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ABSTRACT Bacterial vaginosis (BV) is the most common vaginal disorder of repro-
ductive-aged women, yet its etiology remains enigmatic. One clinical symptom of
BV, malodor, is linked to the microbial production of biogenic amines (BA). Using tar-
geted liquid chromatography mass spectrometry, we analyzed 149 longitudinally col-
lected vaginal samples to determine the in vivo concentrations of the most common
BAs and then assessed their relationship to BV and effect upon the growth kinetics
of axenically cultured vaginal Lactobacillus species. Increases in cadaverine, putres-
cine, and tyramine were associated with greater odds of women transitioning from
L. crispatus-dominated vaginal microbiota to microbiota that have a paucity of
Lactobacillus spp. and from Nugent scores of 0 to 3 to Nugent scores of 7 to 10,
consistent with BV. Exposure to putrescine lengthened the lag time and/or slowed
the growth of all vaginal Lactobacillus spp. except L. jensenii 62G. L. iners AB107’s lag
time was lengthened by cadaverine but reduced in the presence of spermidine and
spermine. The growth rate of L. crispatus VPI 3199 was slowed by cadaverine and ty-
ramine, and strain-specific responses to spermine and spermidine were observed.
BAs were associated with reduced production of D- and L-lactic acid by vaginal
Lactobacillus spp., and this effect was independent of their effect upon Lactobacillus
species growth. The exceptions were higher levels of D- and L-lactic acid by two strains
of L. crispatus when grown in the presence of spermine. Results of this study provide
evidence of a direct impact of common biogenic amines on vaginal Lactobacillus spp.

IMPORTANCE Lactobacillus spp. are credited with providing the primary defense against
gynecological conditions, including BV, most notably through the acidification of the
vaginal microenvironment, which results from their production of lactic acid. The micro-
bial production of BAs has been hypothesized to play a mechanistic role in diminishing
Lactobacillus species-mediated protection, enabling the colonization and outgrowth of
diverse anaerobic bacterial species associated with BV. Here, we demonstrate that in
vivo increases in the most commonly observed BAs are associated with a loss of
Lactobacillus spp. and the development of BV, measured by Nugent score. Further, we
show that BAs formed by amino acid decarboxylase enzymes negatively affect the
growth of type strains of the most common vaginal Lactobacillus spp. and separately al-
ter their production of lactic acid. These results suggest that BAs destabilize vaginal
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Lactobacillus spp. and play an important and direct role in diminishing their protection
of the vaginal microenvironment.

KEYWORDS growth response, bacterial vaginosis, biogenic amines, Lactobacillus,
vaginal microbiome

The vaginal microenvironment comprises microbiota and metabolites that significantly
influence gynecological health (1–8). Using molecular approaches, the vaginal micro-

biota of reproductive-aged women has been broadly classified into five community state
types (CSTs), four of which are dominated by Lactobacillus species, namely, L. crispatus
(CST I), L. gasseri (CST II), L. iners (CST III), and L. jensenii (CST V) (9). Lactobacillus species
dominance is generally associated with positive obstetric and gynecological outcomes (7,
8, 10). Lactobacillus spp. are believed to prevent the colonization of potential pathogens
through the production of lactic acid (11), bacteriocins (12, 13), and biosurfactants (14) and
through competitive exclusion by adherence to the vaginal mucosa (15, 16). In approxi-
mately 30% of women (17, 18), Lactobacillus spp. are depauperate, and they are instead
colonized by a diverse assortment of strict and facultative anaerobic bacteria, including
Gardnerella vaginalis, Prevotella spp., and Atopobium vaginae (CST IV) (9). These features
are also attributes of the vaginal disorder bacterial vaginosis (BV), leading to the recent
proposal to describe CST IV as molecular-BV (19).

BV is the most common vaginal condition among reproductive-aged women (17, 18)
and is associated with adverse health outcomes, including increased risks of acquiring
sexually transmitted infections (STIs) (20–22), such as HIV (22), as well as urinary tract
infections (UTIs) (23), the development of pelvic inflammatory disease (24), and infertility
(25). Furthermore, in pregnant women, BV is associated with an increased risk for pre-
term birth (26–28) and miscarriage (29). BV is commonly assessed in research studies
using the Nugent score, which applies a scoring metric ranging from 0 to 10 to bacterial
morphotypes observed in a Gram stain of vaginal smears, wherein a score of $7 is con-
sidered BV (30). In a clinical setting, signs and symptoms of BV include an increase in
vaginal pH (.4.5), a thin, homogenous gray or white vaginal discharge, the presence of
superficial squamous cells with large numbers of adherent bacteria (clue cells), and an
amine or “fishy” odor (31). The simultaneous manifestation of three of these four signs is
a positive indication of BV, as clinically assessed by the Amsel criteria (31).

Bacterial vaginosis is also reflected in the composition of the vaginal metabolome (2,
4). This relationship is at least partially driven by the associated microbiological changes,
with ;31% of metabolomic variation being explained by CST (6, 32–35). Among metab-
olomic differences, the vaginal concentrations of cadaverine and putrescine are typically
found to be higher in women afflicted with BV, and both are associated with clinical
signs of malodor (2, 4, 34, 36–40). Higher concentrations of cadaverine, putrescine, and
another biogenic amine (BA), tyramine, have also been observed in women with CST IV
vaginal microbiota compared to CSTs dominated by Lactobacillus species (1).

BAs are small cationic molecules that are primarily produced via specific amino acid de-
carboxylation (AAD) reactions, although the BAs spermine and spermidine are instead pro-
duced through modifications of putrescine. AAD is a well-described acid stress resistance
mechanism that involves the consumption of intracellular protons with a concomitant
increase in extracellular pH (41, 42). BAs have additionally been shown to increase pathogen
virulence by mediating resistance to multiple antibiotics (43, 44), protecting against toxicity
from oxygen, superoxide, and hydrogen peroxide (45), and altering susceptibility to host
innate defenses (42, 46). They have also been shown to generate a proton motive force,
thereby providing metabolic energy (47). These functions suggest that BAs have a causal
role in the transition from microbiota dominated by Lactobacillus spp. to ones with a paucity
of lactobacilli that are associated with bacterial vaginosis (1, 2, 4, 19, 32, 40, 48) as opposed
to simply being biomarkers of the condition, as has previously been hypothesized (1).

Beyond reducing the barriers to microbial colonization of the vaginal microenvironment,
biogenic amines may directly influence bacterial growth and competitiveness. A few studies
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have assessed the effect of biogenic amines on the specific growth rates of various nonvagi-
nal bacterial taxa. Cunningham-Rundles and Maas demonstrated that even small concentra-
tions of putrescine led to a reduced growth rate of Escherichia coli (49), while Tabor et al.
reported an 87% reduction in the growth rate of E. coli in the absence of spermidine (50).
Only one study, conducted in 1964 by Guirard and Snell, examined the effect of BAs on the
growth properties of Lactobacillus spp., although this was limited to several species involved
in food production (51). Guirard and Snell reported that while spermidine and spermine
stimulated the growth rate of several lactobacilli, putrescine and cadaverine significantly
reduced growth (51). Thus far, no one has studied the effect of biogenic amines on the
growth kinetics of vaginal Lactobacillus spp.

Here, we used targeted liquid chromatography-mass spectrometry (LC-MS) to quan-
tify vaginal biogenic amines in an observational longitudinal study. Using these data,
we explored the association between vaginal biogenic amines, vaginal CSTs, and
Nugent scores. We also evaluated the effect of physiological concentrations of the
most common biogenic amines found in the vagina, namely, cadaverine, putrescine,
spermine, spermidine, and tyramine, on the lag time, growth rate, and lactic acid pro-
duction of vaginal Lactobacillus spp.

RESULTS
Community state type and Nugent dynamics of participants. Participant charac-

teristics are reported in Data Set S1 in the supplemental material. Of the 32 partici-
pants, 25 (78%) were on their menstrual periods for either the selected transition or
control event, representing 69 (46%) samples. While menstruating, women were pre-
dominantly typified by CST IV (69%) or CST III (23%) microbiota. Each participant had
their own baseline in the subsequent analysis, yet among sample control periods and
events, there were similar characteristics: samples that were characterized as stable
(Nugent 0 to 3; current and previous Nugent score was 0 to 3) were primarily charac-
terized as CST I (36%) or CST III (46%) throughout. Samples that had a stable Nugent
score of 7 to 10 were primarily characterized as CST IV (98%) throughout. For the sam-
ples that transitioned into a Nugent score of 7 to 10, their vaginal microbiota following
transition was largely characterized as CST IV (83%). The vaginal microbiota for samples
after transitioning out of a Nugent score of 7 to 10 were characterized as CST I (22%),
CST III (22%), and CST IV (56%).

Physiological concentrations of biogenic amines (cross-sectional). The concen-
trations of cadaverine, putrescine, spermidine, spermine, and tyramine in swab sam-
ples were measured by quantitative targeted liquid chromatography-based metabolo-
mics (Table 1; Data Set S1). Cadaverine, putrescine, and tyramine were the most
frequently detected amines (detected in 97% to 98% of the samples). The average con-
centrations of these amines were highest in samples assigned to CST IV compared to
CST I or III samples (P , 0.0001; Table 1). Spermidine and spermine were the least
detected amines both among all samples (detected within 55% and 18% of all samples,
respectively) and in CST IV women (detected in 48.9% and 8.5% of CST IV samples,
respectively). In marked contrast to AAD-synthesized BAs, the average concentrations
of spermidine and spermine were higher in samples dominated by L. crispatus (CST I)
than those dominated by L. iners (P values of 0.01 and 0.001, respectively) or those
characterized as CST IV (P values of 0.0004 and 0.0008, respectively), with their average
concentrations being lowest in CST IV samples compared to all others.

Increases in cadaverine, putrescine, and tyramine, but not spermidine or
spermine, are associated with increased odds of being, or transitioning into, a
Nugent score of 7 to 10. The associations between BAs, Nugent scores, and CSTs
were evaluated using Bayesian multinomial logistic mixed-effects regression, with a
random intercept for participants and time, and adjusted for menstrual status (Fig. 1
and 2). Increases of cadaverine, putrescine, and tyramine were associated with higher
odds of having a Nugent score of 7 to 10 compared to having a low Nugent score of
0 to 3 (no BV) (cadaverine adjusted odds ratio [aOR], 4.5; 95% credible interval [CrI],
2.4 to 9.7; putrescine aOR, 3.7; 95% CrI, 2.1 to 7.3; tyramine aOR, 4.4; 95% CrI, 2.4 to
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9.5). Increases in the concentrations of these same metabolites were also associated
with higher odds of having a Nugent score of 4 to 6 (intermediate BV) compared to
having a Nugent score of 0 to 3 (Fig. 1A). Conversely, the odds of having a Nugent
score of 7 to 10 were 62% less likely as vaginal concentrations of spermine increased.

Increases in cadaverine, putrescine, and tyramine or the summed concentrations of
putrescine, cadaverine, and tyramine (AAD-derived BAs) were associated with higher
odds of transitioning to a Nugent score of 7 to 10 when the previous Nugent score
was 0 to 3 compared to having a persistent Nugent score of 0 to 3 (cadaverine aOR,
3.4; 95% CrI, 1.9 to 7.8; putrescine aOR, 2.8; 95% CrI, 1.7 to 5.5; tyramine aOR, 2.6; 95%
CrI, 1.6 to 5.5; total BA aOR, 3.3; 95% CrI, 1.9 to 6.6). Increases in these same amines
were associated with increased odds of transitioning to a Nugent score of 4 to 6 from a
score of 0 to 3 (Fig. 1B). Relative to having a stable Nugent score of 4 to 6 or 7 to 10,
increases in cadaverine, putrescine, tyramine, or total AAD-derived BAs were associated
with decreased odds of transitioning to a Nugent score of 0 to 3 (Fig. 1C and D).
Relative to having a stable Nugent score of 0 to 3, increases in spermine were

FIG 1 Odds ratio for Nugent Score (A) and Nugent score transitions by biogenic amine adjusted for menstruation,
time, and individual variation (B, C, and D).
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associated with reduced odds of transitioning to a Nugent score of 7 to 10 (aOR, 0.45;
95% CrI, 0.18 to 0.87). This was also true relative to having a stable Nugent score of 4
to 6 (aOR, 0.39; 95% CrI, 0.16 to 0.76). Conversely, relative to maintaining a Nugent
score of 7 to 10, increases in spermine were associated with increased odds of transi-
tioning into a Nugent score of 4 to 6 (aOR, 2.5; 95% CrI, 1.3 to 6.2) or 0 to 3 (aOR, 2.2;
95% CrI, 1.1 to 5.14) (Fig. 1D).

Increases in cadaverine, putrescine, and tyramine, but not spermidine or spermine,
are associated with increased odds of maintaining or transitioning into CST IV. The
odds of having a CST IV microbiota increased as vaginal concentrations of cadaverine,
putrescine, tyramine, or the total AAD-derived BAs increased compared to CST I micro-
biota (cadaverine aOR, 2.5; 95% CrI, 1.4 to 5.1; putrescine aOR, 2.7; 95% CrI, 1.5 to 5.8;
tyramine aOR, 2.7; 95% CrI, 1.5 to 5.8; total AAD-BA aOR, 2.7; 95% CrI, 1.5 to 5.6).
Conversely, samples were less likely to have been classified as having CST IV microbiota

FIG 2 Odds ratio for community state type (CST) (A) and CST transitions by biogenic amine adjusted for menstruation,
time, and individual variation (B, C, and D). Arrows indicate that the 95% credible interval extended past the labeled
odds ratio.
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as the concentrations of the non-AAD-derived BA, spermine, increased (aOR, 0.47; 95%
CrI, 0.25 to 0.8) (Fig. 2A).

Increases in cadaverine, putrescine, or tyramine and total AAD-derived BAs were
associated with higher odds of transitioning to a CST IV microbiota when the previous
CST was CST I compared to maintaining a stable CST I microbiota (cadaverine aOR, 2.5;
95% CrI, 1.3 to 5.9; putrescine aOR, 2.8; 95% CrI, 1.45 to 6.6; tyramine aOR, 2.7; 95% CrI,
1.45 to 6.87; total AAD-BA aOR, 2.8; 95% CrI, 1.49 to 6.6) (Fig. 2B). Increases in these
same amines were also associated with higher odds (although to a lesser extent) of
transitioning to CST IV from CST III microbiota compared to maintaining a stable CST III
microbiota (cadaverine aOR, 1.8; 95% CrI, 1.2 to 2.9; putrescine aOR, 1.7; 95% CrI, 1.1 to
2.8; tyramine aOR, 2.4; 95% CrI, 1.7 to 2.6; total AAD-BA aOR, 1.8; 95% CrI, 1.2 to 2.96)
(Fig. 2C). Conversely, increases in spermine were marginally associated with lower
odds of transitioning to CST IV from either CST I or III compared to the remaining CST I
(aOR, 0.62; 95% CrI, 0.34 to 1.04) or remaining CST III (aOR, 0.55; 95% CrI, 0.3 to 0.9)
(Fig. 2).

The effect of biogenic amines on growth properties of vaginal Lactobacillus
species. We next assessed the minimum concentration of each biogenic amine neces-
sary to inhibit the in vitro growth of vaginal Lactobacillus species. As these MICs were
greater than the measured physiological concentrations (Table S1), we next conducted
growth assays using the maximum observed physiological concentration of each bio-
genic amine measured from vaginal samples (Data Set S1). The maximum concentra-
tions of cadaverine (4,990mM), putrescine (3,179mM), spermidine (59mM), and tyra-
mine (813mM) were observed in CST IV samples, while the highest concentration of
spermine (186mM) was observed in CST I samples. Growth of pure cultures of several
Lactobacillus spp. under in vitro conditions allowed us to evaluate the effect of the bio-
genic amines upon growth rate (as assessed by doubling times) and lag times (Fig. 3).
The average times taken for the positive controls (untreated) of L. crispatus VPI 3199 mor-
photype big, L. crispatus VPI 3199 morphotype small, L. gasseri NCTC 2948, L. iners AB107,
and L. jensenii 62G to double in cell density (doubling time) were 114 (standard deviation
[SD], 10), 119 (SD, 14), 134 (SD, 11), 118 (SD, 9), and 98 (SD, 15) min, respectively.

Putrescine significantly reduced the growth rate of L. crispatus VPI 3199 morpho-
type big, L. crispatus VPI morphotype small, L. gasseri NCTC 2948, and L. iners AB107,
increasing their doubling times by an average of 26.1 (122% change; 95% confidence
interval [CI], 21 to 31), 37.9 (133% change; 95% CI, 31 to 44), 31.2 (125% change; 95%
CI, 20 to 41), and 41.7 (132.3% change; 95% CI, 36 to 47) min, respectively. Cadaverine
also significantly increased the doubling times of L. crispatus VPI 3199 morphotype big,
L. gasseri NCTC 2948, and L. jensenii 62G by 14.5 (112% change; 95% CI, 7.6 to 21), 16
(112.8% change; 95% CI, 9.2 to 22.8), and 8 (17.5%; 95% CI, 2.5 to 13.5) min, respectively,
and was associated with longer lag times of L. crispatus VPI 3199 morphotype small
(122%), L. iners AB107 (144%), and L. jensenii 62G (178.6%) (Fig. 3B). Conversely, spermi-
dine decreased the lag times of L. crispatus VPI 3199 morphotype big (214.7%) and L. iners
AB107 (28.1%), and spermine decreased lag times of L. gasseri NCTC 2948 (227.8%) and
L. iners AB107 (25%).

The effect of biogenic amines upon lactic acid production of vaginal Lactobacillus
species. Finally, we assessed whether biogenic amines affected the production of D-
and L-lactic acid isomers by vaginal Lactobacillus spp. when controlling for cell density
(Table 2). In general, when grown in the presence of biogenic amines, vaginal
Lactobacillus spp. produced fewer D- and L-lactic acid isomers. The notable exceptions
were higher levels of D-lactic acid by L. crispatus VPI 3199 morphotype big and L-lactic
acid by L. crispatus VPI 3199 morphotype small when grown in the presence of sperm-
ine (P, 0.05). Cadaverine negatively affected the production of D-lactic acid by L. crisp-
atus VPI 3199 morphotype big and L-lactic acid by L. iners AB107 (P , 0.05). Both L.
crispatus VPI 3199 morphotypes and L. jensenii 62G were associated with decreased
production of D-lactic acid when grown in the presence of putrescine, although these
relationships were no longer significant after correction for multiple comparisons.
Growth in tyramine was associated with decreased production of D-lactic acid in all
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vaginal Lactobacillus spp. except for L. iners AB107, which does not have a known
genetic capacity to produce D-lactic acid. However, tyramine did significantly reduce
the concentration of L-lactic acid that L. iners AB107 produced (q value of ,0.05). After
correction for multiple comparisons, only the associations between tyramine and L.
iners AB107 and tyramine and L. gasseri NCTC 2948 remained significant. It is also
worth noting, as previously shown, that both D- and L-lactic acid production varied by
species, even among the positive controls (52).

DISCUSSION

We have previously hypothesized that the biosynthesis of BAs within the vagina
reduces Lactobacillus species-mediated protection and alters the microenvironment
sufficiently to enable colonization by a diverse set of anaerobic bacterial species, as
observed in molecular-BV (1, 3, 5, 32, 53). We examined this hypothesis in the context
of both an observational cohort study and in vitro experimentation to examine the
direct influence of BAs on Lactobacillus species growth properties and lactic acid
production.

Measured BA concentrations were consistent with previously reported literature (1,

FIG 3 Effect of biogenic amines on the growth of vaginal Lactobacillus species. (A and B) Differences in doubling time
(A) and lag time (B) between treatments and controls for each biogenic amine. Dots represent differences between
each treatment and the control. Asterisks indicate significant differences after correcting for multiple comparisons (q
value of,0.05).
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2, 4, 32, 40) and were found to be associated with both CST and Nugent score. Also
consistent with previously reported findings (3–5, 34), we observed higher concentra-
tions of cadaverine, putrescine, and tyramine in CST IV samples than Lactobacillus spe-
cies-dominant CSTs (I and III); conversely, the non-AAD-derived BAs, spermine, and
spermidine were minimally detected in CST IV samples but observed in higher concen-
trations among Lactobacillus species-dominated CSTs (1). Further, we show that
increases in concentrations of putrescine, cadaverine, and tyramine are associated with
greater odds of transitioning into CST IV compared to CST I women, after adjustment
for menstrual status, as well as with increased odds of transitioning into a Nugent score
of 4 to 6 (intermediate BV) or a Nugent score of 7 to 10 (indicative of BV) compared to
having a stable Nugent score of 0 to 3. These data support the hypothesis that BAs are
important precursors, rather than simply biomarkers, of BV (1, 2, 4). Certainly, genetic
analyses indicate that several vaginal taxa are capable of producing BAs (1); however,
it is also important to note that putrescine, spermine, and spermidine can be produced
endogenously by human cells (54).

One mechanism through which BAs have been hypothesized to affect the incidence
and maintenance of molecular-BV is by directly affecting the growth properties of vagi-
nal lactobacilli (1). In general, vaginal microbiota dominated by Lactobacillus spp. is
thought to resist the colonization and outgrowth of BV-associated bacteria as well as
other reproductive tract infections. This is largely attributed to the production of lactic
acid by vaginal Lactobacillus spp., which acidifies the vaginal microenvironment to a
pHof ,4.5 and limits the growth of potential pathogens (55), although lactobacilli
contribute other known anticompetitive activities, including the lactic acid-driven ren-
dering of epithelial cells resistant to infection, as was recently shown with Chlamydia
trachomatis (56). Consistent with this hypothesis, we show in this study that physiolog-
ical concentrations of cadaverine, putrescine, and tyramine decrease the in vitro
growth rate and/or increase the lag times of representative strains of each of the major
vaginal Lactobacillus spp. as well as affect production of lactic acid of L. iners AB107
and L. gasseri NCTC 2948.

Given findings that women with L. iners (CST III)-dominant microbiota are more
likely to transition to CST IV than women with L. crispatus-dominant microbiota (CST I)
and are reportedly more susceptible to vaginal disorders, including BV and STIs
(56–60), we were interested in comparing the growth responses of L. iners and L. crisp-
atus relative to the concentrations of BAs reported for CST IV and BV. While the growth
rate of L. iners appeared less impacted by exogenous BAs than other Lactobacillus spp.,
the lag time was comparatively longer in the presence of cadaverine and putrescine. It
is not entirely clear if growth rate or lag time would be more important in vivo; how-
ever, we hypothesize that under more acidic conditions there is reduced growth of all
vaginal Lactobacillus spp. based on our own assessment of these Lactobacillus spp. in
the laboratory and assessment of Lactobacillus species growth that has been reported
elsewhere to be inhibited at pH ;3.6 to 4.0, dependent upon species and strain (61).
Therefore, Lactobacillus spp. may only grow as pH increases above these limits, such as
is hypothesized to occur as AAD-derived BAs are produced (1). In this scenario, lag
time, which would represent the time to respond to this change in environmental acid-
ity, would be the most important factor, and the more greatly impacted lag times of L.
iners could help to explain why CST III vaginal microbiota more frequently transition to
CST IV than other CSTs (62). Similarly, when spontaneously clearing molecular BV with-
out antibiotics, wherein levels of putrescine and cadaverine are maximal and the pH
is.4.5, a growth rate that is more resistant to these BAs would be favorable, again
potentially explaining why L. iners more commonly dominates immediately following a
temporary transition to CST IV (62) or BV (63). The ability for L. crispatus to dominate in
other scenarios may then simply relate to its higher growth rate under conditions
where BA concentrations have returned to normal and/or with other competitive strat-
egies not assessed in this study.

There are, of course, several limitations to our study. First, this was a relatively small
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sample size, and we could not assess behavioral and confounding variables, such as
age, time-varying sexual activity, antibiotic use, partner concurrency, and douching in
the models. This limited power is reflected in the large credible intervals associated
with transitioning from a CST IV microbiota to CST I. Additionally, our results were lim-
ited to the type strains of the four major vaginal Lactobacillus species; thus, it remains
to be determined if these observations are generalizable to other strains and clinical
isolates of Lactobacillus species. Similarly, it is important to determine if and how these
biogenic amines affect the anaerobic taxa associated with BV. Future experiments
should assess the effect of specific BA producers on Lactobacillus spp. and whether
there is evidence of pH-dependent competition for nutrients. We also evaluated the
effect of biogenic amines upon specific growth properties of vaginal Lactobacillus spe-
cies grown in vitro, utilizing media that may not sufficiently recapitulate the nutrient
resources available in vivo; however, it is noteworthy that these in vitro growth
responses reflect the changes in relative abundances of Lactobacillus species deter-
mined in vivo when biogenic amine concentrations differ. It is also important to con-
sider that biogenic amines do not occur in the vaginal microenvironment in isolation;
thus, the synergistic and/or antagonistic effects of the biogenic amines upon one
another and in the presence of other metabolites within the vaginal environment
needs to be explored before the full impact of biogenic amines on the growth of vagi-
nal Lactobacillus spp. can be fully understood. Finally, putrescine, spermine, and sper-
midine each are microbially and host produced, and this study cannot tease apart host
from microbial contributions.

Conclusions. Here, we quantified the physiological concentration of biogenic
amines from a longitudinal cohort of participants. We observed that increases in the
biogenic amines putrescine, cadaverine, and tyramine were associated with increased
odds of having molecular-BV, having a Nugent score of 7 to 10, transitioning into a
Nugent score of 7 to 10, and transitioning to molecular-BV. We then interrogated the
effect of exogenous biogenic amines upon the growth properties of four vaginal
Lactobacillus spp. representing the major vaginal CSTs in vitro. We observed the bio-
genic amines commonly associated with the malodor characteristic of BV, putrescine
and cadaverine, to have adverse effects on the growth rate, lag time, and lactic acid
production of vaginal lactobacilli. Biogenic amines are important in reducing vaginal
acidity, overcoming acid stress resistance, and providing a source of energy to bacteria.
Several biogenic amines have recently been associated with STIs and increased patho-
gen resistance and the vaginal disorder bacterial vaginosis. The results here provide
pertinent information on the potential role that biogenic amines play in affecting vagi-
nal reproductive and sexual health.

MATERIALS ANDMETHODS
Study population and sample collection. This study utilized samples from a repository collected in

prior studies (62, 63). Briefly, between September 2009 and July 2010, 135 nonpregnant, reproductive-
aged women were enrolled in a longitudinal study at the University of Alabama at Birmingham and pro-
vided daily, self-collected mid-vaginal swabs for 10weeks. Vaginal secretions were collected using
Copan ESwabs (Copan Diagnostics, Murrieta, CA) placed in Amies liquid transport medium and frozen at
280°C until use. An additional sample for metabolomics was collected using a Starplex double-headed
Dacron swab at the same visit (Starplex Scientific, Cleveland, TN) and stored dry in a tube at 280°C until
later use.

Taxonomic assignment and CST profiling. For a subset of the samples (n= 38) (see Data Set S1 in
the supplemental material), DNA extraction, PCR amplification, and Roche 454 pyrosequencing of 16S
rRNA gene amplicons (V1-V3) using primers 27F-YM 13 and 543R were previously described (63). For
the rest of the samples (n= 111), DNA extraction, PCR amplification, and sequencing of the 16S rRNA
gene V3-V4 and bioinformatics processing using the dada2 pipeline (64) followed the methods
described by Holm et al. (65). Taxonomic assignments were performed using the RDP Classifier trained
with SILVA (version 128) and species of specific vaginal bacteria determined with SpeciateIT (ravel-lab.
org/speciateit). For each sample, CST classifications were assigned using VALENCA, as described by
France et al. (66).

Sample selection and targeted liquid chromatography-mass spectrometry. We were interested
in evaluating the associations between vaginal biogenic amines and Nugent scores as participants tran-
sitioned into or from a Nugent score of 7 to 10 as well as into or from a vaginal microbiota of CST IV.
This is a secondary study based on samples from two previously published studies (62, 63) in which 135
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women self-collected daily vaginal samples for 10weeks. For the present study, vaginal swabs from 32
participants were selected based on transitions into or from a Nugent score of 7 to 10 and their corre-
sponding CSTs characterized (Fig. S1 and Data Set S1). The median contribution was 4 samples per par-
ticipant (range, 2 to 8 samples), for a total of 149 samples, with the median number of days between
samples being 2 (interquartile range [IQR], 1 day). There were 6 samples for which we did not have a
Nugent score but we did have CST characterization. Of those 149 samples, vaginal microbiota types
were of CST I (L. crispatus, n= 17), CST III (L. iners, n= 38), and CST IV (n= 94). Of the samples for which
we had current Nugent scores, 39 were of Nugent 0 to 3, 33 were of Nugent 4 to 6, and 71 were of
Nugent 7 to 10.

For each sample, one head of a Starplex vaginal swab was eluted using 70% methanol and analyzed
with the 5500 QTRAP LC-MS/MS system (Sciex, Framingham, MA) in the Metabolomics Laboratory of the
Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign. Software Analyst 1.6.2
was used for data acquisition and analysis. The 1200 series high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Santa Clara, CA) includes a degasser, an autosampler, and a binary
pump. The LC separation was performed on an Agilent Eclipse XDB-C18 (4.6 by 150mm, 5mm) with mo-
bile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow
rate was 0.4ml/min. The linear gradient was the following: 0 to 3min, 95% A; 9 to 13min, 5% A; and
13.5 to 18min, 95% A. The autosampler was set to 10°C. The injection volume was 5ml. Mass spectra
were acquired under positive electrospray ionization (ESI) with an ion spray voltage of 15,000 V. The
source temperature was 500°C. The curtain gas, ion source gas 1, and ion source gas 2 were 33, 65, and
55 lb/in2, respectively. Multiple reaction monitoring (MRM) was used for quantitation: cadaverine (m/z
103.0!m/z 69.0), putrescine (m/z 189.0!m/z 30.0), spermine (m/z 199.9!m/z 91.1), spermidine (m/z
146.0!m/z 30.0), and tyramine (m/z 138.1!m/z 77.1). The levels of detection for each metabolite were
cadaverine (100 nM), putrescine (100 nM), spermidine (20 nM), spermine (20 nM), and tyramine (5 nM).
Quantitative measurements are reported in Table 1 and Data Set S1 in the supplemental material. For
the purpose of plotting, missing values were imputed with one-half the minimum value obtained for a
given metabolite (67–71). Boxplots of the range of amines were constructed in R Statistical Software.

Association between CSTs and biogenic amines. Bayesian multinomial logistic mixed-effect
regression with a random intercept for individuals was utilized for modeling the association between
the log2-transformed vaginal BAs, vaginal CSTs, and Nugent score categories. We evaluated the follow-
ing associations: model 1, BAs and Nugent score (outcome); model 2, BAs and Nugent transitions (out-
come); model 3, BAs and CST (outcome); and model 4, BAs and CST transitions (outcome). All models
were adjusted for a binary variable on current menstruation status and included random intercepts for
individual-specific variation and time.

For model 1, the reference was Nugent score 0 to 3 at the present visit. To compare the transition
into a Nugent score of 7 to 10 from a previous Nugent score of 0 to 3, we set the reference to a current
and previous Nugent score of 0 to 3. We adjusted the reference for model 2 to allow for comparisons
between transitioning into Nugent scores compared to having a stable Nugent score of 4 to 6 (present
and previous visit having a Nugent score of 4 to 6) and 7 to 10 (present and previous visit having a
Nugent score of 7 to 10). There were 9 observations for which we did not have either current or prior
Nugent score data, so these events were excluded from models 1 and 2. For model 3, the reference was
CST I for current CST. To model transition to a current CST IV from a previous CST I, the reference was set
to current and previous CST I. To model transition to the current CST IV from a previous CST III, the refer-
ence was adjusted to the current and previous CST III. To model transition to the current CST of I or III
from a previous CST IV, the reference was adjusted to the current and previous CST IV. In all instances,
an increase refers to a doubling of a given metabolite. Finally, we evaluated the concerted effect of total
BAs using the four models listed above. We created a variable wherein we summed the concentrations
of cadaverine, putrescine, and tyramine (AAD-BA).

For all models, estimation was carried out using Hamiltonian Monte Carlo (72–74) and its extension,
the No-U-Turn (NUTS) sampler (75). We used weakly informative priors for the fixed and random effects
(i.e., we did not impose any prior information on the estimates, instead using default priors; fixed-effect
parameters have an improper flat prior over the real parameters, and random-effect parameters are re-
stricted to be nonnegative, have a half student t-prior with three degrees of freedom, and have a mini-
mal scale parameter of at least 10 [76]). Bayesian multinomial logistic regression was performed in the
brms package (76) in R, which runs RStan (Stan Development Team, 2015) in the background. Statistical
significance was defined as Bayesian credible intervals for odds ratios excluding 1. All reported results
represent between-participant associations.

Bacterial strains. The following bacteria were obtained from the ATCC (American Type Culture
Collection) and used to evaluate the effect of biogenic amines upon bacterial growth in axenic cultures:
L. crispatus VPI 3199 (ATCC 33820), L. iners AB107 (ATCC 55195), L. gasseri NCTC 2948 (ATCC 9857), and L.
jensenii 62G (ATCC 25258). When grown in isolation on MRS-NYC III agar (MNC; 10 g/liter proteose pep-
tone, 10 g/liter beef extract, 5 g/liter yeast extract, 5 g/liter NaCl, 0.1 g/liter MgSO4, 0.05 g/liter MnSO4, 2
g/liter K2HPO4, 20 g/liter glucose, 100ml/liter fetal bovine serum), L. crispatus VPI 3199 had two distinct
colony morphologies. One colony type was small, irregular undulate, opaque, buff in color, and flat; we
termed this L. crispatus small. The other colony type was larger and opaque, with a distinct, dot-like cen-
ter that became translucent closer to the perimeter, and irregular undulate; we termed this L. crispatus
big. Colony PCR was conducted on both morphotypes using 16S rRNA gene primers 42F and 1023R, as
described by Fredricks et al. (77), and amplicon sequencing confirmed the identity of the two morpholo-
gies as L. crispatus. Both colony morphologies had distinct growth properties, and, as such, we con-
ducted all growth assays on both morphotypes.
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Growth conditions and biogenic amines. Lactobacillus spp. were grown in MNC as described by
Witkin et al. (52). For all experiments, all cultures were incubated at 37°C in an atmosphere with 5% CO2

and grown in sterile, 15-ml Pyrex round-bottom, screwcap, glass test tubes with no shaking. The approx-
imate bacterial cell density was calculated using a modified most probable number enumeration
wherein 2-fold dilutions were carried out in 96-well plates beginning with an OD600 of;0.5 for each bac-
terium until the maximum dilution was apparent by no visible growth after 24 h. Plates were incubated
for 24 h at 37°C, and the cell density was approximated and associated with the corresponding optical
density (OD) (Table S2). Cadaverine, spermidine, spermine, and tyramine were obtained from ACROS
Organics. Putrescine was obtained from MPBiomedicals. Biogenic amine treatments were prepared
within 30 min of use by diluting premade 1 M stocks (putrescine and cadaverine) and 0.1 M stocks (sper-
midine and spermine) or a powder form (tyramine) into the appropriate concentration with MNC that
had been prewarmed in an incubator at 37°C.

MICs of biogenic amines. The MIC was defined as the minimal biogenic amine concentration needed
to inhibit visible bacterial growth and was determined with a standard microdilution procedure according to
Clinical and Laboratory Standards Institute guidelines (78) (Table S1). Biogenic amine concentrations ranged
from 900mM to 0.78mM in a 2-fold dilution series. To each dilution of the amine, bacteria were added
1:100, vortexed, and then plated in a 96-well microtiter plate. For each bacterium and amine, the test was
carried out in triplicate in MNC and grown for 24h at 37°C and evaluated in both anaerobic (grown in a vinyl
anaerobic chamber [Coy Laboratories Products, Inc.]) and aerobic environments.

Effect of biogenic amines on the growth characteristics of Lactobacillus spp. Growth curves were
conducted to evaluate the direct effect of the biogenic amines upon the growth of the Lactobacillus spe-
cies. Bacteria were inoculated into 15ml of MNC and grown overnight at 37°C in an atmosphere of 5%
CO2 with no shaking until they reached an OD600 of 1.4. Saturated overnight cultures were diluted 1:100
into 15ml of prewarmed, fresh MNC. Once the day cultures reached an OD600 of �0.5 (Table S2), they
were inoculated with a 1:100 dilution into 15ml of the respective treatment and control. For each bacte-
rium, the amine treatment and positive controls were run in triplicate. The pH of the initial medium was
6.5 as tested by the MilliporeSigma MColorPhast pH strips, and there was no observed immediate effect
upon the addition of the amines or upon the addition of the Lactobacillus species seed cultures. Biogenic
amines are volatile compounds; to ensure that the observed effects were due to the amine of interest, for
each bacterium, treatments were completed in isolation over three separate days, yielding nine replicates
per positive control and biogenic amine treatment. Samples (200ml) were obtained from each replicate, and
the OD was measured using the BioTek Epoch 2 at least every 30 min until stationary phase. Generation and
lag times were calculated using the package GrowthRates in R statistical software (79). Differences in the gen-
eration and lag time were calculated using the t.test function, and P values were adjusted using the false dis-
covery rate method in the p.adjust function in R statistical software.

Lactic acid assays. We evaluated whether the biogenic amines influenced D- and L-lactic acid pro-
duction by vaginal Lactobacillus species. Axenic cultures of each bacterium in pure MNC and in MNC
supplemented with appropriate concentrations of biogenic amines were grown in triplicate. As biogenic
amines are volatile, the effect of each amine was tested on independent days. Once each culture had
reached stationary phase, it was spun down at 4,500� g for 10 min. For each sample, 1 ml of supernatant
was collected, transferred to clean microcentrifuge tubes, and stored at 220°C. Samples were thawed in
batches and D- and L-lactate measured colorimetrically by using EnzyChrom L-lactate and EnzyChrom D-lac-
tate kits from BioAssay Systems (Hayward, CA). Values were converted to nanograms per milliliter or millimo-
lar by reference to a standard curve that was generated in parallel to the test samples. Differences in concen-
trations of D- and L-lactic acid were analyzed using the Student's t test, as it has been shown this method is
appropriate even with sample sizes of N=2 if the effect size is large (80). P values were adjusted for multiple
comparisons using the false discovery rate method and the p.adjust function in R Statistical Software.

Ethics. All participants provided written informed consent. Ethical approval was obtained from the
Institutional Review Boards of the University of Alabama at Birmingham (UAB), the University of Maryland
School of Medicine, and Montana State University (MSU), and all research was conducted in compliance with
relevant guidelines and regulations.

Availability of data and materials. The metabolite data set and participant characteristics used and/or
analyzed during the current study are included as a supplemental data set (Data Set S1). The doubling and
lag times for type strains are available upon reasonable request. The sequence data are available in SRA under
BioProject accession numbers PRJNA208535 (samples beginning with UAB) and PRJNA575586 (samples be-
ginning with AYAC and EM).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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