concentrate/�ltrate was adjusted to 300 µL with HyPure H2O. Filtrate and diluted concentrate (1:100)
were added to a black optical bottom 96 well plate (10 µL/well; Greiner Bio-One) in technical duplicate
and each fraction was processed separately in the presence or absence of hydrolysis enzymes according
to the manufacturer’s instructions. Fluorescence (excitation/emission at 535/587 nm) was measured
using a BioTek Synergy H1 plate reader. Background glucose (measured by not adding hydrolysis
enzymes to the concentrate and �ltrate) was subtracted from the corresponding hydrolyzed sample to
measure glycogen and maltodextrin, respectively. Vaginal swab supernatants were processed using the
same procedure.  

Glycogen degrading enzyme activity
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Enzyme activity in vaginal swab supernatants and cell pellets was quanti�ed using the α-Glucosidase
Activity Assay Kit (Abcam, Waltham, MA, USA), Enzchek Ultra Amylase Kit (Invitrogen, Carlsbad, CA, USA),
the α-amylase Ceralpha assay kit (Megazyme, Wicklow, Ireland) and the pullulanase PullG6 Kit
(Megazyme) per the manufacturers’ instructions. The speci�city of the Enzchek Ultra Amylase kit was
tested using control enzymes from the α-Glucosidase Activity Assay Kit (Abcam), an αmylase kit (Abcam)
and the pullulanase assay kit (Megazyme). The pullulanase (Megazyme) kit was adapted for a 96 well
plate. Brie�y, pullulanase control enzyme dilutions (Bacillus licheniformis pullulanase) were used to
generate a standard curve according to manufacturer instructions. These, along with swab supernatants
were incubated in 1.5 mL tubes for 10 min at 40°C. In parallel, the PullG6 substrate (50 µL/well) was
incubated in a 96 U-well plate (Greiner Bio-One) that was sealed to prevent evaporation. The enzyme
standards (50 µL/well) and swab supernatant samples (75 µL/well) were added to the PullG6 substrate
plate in duplicate wells and incubated for 30 min at 40°C. Stopping reagent (2% weight/volume Tris
buffer pH 9.0) was added to each well (100 µL/well) and OD400was measured in a BioTek Synergy H1
plate reader. Cell-associated enzyme activity was evaluated in swab pellets that had been resuspended in
50 µL of 0.9% NaCl; samples 2, 7, 13 and 17 did not have adequate sample remaining and were excluded.
Reported measurements account for the volume of swab eluate used to generate the pellet, allowing for
direct comparison to the activity in swab supernatants. 

Human α-amylase concentration

The concentration of host α-amylase in swab supernatants was measured using a pancreatic α-amylase
sandwich ELISA (Abcam, Toronto, ON, CA). The α-amylase standard (50 µL) and swab supernatants (75
µL) were added to the provided microplate in technical duplicate and the assay performed according to
manufacturer’s instructions. A BioTek Synergy H1 plate reader was used for colorimetric quanti�cation
(OD450) after a 5 second orbital shake.

DNA extraction and quantitative polymerase chain reaction (qPCR)

Genomic DNA was extracted from vaginal cell pellets using the DNeasy PowerSoil Pro QIAcube HT Kit on
a QIAcube HT instrument (Qiagen, Germantown, MD). Sham swabs were included to monitor for
contamination of swab prep and extraction materials. All extracts were assessed for the presence of PCR
inhibitors by spiking in and quantitatively amplifying a synthetic jelly�sh aequorin gene fragment [55].
Total bacterial load was assessed using broad range 16S rRNA gene qPCR with the following
primers/probes: 16SBR_337F, 5'-ACTCCTRCGGGAGGCAGCAG-3'; 16SBR_793R, 

5'-GGACTACCVGGGTATCTAATCCTGTT-3'; 16SBR_511R_FAM/TAM, 5'-/56-
FAM/CGTATKACCGCGGCTGCTGGCAC/36-TAMSp/-3' (procured as PrimeTime qPCR Probe assays with
2:1 primers:probe ratio, Integrated DNA Technologies, Coralville, IA). An Escherichia coli 16S rRNA gene
fragment was cloned using a TOPO™ TA Cloning Kit (ThermoFisher Scienti�c) and the resulting plasmid
used to generate the standard curve. Standard curve and extract reactions were set up in technical
duplicate using TaqMan™ Environmental Master Mix 2.0 (ThermoFisher Scienti�c) and run on a StepOne
Plus Real-Time PCR System (Applied Biosystems, ThermoFisher Scienti�c) with the following parameters
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cycled 40 times: 15 second denature at 95°C, 1 min anneal/extend at 60°C. 16S rRNA gene copies
detected in a given volume of DNA extraction were volumetrically converted to copies/mL swab eluate
and then to copies/swab.

Shotgun metagenomic sequencing 

Genomic DNA from vaginal cell pellets and the ZymoBIOMICS Microbial Community Standard (Zymo
Research, Irvine, CA) was cleaned and concentrated with either sparQ PureMag beads (QuantaBio,
Beverly, MA) or the Genomic DNA Clean & Concentrator-10 Kit (Zymo Research, Irvine, CA), according to
the manufacturer’s instructions. Shotgun libraries were prepared from 50 ng genomic DNA using the
QIAseq FX DNA Library Kit (Qiagen, Germantown, MD), according to manufacturer’s instructions, with
fragmentation times of 10–15 min, 6–8 cycles of PCR ampli�cation and sample-speci�c linkage to
combinatorial dual indices. SparQ beads were used for all bead clean-up steps and to �ne-tune library
size distribution with peak fragment sizes of 300–500 base pairs (bp). Libraries were pooled at 3 nM and
sequenced on a HiSeq X instrument (Illumina, San Diego, CA) to generate 150 bp paired-end reads
(Psomagen, Rockville, MD).

Metagenomic data processing and taxonomy classi�cation

Raw Illumina reads were subjected to adapter trimming, quality �ltering and human sequence
decontamination using a custom, publicly-available snakemake pipeline
(metqc: https://github.com/SycuroLab/metqc). In brief, adapters were removed using Cutadapt version
1.16 [56] and 3’/5’ end trimming and quality �ltering were performed with PRINSEQ version 0.20.4 [57].
Clean reads were �ltered to remove human DNA contamination using Best Match Tagger (bmtagger)
version 3.101 with version 19 of the human reference genome [58]. Microbial taxonomic pro�ling was
performed with the clean non-human reads using MetaPhlAn version 3.0.1 [59]. Bacterial species
exhibiting a relative abundance ≥0.1% and prevalence ≥10% were retained in the relative abundance
plot created using the ggplot2version 3.3.3 library package [60] in R version 4.0.5 [61]. Hierarchical
clustering was applied to a Bray-Curtis dissimilarity matrix calculated on MetaPhlAn3 read count data
using the vegdist(bray) distance function, with speci�cation of the UPGMA method using the
hclust(average) R function, in vegan version 2.5-7 [62]. Participant metadata was incorporated into the
relative abundance plot in R using pheatmapversion 1.0.12 [63] with colour palettes generated using the
RColorBrewerversion 1.1-2 [64]. Mathematical analyses of bacterial abundance were performed on a read
count table that had been adjusted for barcode hopping as follows. First the relative abundance of highly
abundant/prevalent taxa unexpectedly found in the Zymo control sample due to low level barcode
hopping was calculated (L. crispatus and L. iners, each representing <0.005% of the control sample
relative abundance). A number of reads representing the equivalent relative abundance was then
subtracted from each sample containing those two taxa; this approach scales the adjustment to the total
number of reads in each sample. The net effect is that the total read count for each of these species is
slightly reduced, bringing some samples that had very low read counts for these two species to 0
(undetected). Unadjusted and adjusted count tables are provided in Tables S4–S5, Additional File 2.

https://github.com/SycuroLab/metqc
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Metagenome-assembled genome binning

Metagenome-assembled genome (MAG) binning was accomplished using the metaWRAP pipeline
version 1.3 [65]. Metagenomic assemblies were generated for each sample with SPAdes version
3.13.0 [66] and evaluated for quality using QUAST version 5.0.2 [67]. Metagenome binning and
re�nement was performed using MetaBAT2 version 2.12 [68], MaxBin2 version
2.2.7 [69] and CONCOCT version 1.0.0 [70] software. MAGs were retained if CheckM version
1.1.3 [71] quality assessment reported ≥50% completeness and ≤10% contamination. MAGs were
annotated using prokka version 1.13 [72] and classi�ed to the species level using the genome taxonomy
database toolkit (GTDB-tk) version 1.5.0 [73].

Presence and sequence heterogeneity of L. crispatus pulA

To assess the presence and allelic content of L. crispatus type I pullulanase (pulA) genes from women
around the globe, whole genome assemblies from urogenital L. crispatus isolates were selected from the
NCBI un�ltered prokaryotes list (downloaded August, 2021) by parsing the GenBank metadata for “Homo
sapiens” and manually investigating the isolation source and referenced publications. A total of 86
L. crispatus urogenital tract isolate genomes were identi�ed and veri�ed by CheckM to be ≥90% complete
and ≤10% contaminated. We also downloaded 17 publicly available L. crispatus MAGs binned by Pasolli
et al. from human vaginal metagenomes [74-76] and annotated them as described above for KGHS
MAGs; only MAGs meeting our minimum quality thresholds of ≥50% completeness and ≤10%
contamination were considered. Type I pullulanase genes were assessed in each isolate genome and
MAG using the BLASTn program of BLAST+ version 2.9.0 [77, 78]. The full-length and functionally
characterized pulA from L. crispatus isolate genome RL03 (NCBI accession NZ_NKLQ01000285) [46] was
used as the query, and the resulting hits were �ltered to include those with ≥95% sequence identity.
pulA genes with <100% sequence identity or <100% query coverage were subject to further analysis using
SnapGene® version 5.3.0 (GSL Biotech LLC, San Diego, CA) and InterProScan (EMBL-EBI,
Cambridgeshire, UK) to evaluate potential functional consequences of any observed insertions or
deletions (i.e. frameshift mutations or domain/signal peptide loss) or single nucleotide polymorphisms
(SNPs, i.e. those that result in nonsense mutations). We assessed L. crispatus genome coverage and that
of the pulA locus in each L. crispatus-containing KGHS metagenome by mapping clean non-human reads
from each sample to the L. crispatus FDAARGOS_743 reference genome (NCBI accession
GCF_009730275.1) [79] using bowtie2 version 2.3.5 [80] with default parameters. Depth of coverage was
calculated using samtools version 1.11 [81] and the pulA coding sequence region speci�ed as positions
1986082–1989861 on the closed chromosome of the L. crispatus FDAARGOS_743 reference genome
(NCBI accession NZ_CP046311.1). Coverage plots were generated in R using ggplot2 version
3.3.3 [60]. Finally, a targeted PCR assay was used to con�rm L. crispatus pulA gene presence in the KGHS
samples. Using 20 ng of DNA extracted from the vaginal cell pellets, a near full-length pulA gene
fragment was ampli�ed with Phusion Hot Start Flex 2X Master Mix (New England Biolabs, Ipswich, MA,
USA) using the following primers: PulA-74F, 5’-GTACTTCAGCTATTATGAGTCTTTGG-3’ and PulA-3651R,
5’- GCGCTTTCCATTCTTCTTAACT-3’. Based on the RL03 L. crispatus pulA sequence, this assay generates
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a 3578 bp product. Select products were sequenced using the Sanger method by the Centre for Health
Genomics and Informatics (CHGI) at the University of Calgary and analyzed in SnapGene®. To
interrogate the location, type and predicted functional consequences of pulA mutations, an alignment of
each pulA sequence containing a mutation, along with the RL03 reference sequence, was created in
SnapGene® using MUSCLE 3.8.1551 with default parameters. 

Phylogenetic analyses

To assess phylogenetic relationships amongst L. crispatus genomes and MAGs, cpn60 phylogenetic
marker gene sequences were extracted from Prokka [82] genome annotation �les using the gene product
identi�er “60 kDa chaperonin” and coordinates. Multiple sequence alignment of 115 full-length L.
crispatus cpn60 sequences and a Lactobacillus acidophilus cpn60 sequence included as the outgroup
(strain La-14, NCBI accession GCF_000389675.2:NC_021181.2) was performed using MUSCLE [83] with
default parameters. A maximum likelihood (ML) tree was constructed in RAXmL using the GTRCAT
model for nucleotide sequence alignments [84, 85]. Branches with less than 50% reproducibility over 1000
bootstrap iterations were collapsed [86]. 

Statistical analyses 

To account for differences in swab load, all biomolecule measurements were normalized to the total
protein content of each swab supernatant or cell pellet (ng). Measurements that fell below the assay limit
of detection were replaced with a value equal to half the lower limit of the standard curve. Differences in
biomolecule abundance or activity across sample groups were assessed with a Student’s t-test or a
Mann-Whitney U-test. Relationships between biomolecules were assessed with a generalized linear
regression model and Spearman’s correlation. Statistics were performed in GraphPad Prism (GraphPad,
San Diego, CA) or Stata 15 (StataCorp, College Station, TX) and graphs were prepared in GraphPad Prism
or R Studio [61]. GraphPad was used to assess data variance (F-test) and normality (Shapiro-Wilk test),
and statistical signi�cance was evaluated with an alpha value ≤0.05 and the following signi�cance
levels:  *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 

Results
Behavioral, clinical and socio-demographic characteristics of a pilot cohort of Kenyan adolescent girls
and young women (AGYW)

Seventeen consenting AGYW who attended the baseline visit of a prospective sexual health study in
Thika, Kenya [54], but did not subsequently return to the clinic, were selected for our pilot study exploring
new methods of detecting glycogen and related enzyme activities in vaginal swab samples. Clinical data
from their baseline assessment, along with behavioral and socio-demographic characteristics reported
via questionnaire are summarized in Table 1 (see also Table S1, Additional File 2). The median age of
participants in the pilot cohort was 19 years (IQR 18–20) and the median years of schooling was 12 (IQR
11–12). Compared to the full cohort of 400 participants [54], fewer participants in the pilot cohort resided
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in homes with running water (29% pilot vs. 48% full), electricity (35% pilot vs. 69% full) and concrete
�oors (59% pilot vs. 73% full). Frequency of reported sexual debut (20–24%), median age of sexual debut
(19 years) and median number of sexual encounters in the last three months (1) were similar in the pilot
and full study cohorts. All 17 pilot participants (100%) were BV-negative at baseline and 1 participant
(6%) tested positive for an STI (trichomoniasis).

Vaginal microbiome composition in Kenyan AGYW

Taxonomic pro�les of the vaginal microbiome in pilot study participants were generated using shotgun
metagenomic sequencing. Considering a de�nition of dominant species as those comprising 
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Table 1. Characteristics of adolescent girls and young women (AGYW) enrolled in the prospective
Kenyan Girls Health Study in Thika, Kenya

Baseline Characteristic Pilot Cohorta

 (N = 17)
Full Cohort

 (N = 400)

Age at enrollment 19 (18–20) 19 (18–19)

Years of school completed 12 (11–12) 12 (10–12)

Socioeconomic factors

         Running water 5 (29.4) 191 (47.8)

         Electricity 6 (35.3) 277 (69.3)

         Concrete �oor 10 (58.8) 290 (72.5)

Sexually activeb 4 (23.5) 78 (19.5)

Age at �rst sex 18 (16–18) 18 (18–19)

Number of times sex in last 3
months

1 (0–1) 1 (0–2)

  Pilot Cohort

BV/STI Tested          (N =
17)

Full Cohort 

BV/STI Testedc                 (N =
375/373)

BV negative; Nugent score 0–6d,e 17 (100) 354 (94.4)

STIf 1 (5.9)g 49 (13.1)

Data expressed as median (IQR) or N (%)

a A subset of the full cohort that did not return after the baseline visit.

b All sexual history data were self-reported. 

c 375 participants in the full study were tested for bacterial vaginosis at baseline; 373 were tested for
chlamydia, gonorrhea and trichomonas at baseline. Reasons for not testing include menstruation and
other factors that prevented vaginal swab collection.

d Bacterial vaginosis (BV) was diagnosed at Kenyatta National Hospital using Nugent scoring; scores
≥7 were considered positive for BV and those <7 negative for BV.

e Nugent scores were previously published for the full cohort [54]. Vaginal microbiome data is, to date,
only available for this pilot subset. 

f Sexually transmitted infections (STI) is a combined variable including chlamydia, gonorrhea and
trichomoniasis. All participants were HSV and HIV seronegative at baseline.

g Trichomoniasis was the only STI present in the pilot cohort at baseline.
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≥50% relative abundance [87, 88], each sample was dominated by one or two species. Lactobacillus
species dominated the vaginal niche in 14 samples (82%), with dominant L. crispatus observed in 11
samples (65%; Figure 1, Tables S4–S5, Additional File 2). Two samples (12%) had L. iners-dominated
vaginal microbiotas and one sample (6%) had a L. johnsonii-dominated microbiota. Gardnerella species
were dominant in two samples (12%), while Bi�dobacterium breve was dominant in one sample (6%).
Sexual debut was reported in 4 participants (24%), all of which exhibited a Lactobacillus-dominated
microbiome (L. crispatus N=3; L. iners N=1). Although all pilot participants presented with low Nugent
scores (0–4; BV-negative), the highest Nugent score was observed in a Gardnerella-dominated sample.
One participant had yeast (Candida) detected in their metagenome; this participant and another
experiencing trichomoniasis both had L. crispatus-dominated microbiomes. Days since last menstrual
period and age showed no clear relationship with the composition of the vaginal microbiome and were
not signi�cantly different between samples dominated by L. crispatus versus other taxa (days since last
menstrual period: Mann-Whitney U-test ns p=0.713, age: Student’s t-test ns p=0.394). 

Differential detection of glycogen and glycogen-derived maltodextrin highlights unique relationships with
lactic acid

Previous studies have shown levels of cell-free glycogen in vaginal �uid are positively correlated with
Lactobacillus spp. load and inversely correlated with pH [41, 88]. This is somewhat counterintuitive,
however, since higher loads of glycogen-degrading L. crispatus would presumably deplete glycogen as
glycogen catabolites (i.e. maltodextrin, maltotriose, maltose) accumulate. We examined whether this
incongruity could be explained by nonspeci�c measurement of glycogen in complex human vaginal
samples. Fluorometric methods of glycogen quanti�cation [41, 42, 51, 88-90] apply glucoamylase
enzymes to hydrolyze glycogen to glucose, which is then �uorometrically measured. We con�rmed that
these �uorometric methods also hydrolyze and detect glycogen catabolites, including maltodextrin,
maltotriose and maltose (Figure S1, Additional File 1). Thus, to speci�cally measure glycogen in human
vaginal samples, we applied a size exclusion approach that takes advantage of glycogen’s large size,
estimated at 107 kDa, and unique highly branched structure [43]. From a mixture of carbohydrates,
glycogen and maltodextrin were differentially detected by the �uorometric method in centrifugally
separated high molecular weight (>100 kDa) and low molecular weight (<100 kDa) fractions, respectively
(Figure S1, Additional File 1). Glucose was also distinguishable from maltodextrin/maltose in the low
molecular weight fraction when hydrolysis enzymes were not added. We applied this method to vaginal
swab supernatants, correcting the resulting carbohydrate measurements for differences in swab load by
normalizing to the total protein content of each supernatant, which we found correlated with other
indicators of vaginal swab load/biomass, namely total bacterial abundance (broad-range 16S rRNA gene
qPCR applied to DNA extracted from swab cell pellets; ρ=0.628 **p=0.0083; Figure S2A–C, Additional File
1) and the menstrual cycle (days since last menstrual period, a correlate of epithelial exfoliation rate;
ρ=-0.752 *p=0.0011; Figure S2D–E, Additional File 1). Our results showed that the majority of glucose
released through the hydrolysis of D-glucose polymers in vaginal swab supernatants was in fact derived
from glycogen. Glucose derived from glycogen was 3-fold more abundant, on average, than that derived
from maltose, maltotriose and longer α-1,4 glucose polymers, which we collectively refer to as
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maltodextrin (Wilcoxon signed-rank test p=0.007; Figure 2A). However, in four samples (Samples 1, 3, 9,
13; 23.5%), maltodextrin comprised a majority or all of the D-glucose polymers we detected. No
signi�cant difference was observed in the abundance of glycogen or maltodextrin in L. crispatus-
dominated samples compared to samples dominated by other taxa (glycogen ns p=0.961, maltodextrin
ns p=0.256; Figure 2B–C). Next, we evaluated whether glycogen and maltodextrin correlated with
fermentative metabolic products: D-, L- or total lactic acid. D-lactic acid levels were signi�cantly higher in
samples dominated by L. crispatus (*p=0.0202; Figure S3A–B, Additional File 1), while total lactic acid
and L-lactic acid levels were similar between L. crispatus-dominated and non L. crispatus-dominated
samples (L-lactic acid ns p>0.999, total lactic acid ns p=0.301; Figure S3A,C–D, Additional File 1).
Glycogen showed a positive correlation with all forms of lactic acid, though only relationships with L-
lactic acid (ρ=0.591 *p=0.014; Figure 2E) and total lactic acid (ρ=0.598 *p=0.013; Figure 2F) achieved
statistical signi�cance. In contrast, maltodextrin exhibited non-signi�cant negative relationships with
each lactic acid isomer (Figure 2G–I).   

Amylopullulanase and amylase activity correlate with glycogen-derived maltodextrin

Bacteria catabolize glycogen via the concerted activity of individual or multifunctional enzymes cleaving
linear α-1,4 and branched α-1,6 glycosidic linkages. Human and microbial α-amylases and α-glucosidases
cleave α-1,4 linkages, while microbial pullulanase enzymes speci�cally target α-1,6 linkages [44, 91, 92].
Bacteria can also produce amylopullulanases, multi-functional enzymes capable of cleaving both α-1,4
and α-1,6 glycosidic linkages [93]. We con�rmed that a commercially available �uorescent starch
degradation assay detects the activities of both pullulanase and amylase enzymes; this assay may
therefore be considered a measure of the total ‘amylopullulanase’ glycogen degrading capacity (Figure
S4, Additional File 1). When applied to Kenyan AGYW swab samples, this assay detected
amylopullulanase activity primarily in swab supernatants, with no signi�cant difference in activity
between L. crispatus-dominated and non L. crispatus-dominated samples (ns p=0.256; Figure 3A,D,
Tables S2–S3, Additional File 2). Similarly, α-amylase activity was exclusively detected in swab
supernatants and showed no relationship with L. crispatus dominance (ns p=0.733; Figure 3B,D, Tables
S2–S3, Additional File 2). Intriguingly, amylopullulanase and α-amylase activities did not exhibit any
relationship with glycogen (amylopullulanase: ρ=0.0882 ns p=0.734; Figure 3G, α-amylase: ρ=-0.0515 ns
p=0.846; Figure 3H), but were strongly correlated with maltodextrin levels (amylopullulanase: ρ=0.829
****p<0.0001; Figure 3J, α-amylase: ρ=0.664 **p=0.0046; Figure 3K). 

Human α-amylase enzyme concentration was positively correlated with amylopullulanase activity
(ρ=0.831 ****p<0.0001; Figure S5A, Additional File 1), and trended toward correlation with α-amylase
activity (ρ=0.458 ns p=0.0661; Figure S5B, Additional File 1). Relationships of α-amylase enzyme with
glycogen and maltodextrin mirrored those seen with the amylase activity assays (glycogen: ρ=0.047 ns
p=0.861; Figure 3I, maltodextrin: ρ=0.615 *p=0.01; Figure 3L), and no difference in α-amylase levels was
detected across L. crispatus-dominated and non L. crispatus-dominated samples (ns p=0.462; Figure 3F).
Since the additive amylopullulanase assay did not detect α-glucosidases (Figure S4, Additional File 1), an
additional assay was performed to quantify α-glucosidase activity in vaginal swab supernatants and cell
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pellets (Figure S6A, Additional File 1; Tables S2–S3, Additional File 2). This activity exhibited no linkage
to L. crispatus dominance or glycogen (ns p=0.884; Figure S6B–C, Additional File 1), but showed a trend
of positive, but non-statistically signi�cant correlation with maltodextrin levels (ρ=0.439 ns p=0.08; Figure
S6D, Additional File 1). A positive correlation was also observed between human α-amylase concentration
and α-glucosidase activity in swab supernatants (ρ=0.598 *p=0.0128; Figure S5C, Additional File 1).

Pullulanase enzyme activity is elevated in L. crispatus-dominated samples and correlates with D-lactic
acid in a pulA-dependent manner

Bacterial pullulanase activity, which cleaves branched glycogen α-1,6 linkages, was evident in most
vaginal swab supernatants collected from Kenyan AGYW (Figure 4A), but was not detectable in any of
the vaginal swab cell pellet samples tested (Table S3, Additional File 2). Notably, pullulanase activity was
4-fold higher in L. crispatus-dominated samples compared to samples dominated by other taxa
(*p=0.0273; Figure 4A–4C). In contrast to the other enzymes tested, pullulanase activity did not have a
signi�cant relationship with either glycogen or maltodextrin (glycogen: ρ=0.245 ns p=0.342, maltodextrin:
ρ=-0.07 ns p=0.773; Figure S7, Additional File 1). Presence of the L. crispatus type I  search against each
metagenome, and con�rmed through metagenomic read coverage analysis and a pulA gene-targeted PCR
assay. These inquiries revealed that L. crispatus pulA was absent in 8/17 samples (47%), including 3/11
L. crispatus-dominated samples (27%; Figure 4B, Figures S8–S9, Additional File 1, Tables S6–S9,
Additional File 2). Each L. crispatus pulA gene detected in Kenyan AGYW metagenomes was free of
insertions/deletions or nonsense mutations, with the exception of that identi�ed in L. crispatus-
dominated sample 14, which was found to possess a single nucleotide polymorphism (G514T) that
introduces a premature stop codon at amino acid 172 (Table 2, Figure 5A, Figure S9B, Additional File 1).
The fact that this mutation is predicted to severely truncate the normally 1259 amino acid PulA protein
corresponds with sample 14 possessing less than half of the pullulanase activity detected in L. crispatus-
dominated samples with an intact pulA gene (Figure 4A–4B). Altogether, pullulanase activity was 66%
lower in L. crispatus-dominated samples with an absent or inactivated pulA gene (4/11 samples, 36%)
compared to L. crispatus-dominated samples predicted to encode a functional gene (**p=0.0061; Figure
4D). Median L. crispatus abundance (read count) was also approximately �ve-fold lower in L. crispatus-
dominated samples when pulA was absent (active vs. absent/inactive pulA: ns p=0.131, present vs.
absent pulA: *p=0.0121;  Figure 4E). Glycogen and maltodextrin levels in L. crispatus-dominated
samples were not impacted by the presence of a functional pulA gene (Figure S10, Additional File 1), but
there were downward trends in median D-lactic acid (36% ns p=0.257) and total lactic acid (39% ns
p=0.450) levels in L. crispatus-dominated samples lacking a functional pulA gene (Figure 4F–H).
Complementing these observations, pullulanase activity exhibited a signi�cant positive relationship with
D-lactic acid and total lactic acid, but not L-lactic acid (D-lactic acid: ρ=0.630 **p=0.008, total lactic acid:
ρ=0.532 *p=0.030; Figure 4I–K). This relationship with lactic acid appears to be speci�c to pullulanase
activity, as amylopullulanase activity, α-amylase activity, human α-amylase enzyme concentration and α-
glucosidase activity were not correlated with D-, L- or total lactic acid (Figure S11, Additional File 1).
Further demonstrating the distinct contribution of pullulanases, their activity was not signi�cantly
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correlated with amylopullulanase or α-amylase activity, although these activities were signi�cantly
correlated to each other (Figure S12). 

Given the surprising observation that L. crispatus pulA genes were commonly absent or inactivated in our
Kenyan samples (4/12 metagenomes producing L. crispatus MAGs, 33%; Table 2), we sought to examine
the frequency of pulA gene loss and mutation across a broader range of human samples (“in vivo”) and
L. crispatus isolate genomes (“ex vivo”). Using the same BLASTn approach, 

we found that pulA was absent or mutated in 2/17 metagenomes from European and North American
women that produced L. crispatus MAGs (12%) [75] and 28/86 publicly available L. crispatus genomes
from cultured genitourinary isolates (33%; Table 2, Tables S10–S12, Additional File 2). We identi�ed a
variety of pulA mutations, most of which occurred in the �rst third of the coding sequence (Figure 5A;

Table 2. Detection and mutation frequency of Lactobacillus crispatus type I pullulanase (pulA) genes in
isolate genomes and vaginal metagenomes
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  In vivoa Ex vivob  

KGHS
Pilot
N=12c

 n (%)

Pasolli et
al. [75]
N=17 

 n (%)

Total
 N=29
  n (%)

NCBI 

Genomes

N=86
  n (%)

Total in vivo    and ex
vivo

N=115 
 n (%)

Present/Full-length
Gene

8 (66.7) 15 (88.2) 23
(79.3)

58 (67.4) 81 (70.4)

     Absent/Mutant
Gene

4 (33.3) 2 (11.8) 6
(20.7)

28 (32.6) 34 (29.6)

                 Absentd 3 (25.0) 0 (0) 3
(10.3)

14 (16.3) 17 (14.8)

N-terminal Deletione 0 (0) 0 (0) 0 (0) 7 (9.3) 7 (6.1)

Internal
Insertion/Deletionf

0 (0) 1 (5.9) 1 (3.4) 7 (9.3) 8 (7.0)

Nonsense Mutationg 1 (8.3) 1 (5.9) 2 (6.9) 0 (0) 2 (1.7)

a Vaginal metagenomes that produced L. crispatus metagenome assembled genomes (MAGs)

b Cultured L. crispatus isolate genomes obtained from NCBI

c pulA gene presence/absence was con�rmed by gene-targeted PCR using DNA extracted from vaginal
swab pellets

d Missing genes were de�ned as having no BLASTn hit returned using the L. crispatus RL03 pulA
query sequence

e Genes were considered to have N-terminal deletions if the signal peptide was truncated or missing
(N-terminal deletion), potentially disrupting protein secretion

f Internal insertions could be in frame or result in a frameshift mutation.

g Single nucleotide polymorphisms (SNPs) resulting in a premature stop codon are reported as
nonsense mutations. Other SNPs resulting in amino acid substitutions are not reported.

Table S13, Additional File 2). One of the most common types of mutations were short N-terminal
deletions previously reported by van der Veer et al. [46]; these all occurred before a putative alternate start
codon (M30; Figure 5B). One or more internal deletions before the type I pullulanase enzymatic domain
constituted another common mutation type, with three of these resulting in frameshift mutations that
introduced premature stop codons. Nucleotide insertions and single nucleotide polymorphisms (SNPs)
contributing premature stop codons were less frequent, with the latter only observed in vivo (Figure 5A–B;
Table S13, Additional File 2). 
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Loss of the pulA gene was common in L. crispatus strains colonizing Kenyan AGYW (3/12 metagenomes
producing L. crispatus MAGs, 25%), but was not observed in any metagenomes assembled from
European or North American women (0/17 metagenomes producing L. crispatus MAGs; Table 2; Table
S13, Additional File 2). This led us to ask whether pulA gene loss was linked to L. crispatus strain lineage
or geography. Overlaying pulA gene presence/absence and mutation type on a cpn60 gene-based
phylogeny of all 115 L. crispatus strains (in vivo and ex vivo) revealed that

pulA gene loss and mutation were not restricted to a particular lineage (Figure 5C). However, some

lineages were enriched for pulA gene loss or premature stop codons and only one deeply branched
lineage contained no strains with pulA gene loss or mutation. Although limited by a small number of
strains from most regions, geographical inquiry revealed that pulA gene loss was also relatively common
in strains from South Asia (5/9 strains, 56%), but more rare in strains from Europe (3/46 strains, 7%) and
North America (6/42 strains, 14%). 

Discussion
This pilot study is the �rst of its kind to link vaginal microbiome features with biomarkers of glycogen
utilization and vaginal health in young African women around the time of sexual debut. It was common
for the adolescent girls and young women (AGYW) in this small subset of our larger Kenyan cohort to
have a vaginal microbiome dominated by L. crispatus. As such, the prevalence of L. crispatus
colonization in this suburban pilot study (76%) was very similar to that in a cohort of 386

17–18 year-old school girls in urban Tanzania (69%), 42% of which reported sexual debut [28]. In
contrast, a cohort from a rural area of Kenya, where socioeconomic indicators like electricity and running
water were more rare, exhibited a lower rate of L. crispatus dominance, which coincided with a prevalence
of BV that was double that in our baseline study population [29]. These well-powered cohorts recruited in
Tanzania and rural Kenya both showed a negative impact of sexual debut on L. crispatus bacterial load,
including L. crispatus dominance [29]. Reporting very limited sexual experience, the small number of
sexually active participants in our pilot cohort each had a vaginal microbiome dominated by
Lactobacillus species. Participants lacking LD, with vaginal microbiotas dominated by G. vaginalis or B.
breve, reported no prior sex. Vaginal colonization by BV-associated bacteria has also been seen in AGYW
who reported no penile-vaginal sex in other studies [27, 100], and is largely attributed to the well-
documented underreporting of sexual activity by AGYW [101]. Ultimately, pro�ling the vaginal microbiome
of our full longitudinal cohort (N = 400) [54] will be necessary to understand how sexual debut and
increased sexual encounters impact Lactobacillus dominance and the susceptibility of Kenyan AGYW to
BV.

The high prevalence of L. crispatus in this pilot cohort provided a unique opportunity to examine
biomolecules associated this keystone species and improve understanding of its ecological stability.
Several previous studies observed a positive correlation between ‘cell-free’ glycogen and the abundance
of Lactobacillus spp. in vaginal �uid, showing varying ability to achieve statistical signi�cance with L.
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crispatus [41, 88], L. jensenii [41, 42, 88] and L. iners [42]. Since observational studies have suggested
that estrogen-dependent glycogen deposition precedes the colonization of pubescent vaginal tissue by
lactobacilli [94, 95], one common interpretation of the glycogen-Lactobacillus correlation is that glycogen
in some way drives, or must be maintained above a critical threshold for LD to occur [41, 42, 44]. Our
study, using methods that distinguish glycogen from maltodextrin, found no relationship between either
biomolecule and L. crispatus dominance, although there appeared to be a trend for maltodextrin levels to
be lower in samples with L. crispatus dominance. With the limitation of our small sample size, these
�ndings require con�rmation in future work.

Our study further revealed that glycogen and maltodextrin exhibit distinct relationships with lactic acid,
the former positively correlated and the latter inversely correlated. This linkage of higher glycogen levels
with high lactic acid (low pH) supports a hypothesis put forward by Spear et al. and Nunn et al. [88, 96],
which posits that the positive correlation between vaginal glycogen levels and Lactobacillus abundance
is driven by the glycogen degradation activities of bacteria other than lactobacilli when the pH is high.
According to this model (Fig. 6), dominant L. crispatus (and perhaps other lactobacilli) directly access
glycogen, but do not deplete it. Theoretically, L. crispatus could sel�shly utilize glycogen by directly
importing the maltodextrin products of its cell surface pullulanase and releasing few ‘free’ maltodextrin
catabolites into the milieu. In contrast, when environmental disruption allows the pH to become more
permissive (≥ 5.5), G. vaginalis, and perhaps other pullulanase-expressing BV-associated bacteria such
as P. bivia and M. mulieris, e�ciently

deplete glycogen and release abundant maltodextrins [51, 53, 88, 97]. This supplies the broader

community with a more accessible carbohydrate nutrient pool and forces L. crispatus into a more

competitive mode of acquiring the fermentative substrates it needs to produce lactic acid and regain the
upper hand.

In line with the above-described model, our data suggest that one of the keys to the ecological success of
L. crispatus is its pullulanase activity. Upon performing the �rst quantitative segregation of distinct
glycogen-degrading enzyme activities in human samples, we uncovered surprising evidence that
pullulanase activity correlates with higher lactic acid production, while amylase activity/concentration
and α-glucosidase activity do not. With the commonly-employed �uorometric starch degradation assay,
which we describe as detecting amylopullulanase activity (encompassing both pullulanase and amylase
activities), the unique relationship between pullulanase activity and lactic acid production was masked.
Recent in vitro cultivation studies have shown that full length type I pullulanase (pulA) alleles with an
intact signal peptide sequence are necessary for L. crispatus to exhibit robust growth when glycogen is
supplied as a sole carbon source [46]; however, pulA was not needed for L. crispatus growth on glucose
and the species has been documented growing on maltose and maltodextrin substrates in vitro [98].
Thus, although L. crispatus pullulanases may be found at low concentration or exhibit lower activity than
amylases in vivo, they appear to contribute to the production of D-lactic acid in unique, but as yet poorly
understood ways.
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Previous work by van der Veer et al. established that pulA was variably present and frequently mutated in
28 L. crispatus genomes collected from European women [46]. Extending this work to a large set of
globally sourced genitourinary L. crispatus genomes and vaginal metagenomes revealed that rates of
pulA gene loss or inactivation are nearly as high in vivo as ex vivo. Although these �ndings suggests that
pulA is not required for L. crispatus to dominate the vaginal microbial community in at a cross-sectional
moment of time, longitudinal studies are needed to establish whether pulA(-) L. crispatus strains display
poor stability or resilience over time. Our pilot cohort of Kenyan AGYW also unexpectedly exhibited a
higher rate of in vivo pulA gene loss/inactivation compared to metagenomes from other parts of the
world. However, more extensive phylogenomic analyses are needed to determine whether pulA allelic
variation or other aspects of L. crispatus strain heterogeneity contribute to population-level differences in
the prevalence of L. crispatus dominance and BV. Though preliminary and based on a very small number
of samples, our �ndings suggest pulA(-) L. crispatus strains may exhibit signs of poorer ecological
�tness, including lower abundance and reduced lactic acid production, compared to their pulA(+)
counterparts. A limitation of our study design is that we did not directly measure vaginal pH and thus
cannot determine whether the observed changes in lactic acid concentration correlate with transitions
across clinically or biologically relevant thresholds of pH. Furthermore, an open question that requires
examination with more sensitive and quantitative methods is whether pulA tends to be absent in L.
crispatus strains found at low abundance in vivo.

As we pioneered new avenues of biomolecularly pro�ling the vaginal niche, we encountered several
methodological issues that could bias assessment of human samples and contribute to erroneous or
inconsistent results. First, like previous studies that normalized vaginal enzyme concentrations and
activities to total protein [41, 42, 51, 88, 90], we chose to normalize all biomolecules and activities to total
protein to account for the well-documented variability in swab load [31, 51, 99]. As more studies seek to
integrate ‘omics, targeted biomolecule assays and clinical metadata, each bringing a unique data
structure, limitations/biases and discipline-standard statistical approaches, it will be increasingly
important to de�ne ‘best practices’ for data normalization, reporting and statistical inference. Second, the
reported confounding of glycogen measurements with maltodextrin illustrates that ‘off the shelf’
biochemical test kits, though accessible and convenient, are not necessarily designed or validated for
assaying highly complex biological samples. Well-designed control experiments are needed to ensure
methods are appropriately selected and interpreted. Third, having demonstrated signi�cant levels of
glycogen-degrading enzyme activity in biobanked vaginal samples, our work underlines the critical
importance of cold chain management to ensure measured glycogen/maltodextrin levels re�ect those
present at the time of sample collection. Finally, in contrast with previous work, we found glycogen-
degrading enzyme activities, including that of pullulanases, were abundant in vaginal swab supernatants
and minimally present in the cell pellet [97]. Since N-terminal motifs in the L. crispatus PulA sequence are
predicted to tether the protein to the outer membrane’s Surface Layer Protein A [97], it is possible that
most PulA protein is cell surface-associated in vivo, but was perhaps dislodged through the vigorous
vortexing performed during swab preparation. Alternatively, PulA may be released from the cell wall in
vivo through biological processes such as proteolytic activity. These uncertainties illustrate the
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importance of rigorously documenting sample handling methods, and provide impetus for future studies
that identify the mechanisms and conditions shaping PulA’s association with the cell wall.

Conclusions
This exploratory study provided insights into the vaginal microbiome of young African women around the
time of their sexual debut, con�rming that communities dominated by L. crispatus are most common. In
seeking to understand the biomolecular drivers of this natural state, we show that although amylase
activity is the primary driver of glycogen catabolite accumulation in vaginal �uid, pullulanase activity,
contributed predominantly by L. crispatus in our samples, appears to maximize D-lactic acid production.
Scaling this analysis to our longitudinally collected samples will address whether genomic and
enzymatic indicators of L. crispatus pullulanase activity are predictive of sustained Lactobacillus
dominance and vaginal health.
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Figures

Figure 1

Species-level composition of the vaginal microbiome in Kenyan adolescent girls and young women
(AGYW). Hierarchical clustering and bacterial taxonomic relative abundance pro�les of the vaginal
microbiota from the pilot cohort of Kenyan AGYW (N=17). Only taxa classi�ed as bacteria with relative
abundance greater than 0.01% are shown. Metadata categories including sexual debut, Nugent score (BV-
negative: 0–3, BV-intermediate: 4–6, BV-positive: ≥7), detection of sexually transmitted infections
(trichomoniasis) or yeast (Candida), days since last menstrual period (LMP), age and total metagenomic
reads are overlayed above the taxonomic pro�les for each participant.
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Figure 2

Glycogen is positively correlated with lactic acid levels in vaginal swab supernatants. (A) Glycogen and
maltodextrin were measured in vaginal swab supernatants collected from Kenyan adolescent girls and
young women (N=17). Total glucose derived from glycogen or maltodextrin was normalized to total
protein concentration and presented as mean µg carbohydrate/ng of protein ± range from one
independent experiment run in technical duplicate. Distribution of (B) glycogen and (C) maltodextrin in L.
crispatus-dominated (Lc Dominated; N=11) and non-L. crispatus-dominated (non-Lc Dominated; N=6)
vaginal samples presented as median ± interquartile range. Statistical signi�cance of the difference
between Lc Dominated and non-Lc Dominated samples was assessed with a Mann-Whitney U-test for
glycogen (ns p=0.961) and maltodextrins (ns p=0.256). (D–I) Scatterplots of D-lactic acid, L-lactic acid
and total lactic acid measurements as a function of (D–F) glycogen or (G–I) maltodextrin
measurements. Regression lines were �tted using a generalized linear model and error bars indicate 95%
con�dence intervals. Relationships were assessed with Spearman’s correlation, with the rho value and p-
value indicated above each scatterplot.
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Figure 3

Vaginal amylopullulanase activity is positively correlated with glycogen-derived maltodextrin. (A) Total
amylopullulanse activity (amylase, pullulanase and amylopullulanase activity), (B) α-amylase activity
and (C) human α-amylase concentration measured in vaginal swab supernatants from Kenyan
adolescent girls and young women (N=17). Results were normalized to total protein concentration and
presented as mean ± range of (A) amylopullulanase activity (max relative �uorescence units
(RFU)/seconds/ng protein), α-amylase activity (mU/ng protein) or (C) human α-amylase concentrations
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(mU/ng protein) from one independent experiment run in technical duplicate. (D–F) Distribution of (D)
amylopullulanase activity, (E) α-amylase activity and (F) human α-amylase concentration in L. crispatus-
dominated (Lc Dominated, N=11) and non-L. crispatus-dominated (non-Lc Dominated, N=6) vaginal
samples presented as median ± interquartile range. Statistical signi�cance between Lc Dominated and
non-Lc Dominated samples was assessed with Mann Whitney U-test for amylopullulanase activity (ns
p=0.256), α-amylase activity (ns p=0.733) and human α-amylase concentration (ns p=0.462) (G–L)
Scatterplots of glycogen and maltodextrin levels as a function of (G,J) amylopullulanase activity, (H,K) α-
amylase activity and (I,L) human α-amylase concentration. Regression lines were �tted using a
generalized linear model and error bars indicate 95% con�dence intervals. Relationships were assessed
with Spearman’s correlation, with the rho coe�cient and p-value indicated above each scatterplot.
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Figure 4

L. crispatus-dominated vaginal samples have elevated pullulanase activity that correlates with D-lactic
acid levels. (A) Pullulanase enzyme activity measured in vaginal swab supernatants collected from
Kenyan AGYW (N=17). Results were normalized to total protein concentration and presented as mean
U/ng protein ± range with the y-axis split at 400 from one independent experiment run in technical
duplicate. (B) Presence of the L. crispatus pulA gene in Kenyan AGYW samples. pulA gene presence and
predicted activity was assessed in metagenomes and through targeted PCR as described in the Methods
and Table 2 footnotes. Present/active pulA genes are indicated in black, while absent/inactive pulA genes
are indicated in white. (C) Distribution of pullulanase activity in L. crispatus-dominated (Lc Dominated;
N=11) and non-L. crispatus-dominated (non-Lc Dominated; N=6) vaginal samples presented as median ±
interquartile range with the y-axis split at 400. Statistical signi�cance was assessed with a Mann-Whitney
U-test (*p=0.0273). (D) Distribution of pullulanase activity in L. crispatus-dominated samples with
predicted active pulA genes (N=7) and absent/inactive pulA genes (N=4) presented and statistically
assessed as described for panel (C) (**p=0.0061). (E) Distribution of L. crispatus raw MetaPhlAn3
sequence counts in samples dominated by L. crispatus with predicted active pulA gene (N=7) and
absent/inactive pulA gene (N=4) presented as median ± interquartile range. Mann-Whitney U-tests were
used to assess statistical signi�cance (present/active pulA vs. absent/inactive pulA: ns p=0.164, present
(regardless of activity) pulA vs. absent pulA gene: *p=0.0121). (F–H) Distribution of (F) D-lactic acid, (G)
L-lactic acid and (H) total lactic acid levels (µg/ng protein) in L. crispatus-dominated samples with
predicted active pulA gene (N=7) and absent/inactive pulA gene (N=4) presented as median ±
interquartile range. Mann-Whitney U-tests were used to assess statistical signi�cance across indicated
pulA groups (D-lactic acid: ns p=0.315, L-lactic acid: ns p=0.649, total lactic acid: ns p=0.527). (I–K)
Scatterplots of (I) D-lactic acid, (J) L-lactic acid and (K) total lactic acid as a function of pullulanase
activity. Regression lines were �tted using a generalized linear model with error bars indicating 95%
con�dence intervals. Relationships were assessed using Spearman’s correlation, with the rho coe�cient
and p-value indicated above each scatterplot.

Figure 5

Diverse L. crispatus pulA mutations show wide geographic distribution, while gene loss is enriched in
select clades. (A) Schematic illustration of L. crispatus PulA protein domain architecture juxtaposed
against the location and type of genetic mutations observed in L. crispatus pulA alleles assembled in our
analysis of 86 bacterial isolate genomes (ex vivo) and 29 vaginal metagenomes (in vivo). The size and
location of deletions, the most common type of mutation, are represented by black lines (1–3
nucleotides) and grey boxes (>3 nucleotides, approximate to size). Location of the alternate start
predicted by van der Veer et al. [46] to result in intracellular localization of functional PulA protein in
strains with N-terminal deletions is shown with a jointed red arrow. Deletions, insertions or single
nucleotide polymorphisms (SNPs) resulting in a premature stop codon are indicated with a yellow star at
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the predicted point of truncation. The color of each pulA allele represents the geographic origin of that
strain/sample, as shown in (C). Figure was created with Biorender.com. (B) SnapGene® visualizations of
a pulA MUSCLE alignment highlighting the linkage between diverse genetic mutations and predicted
changes to the protein sequence. Each box highlights a different segment of the full-length pulA gene
alignment with the nucleotide consensus (>50%) at the top, followed by the RL03 reference gene
sequence (grey) and select mutant gene sequences (nucleic acid color coding). (C) Phylogenetic tree of
cpn60 gene sequences obtained from 115 L. crispatus isolates and vaginal metagenomes that produced
L. crispatus metagenome assembled genomes (MAGs). Strains/metagenomes lacking a pulA gene
sequence are highlighted as thick red leaves. Clades with ≥50% of strains/metagenomes lacking a pulA
gene sequence are indicated by thin red branches. Clades with ≥50% of strains/metagenomes containing
a premature stop codon are indicated by thin yellow branches. Clades containing at least 5 sequences
showing no mutations are indicated by thin purple branches. All other leaves (dotted lines) and branches
(solid lines) are coloured grey.

Figure 6

Proposed mechanistic model of the connections between glycogen, glycogen degrading enzymes and
lactic acid production in the human vagina. We hypothesize that L. crispatus (purple bacteria) may
display its pullulanase enzymes (pink Pacmans) as part of a larger glycogen harvesting complex on the
cell surface, allowing it to sel�shly access glycogen. This is supported by our observation that
pullulanase activity does not correlate with increased maltodextrin (linear grey glucose polymers
detached from branched glycogen), whereas amylase activity does. Our �ndings furthermore suggest L.
crispatus pullulanase activity is important for optimal lactic acid production. By establishing a low pH
(pink shading), this activity helps inhibit the growth of G. vaginalis and other anaerobic bacteria
associated with vaginal bio�lms and bacterial vaginosis. Low pH is also expected to inhibit glycogen
degrading enzymes (fuzzy blue Pacmans, top center) secreted by the host and bacteria other than
lactobacilli; this inhibition potentially underlies the observation that higher glycogen levels can
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accompany Lactobacillus dominance. If the gene encoding pullulanase is lost or mutated (pulA-), L.
crispatus’ nutrient sources would be expected to become more restricted, potentially resulting in a heavy
reliance on the maltodextrin released by host amylase and other bacterial glycogen degrading enzymes
(red/green/blue Pacmans). This may slow the species’ growth and lactic acid production, especially
when more competitive or stressful conditions arise, providing a window for higher pH (blue shading) to
activate communal glycogen degradation and the growth of other bacteria (red/green/blue bacteria) that
together destabilize Lactobacillus dominance.
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