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Volatile profiling distinguishes Streptococcus pyogenes from

other respiratory streptococcal species
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ABSTRACT Sore throat is one of the most common complaints encountered in the
ambulatory clinical setting. Rapid, culture-independent diagnostic techniques that do
not rely on pharyngeal swabs would be highly valuable as a point-of-care strategy to
guide outpatient antibiotic treatment. Despite the promise of this approach, efforts to
detect volatiles during oropharyngeal infection have yet been limited. In our research
study, we sought to evaluate for specific bacterial volatile organic compounds (VOC)
biomarkers in isolated cultures in vitro, in order to establish proof-of-concept prior to
initial clinical studies of breath biomarkers. A particular challenge for the diagnosis of
pharyngitis due to Streptococcus pyogenes is the likelihood that many metabolites may
be shared by S. pyogenes and other related oropharyngeal colonizing bacterial species.
Therefore, we evaluated whether sufficient metabolic differences are present, which
distinguish the volatile metabolome of Group A streptococci from other streptococcal
species that also colonize the respiratory mucosa, such as Streptococcus pneumoniae and
Streptococcus intermedius. In this work, we identified 27 discriminatory VOCs (g-values <
0.05), composed of aldehydes, alcohols, nitrogen-containing compounds, hydrocarbons,
ketones, aromatic compounds, esters, ethers, and carboxylic acid. From this group of
volatiles, we identify candidate biomarkers that distinguish S. pyogenes from other
species and establish highly produced VOCs that indicate the presence of S. pyogenes
in vitro, supporting future breath-based diagnostic testing for streptococcal pharynagitis.

IMPORTANCE  Acute pharyngitis accounts for approximately 15 million ambulatory care
visits in the United States. The most common and important bacterial cause of phar-
yngitis is Streptococcus pyogenesis, accounting for 15%-30% of pediatric pharyngitis.
Distinguishing between bacterial and viral pharyngitis is key to management in US
practice. The culture of a specimen obtained by a throat swab is the standard labora-
tory procedure for the microbiologic confirmation of pharyngitis; however, this method
is time-consuming, which delays appropriate treatment. If left untreated, S. pyogenes
pharyngitis may lead to local and distant complications. In this study, we characterized
the volatile metabolomes of S. pyogenes and other related oropharyngeal colonizing
bacterial species. We identify candidate biomarkers that distinguish S. pyogenes from
other species and provide evidence to support future breath-based diagnostic testing for
streptococcal pharyngitis.

KEYWORDS pharyngitis, volatile organic compounds, group A streptococci, Streptococ-
cus pyogenes

cute pharyngitis is a common outpatient medical condition that leads to approxi-
mately 15 million healthcare visits per year in the United States (1). Infection with
Streptococcus pyogenes (group A beta-hemolytic streptococcus) is the most common
bacterial cause of acute pharyngitis and is responsible for up to 15% of cases among
adults and 30% of cases among children (1). However, a major challenge in the
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outpatient management of acute pharyngitis is the inability to easily distinguish
between bacterial and viral etiologies on the basis of clinical presentation alone.
Oral treatment with a beta-lactam antibiotic, specifically penicillin or amoxicillin, is
recommended for tonsillopharyngitis due S. pyogenes, in order to reduce the rates of
post-infectious acute rheumatic fever.

Standard clinical practice to evaluate for streptococcal pharyngitis depends on direct
provider sampling of the posterior oropharynx (1), followed by point-of-care rapid
testing for streptococcal antigens as well as bacterial culture. While antigen detection
together with culture identifies S. pyogenes pharyngitis with high sensitivity, inadequate
oropharyngeal sampling and cross-reactivity with other oral colonizers can lead to
false-negative or false-positive results. Inappropriate antibiotic use, particularly for viral
respiratory infections, is a key factor in rising rates of antimicrobial resistance worldwide
(2, 3). The Centers for Disease Control and Prevention estimates that over one-third of all
outpatient antibiotics prescribed to 0-19-year olds for respiratory symptoms, including
pharyngitis, may be unnecessary (4).

One possible alternative approach to standard microbiological diagnosis takes
advantage of the distinct metabolic capabilities of different bacterial species. As bacteria
utilize different substrates for growth, by-products of these utilized substrates may
yield additional chemical biomarkers, such as volatile organic compounds (VOCs),
which allow for the identification, classification, and discrimination of microorganisms
(5-7). Many bacteria produce characteristic volatile metabolites that can be detected
through chemical analysis of the headspace gas above bacterial cultures. These VOCs
contribute to the characteristic odor profiles already well-associated with particular
bacterial species. For example, the canonical grape-like odor associated with Pseudomo-
nas aeruginosa is caused by the production of 2-aminoacetophenone (8), whereas the
distinct odor associated with cultured Escherichia coli is that of indole (9). Although
the biological functions of most bacterial VOCs are yet unexplored, recent evidence
suggests that they may function in interbacterial communication, defense, and growth
promotion (6). Highly sensitive molecular detection based on gas chromatography-mass
spectrometry (GC-MS) instruments allows for unbiased identification of organism-spe-
cific VOC biomarkers (10). Many human bacterial pathogens can be cultured in liquid
or solid medium, enabling straightforward VOC detection from axenic culture before
investigating a more complex in vivo system. This advance in technology and abundance
of information hold the promise for diagnosing infections in situ using volatiles—for
example, directly from an infected wound, a urine sample, or the breath (11-13).

Volatile analysis of human breath has already been successful in pilot studies for
the detection of infections such as malaria and pulmonary tuberculosis (11, 12, 14)
and is commercially available for the detection of Helicobacter pylori infection (15),
demonstrating the validity and widespread applicability of this diagnostic technique.
When evaluating for streptococcal pharyngitis, oropharyngeal volatiles are likely to
reflect the metabolic activity of the pathogen, at least in part, and may also comprise
any host-associated volatiles triggered as a result of infection. However, interpretation
of oropharyngeal volatile composition in a clinical setting may be challenging, due to
the complex oropharyngeal microbial community found in the oropharynx and other
endogenous and exogenous sources of VOCs.

In this study, we sought to evaluate for specific bacterial VOC biomarkers in isolated
cultures in vitro to establish proof-of-concept prior to initial clinical studies of breath
biomarkers. A particular challenge for the diagnosis of S. pyogenes is the likelihood
that many metabolites may be shared by S. pyogenes and other related oropharyng-
eal colonizing bacterial species. For this reason, we performed in vitro, culture-based
examination of the volatile profile of cultured S. pyogenes, compared to two other
common respiratory streptococcal species, Streptococcus intermedius and Streptococcus
pneumoniae. In this work, we identify candidate biomarkers that distinguish S. pyogenes
from other species and establish highly produced VOCs that indicate the presence of

September/October 2023 Volume 8 Issue 5

mSphere

10.1128/msphere.00194-23 2

Downloaded from https://journals.asm.org/journal/msphere on 06 December 2023 by 128.252.210.1.


https://doi.org/10.1128/msphere.00194-23

Research Article

S. pyogenes in vitro, supporting future breath-based diagnostic testing for streptococcal
pharyngitis.

MATERIALS AND METHODS
Isolate collection

Streptococcus pyogenes strains were supplied by the culture collection of Dr. Michael
Caparon. The strains chosen for this study were isolated from pediatric patients with
streptococcal pharynagitis, treated at Saint Louis Children’s Hospital between 2007 and
2012 as part of an unpublished work. Streptococcus pneumoniae (Spneu1) was donated
by Dr. Malcolm Winkler, the isolate originated from the American Type Culture Collec-
tion (ATCC BAA-255), while Spneu2 and Spneu3 originated from nasopharyngeal swabs
collected at Saint Louis Children’s Hospital, graciously provided by Dr. Celeste Morley (16)
(Table 1). Samples were collected at Saint Louis Children’s Hospital under approval by the
Washington University School of Medicine Institutional Review Board/Human Research
Protection Office (16). Streptococcus intermedius isolates were acquired from ATCC (Table
1). Species identification was performed using standard clinical microbiological testing.

Culture conditions and sample preparation

Low passage-number isolates were stored at —80°C in 25% glycerol until the time of
analysis. Two days before headspace sampling, isolates were plated directly from —80°C
stock on Todd Hewitt plus yeast extract (THY) solid agar plates. Strains were grown
under anaerobic conditions using BD GasPak EZ system (Becton, Dickinson and Company
Sparks, MD, USA) at 37°C, overnight. Isolates were then inoculated into 10 mL THY
broth in a 20 mL air-tight glass headspace vial and sealed with silicone/PTFE screw
caps (Sigma-Aldrich, St. Louis, MO, USA). Samples were incubated in stationary culture
at 37°C for 24 h, after which headspace collections were made. Three independent
clinical isolates were evaluated for each bacterial species. For each bacterial isolate,
three independent experimental repeats on three separate days were prepared and the
headspace was analyzed as described below, along with an uninfected media control
collected on each day of analysis. All bacterial species were grown on identical media
with identical glassware.

Concentration and analysis of volatile compounds

Volatile metabolites were concentrated using headspace solid-phase microextraction
(HS-SPME) and separated and analyzed via GC-MS (Fig. 1). Headspace extraction was
carried out for 30 min with a HS-SPME fiber composed of fused silica partially cross-
linked with 50/30 pm divinylbenzene/carboxen/polydimethylsiloxane. After adsorption,
headspace volatiles were transferred to the GC injection port, which was equipped with a
0.8 mm i.d. splitless glass liner at 250°C. Desorbed volatile compounds were separated in
an Agilent 7890A GC, equipped with a DB-5MS (Agilent Technologies Inc., CA, USA) fused

TABLE 1 Bacterial species and strains used in this study

Species Sample ID Source Reference
Streptococcus pyogenes Spyo1 Pharyngitis isolate This study
Streptococcus pyogenes Spyo2 Pharyngitis isolate This study
Streptococcus pyogenes Spyo3 Pharyngitis isolate This study
Streptococcus intermedius ~ Sint1 ATCC31412 This study
Streptococcus intermedius ~ Sint2 ATCC9895 This study
Streptococcus intermedius ~ Sint3 ATCC27335 This study
Streptococcus pneumoniae Spneul Originally labeled EL59 by Malcolm Winkler  (17)

Streptococcus pneumoniae Spneu2 Nasopharyngeal isolate (16)

Streptococcus pneumoniae Spneu3 Nasopharyngeal isolate (16)
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FIG 1 (A) Scheme of volatile organic compounds collection from glass vials using headspace solid phase micro-extraction and subsequent analysis with GC-MS.

(B) Abundance of characteristic biomarker, benzaldehyde, found in S. pyogenes, S. intermedius, and S. pneumoniae. Benzaldehyde by the base ion peak (m/z 106)

area is shown.

silica capillary column (30 m column length x 0.25 mm internal diameter, 0.25 um film
thickness). The oven temperature was programmed to rise from 35°C (held for 4 min) to
65°C at 2.5 °C/min and rise again to 100°C at 5°C/min and finally to 230°C at 30 °C/min
(held for 2 min). The GC column output was fed into an Agilent 5975C mass selective
detector. The GC-MS transfer line was heated at 300°C with He as the carrier gas (1 mL/
min). Mass spectrometry was performed in electron ionization mode at 70 eV scanning
over the range m/z = 35-350.

To correct for day-of-analysis effects on GC-MS data (18), an external standard EPA
8240B Calibration Mix Sigma-Aldrich (USA) was used each day of GC-MS analysis to
normalize for day-specific effects. A 20 ug/mL EPA calibration solution was made up in
methanol (HPLC grade) on each day of measurement. A total of 1 mL of this solution was
placed in a 20 mL air-tight glass headspace vial and sealed with silicone/PTFE screw cap
(Sigma-Aldrich, St. Louis, MO, USA) and run at the start of every GC-MS sequence.

Compound reporting

Chromatographic peaks were assigned putative identifications based on mass spectral
matching. Specifically, putative compound identifications were assigned to peaks with
a forward match score of >600/1,000 relative to the National Institute of Standards and
Technology (NIST) 2011 mass spectral library (19).

Statistical analyses

Data were analyzed by using interactive XCMS Online (20), which is freely available at
https://xcmsonline.scripps.edu. Metabolite features were defined as ions with unique
m/z and retention-time values. For XCMS processing of GC-MS data, parameter settings
were as follows: centWave for feature detection (A m/z = 100 ppm, minimum peak width
=5 s, maximum peak width = 10 s, and signal/noise threshold = 6); obiwarp settings for
retention-time correction (profStep = 1); and parameters for chromatogram alignment,
including mzwid = 0.25, minfrac = 0.5, and allowable retention time deviations bw = 10.
The relative quantification of metabolite features was based on extracted ion chromato-
gram (EIC) areas. In total, 1420 features were detected.

We applied multiple group analysis to compare the means of multiple independent
groups (in our case, three groups) and enable the identification of metabolite features
whose variation pattern is statistically significant. The analysis of media alone was
excluded because the primary objective of the study was to look for the differences
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among bacterial species. To evaluate the metabolite variation across different exper-
imental groups, we used the nonparametric alternative, Kruskal-Wallis test (P-value
threshold 0.05). Principal Component Analysis (PCA) was used to visualize variance
among samples using the molecules detected from the Kruskal-Wallis test. For PCA,
features with m/z > 150 a.m.u., retention time >26 min, and P > 0.5 were excluded from
this analysis. Large masses and compounds that leave the chromatographic column after
26 min are mainly contaminants and column bleed-related compounds. Additionally,
features with an area <1,000 counts were considered at or below the limit of detection
and were not considered for analysis. Each feature was then normalized to the 2-hexa-
none external standard. A feature in a bacteria group was retained if data were available
in more than 50% of the samples. This filtering process led to 418 features for PCA. PCA
was performed with MATLAB (version 8.0). Hierarchical clustering of the discriminatory
volatiles was carried out using ClustVis as previously described (21). We further used a
False Discovery Rate adjusted P-values (or g-values) with a threshold of 0.05 to search for
compounds that showed abundance difference among groups.

RESULTS

We sought to evaluate whether sufficient metabolic differences are present, which
distinguish the volatile metabolome of Group A streptococci from other streptococ-
cal species that also colonize the respiratory mucosa, such as S. pneumoniae and
S. intermedius. To identify candidate species-specific biomarkers of S. pyogenes, we
performed comparative profiling of volatile organic compounds derived from axenic
cultures of clinical isolates of S. pyogenes, S. pneumoniae, and S. intermedius.

Headspace VOCs were absorbed via solid-phase microextraction, prior to analysis
via GC-MS (see scheme, Fig. 1A). Successful VOC sampling was confirmed through the
detection of the canonical bacterial volatile, benzaldehyde, which is readily detected
in the headspace of most bacterial cultures (22, 23). Benzaldehyde was detected in
headspace sampling from each sample (Fig. 1B). Independent analysis of three different
clinical isolates for each species, in triplicate, was performed to control for potential
strain-specific findings.

PCA was performed using features detected in all samples after Kruskal-Wallis test
(n = 418 features), revealing a distinct volatile metabolite signature of S. pyogenes,
compared to S. pneumoniae and S. intermedius (Fig. 2). These results strongly suggest
that each species produces a highly unique metabolic profile that may ultimately
be harnessed for diagnosis. To identify distinctive candidate biomarkers for each
species, we sought to identify the specific VOCs that significantly contribute to the
differences observed by PCA. In total, we identified 27 discriminatory VOCs (g-values <
0.05), composed of aldehydes, alcohols, nitrogen-containing compounds, hydrocarbons,
ketones, aromatic compounds, esters, ethers, and carboxylic acid (Table 2).

To visually represent the relationships between these discriminatory metabolites, we
performed hierarchical clustering of metabolites that were identified as significantly
different with respect to bacterial species. This analysis yielded two prominent clusters,
as shown in Fig. 4. The first cluster is characterized by compounds consistently increased
in abundance in the headspace gas of S. pyogenes cultures, compared to those of
S. pneumoniae and S. intermedius. The second cluster is characterized by compounds
consistently decreased in abundance in the headspace gas of S. pyogenes isolates. Of
note, excellent agreement in volatile fingerprint was observed across all three clinical
isolates of S. pyogenes evaluated in this study, while strain-dependent volatile production
was noted for S. pneumoniae and S. intermedius (e.g., compare Spneul to Spneu2 and
Spneu3). However, a larger number of strains will be required to establish the signifi-
cance of this finding.

Nitrogen-containing compounds represent the largest group of discriminant volatile
organic compounds detected (Table 2). Generally, nitrogen-containing compounds (five
of seven discriminant nitrogen-containing VOCs) were more abundant in the headspace
gas of S. pyogenes samples (Fig. 4). Notably, levels of 2, 5-dimethyl pyrazine were nearly
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FIG 2 Principal component score plot for three bacterial pathogen groups: S. pyogenes (blue), S. intermedius (green), and S. pneumoniae (coral). Each point in the

PCA derives from the mean peak intensities from three biological replicates for each strain.

2.5-fold higher in the headspace gas of S. pyogenes compared to that of the other
two bacteria species (Fig. 3). Three aldehydes were also significantly elevated in the
headspace gas of S. pyogenes (P < 0.05) compared to other species of streptococci. In
particular, nonanal was higher in S. pyogenes compared to the other two species (Fig. 4),
while 3-methyl-1-butanol was found at significantly lower concentrations in S. pyogenes
in comparison analysis.

Distinct volatile compounds also characterized the headspace of cultured S.
pneumoniae and S. intermedius. S. pneumoniae released a unique volatile organic
compound, namely N-(2-aminoethyl)-1, 2-ethanediamine, which was below the limit of
detection in all samples from S. pyogenes and S. intermedius. These findings suggest that
N-(2-aminoethyl)-1, 2-ethanediamine may represent a specific biomarker of S. pneumo-
niae colonization or infection. While robust ketone production was observed across all
three streptococcal species, 2,3-pentanedione was markedly increased (2.3-fold) in S.
pyogenes (Fig. 3). Interestingly, although both S. pyogenes and S. intermedius excrete
acetic acid as a result of reducing pyruvate during fermentation (24), S. intermedius
lacked detectable levels of acetic acid, while this VOC was highly produced by S.
pyogenes (Fig. 3).

Butyl acetate was the only ester that showed discriminatory power (Fig. 3). Pro-
duced by all three species, levels of butyl acetate were substantially (up to sixfold)
more abundant in S. pyogenes. Three aromatic compounds—toluene, benzaldehyde,
and ethylbenzene—also exhibited marked species-specific profiles. Ethylbenzene was
present at trace levels only in S. pyogenes culture (Fig. S1). However, benzaldehyde
levels were profoundly higher (24-fold) in S. pyogenes compared to S. intermedius and S.
pneumoniae (Fig. 3), suggesting a highly distinct metabolic route in S. pyogenes.
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TABLE 2 Discriminatory volatile organic metabolites found in S. pyogenes, S. intermedius, and S.
pneumoniae cultures

VOC number Rt* (min) Putative name lon® (m/z) Match® g-value’

Aldehyde

1 1.65 Propanal, 2-methyl 41 769 0.0032

2 2.40 Butanal, 3-methyl- 44 938 0.0012

3 20.17 Nonanal 56 762 0.0021

Alcohol

4 2.51 1-butanol 56 880 0.0034

5 3.87 1-butanol, 3-methyl- 55 926 0.0125

6 6.89 3-butyn-1-ol 52 701 0.0016

Nitrogen-containing

7 494 1, 2-ethanediamine, N-(2-aminoethyl)- 73 678 0.0019

8 3.52 Ethenamine, N-methylene- 54 855 0.0109

9 11.22 Pyrazine, 2,5-dimethyl- 108 912 0.0012

10 16.49 Pyrazine, 2-ethyl-6-methyl- 121 802 0.0140

1 19.19 Pyrazine, 2,5-diethyl- 135 747 0.0048

12 20.17 Pyrazine, 3-ethyl-2,5-dimethyl- 136 915 0.0015

13 20.16 2H-imidazo[4,5-b]pyridin-2-one, 64 853 0.0015
1,3-dihydro-

Hydrocarbon

14 2.51 1, 5-hexadien-3-yne 74 868 0.0216

15 7.5 2,4-dimethyl-1-heptene 70 897 0.0012

Ketone

16 1.4 Acetone 43 923 0.0034

17 1.85 2-butanone 43 871 0.0083

18 6.61 2,3-pentanedione 43 792 0.0018

19 20.89 2-nonanone 41 832 0.0284

Aromatic

20 4.6 Toluene 91 806 0.0033

21 8.43 Ethylbenzene 91 875 0.0027

22 14.01 Benzaldehyde 106 687 0.0015

Ester

23 6.60 Butyl acetate 41 900 0.0022

Ether

24 2.03 Propane, 2-ethoxy-2-methyl- 59 868 0.0012

25 3.13 Furan, 2,5-dimethyl 96 897 0.0260

Carboxylic acid

26 24 Acetic acid 60 937 0.0012

Unknown

27 13.27 Unknown 41 - 0.0015

Rt = retention time.

®lon used for data analysis (m/z).

“Peaks were assigned putative identifications based on NIST mass spectral matching. In bold are the VOCs in each
chemical family with the lowest g-value and their intensities for each bacterial species are plotted in box plots in
Fig. 3.

dg-value cut-off of 0.05.

Any discriminating bacterial volatile biomarkers may be produced during the natural
course of human infection or colonization. As all three bacterial species are natural
colonizers of the upper respiratory tract, we hypothesized that volatiles produced by
these bacteria should likewise be present in unbiased metabolomics of either human
saliva or breath. Importantly, of the 26 discriminatory volatiles identified, we find that
11 of these (43%) have previously been characterized in metabolomics analyses of
human saliva (25). While four have been proposed to be of dietary origin and previously
reported in human breath (26) (2-nonanone, 2,3-pentanedione, 3-methylbutanal, and
toluene), the remainder do not have a known human metabolic or exogenous origin.
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Our findings thus suggest that at least some component of the human salivary (and,
by extension, human oropharyngeal) metabolomic fingerprint is likely to arise from the
metabolic activities of the commensal oropharyngeal microbiota.

DISCUSSION

Sore throat is one of the most common complaints encountered in the ambulatory
clinical setting. Rapid, culture-independent diagnostic techniques that do not rely
on pharyngeal swabs would be highly valuable as a point-of-care strategy to guide
outpatient antibiotic treatment. Despite the promise of this approach, efforts to detect
volatiles during oropharyngeal infection have yet been limited. Our study provides key
proof-of-concept evidence that a unique pattern of volatile compounds is produced
by Streptococcus pyogenes, the most common etiologic agent of bacterial pharyngitis.
Importantly, we identify specific volatiles that distinguish this species from other typical
human oropharyngeal colonizing bacteria. Our work thus lays the foundation for future
clinical investigation into breath volatile detection as a mechanism to quickly and
efficiently distinguish S. pyogenes pharyngeal infections.

For diagnostic purposes, the ideal volatile biomarker for S. pyogenes would be
exclusively produced by this organism and only during conditions of active infec-
tion, rather than colonization. Because clinical studies of individuals with pharyngitis
symptoms are both costly and time-consuming, it is important to build an understand-
ing of the metabolic origin of bacterially produced volatiles, in order to predict whether
candidate biomarkers will have the requisite sensitivity and specificity necessary for
ongoing diagnostic development.

Linking experimentally determined metabolic capabilities back to bacterial genomes
will ultimately build a predictive model for bacterial species that have yet to be
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three biological replicates for each strain, normalized to external standard. Volatile numbers on the hierarchical clustering corresponds to discriminant volatiles,

as listed in Table 2.

characterized by volatile “fingerprint” To date several studies have described the volatile
patterns produced by model human pathogens (mostly Gram-negative organisms) (7,
27); however, critical gaps exist in our understanding of the metabolic profiles of
Gram-positive organisms and human commensal bacteria. To our knowledge, only one
such study has addressed S. pyogenes-specific volatiles (28). However, this targeted
analysis only evaluated 10 volatile compounds that were present above the levels of
quantification. In another study, the volatile headspace composition above Detroit cells
inoculated with influenza A virus and S. pyogenes was investigated (29). The authors
found significant differences in emitted VOC concentrations between non-infected and
co-infected cells; however, the VOC profiling of S. pyogenes alone in cells was not
tested. Similarly, the volatile profile of cultured Streptococcus pneumoniae has also been
previously reported (22, 30), although these volatiles have yet to be directly compared
to those from other oropharyngeal bacterial species. In this study, we take advantage
of significant technological advancements that now provide a holistic and unbiased
approach to the identification of discriminant volatile biomarkers.

While the exact molecular mechanism of biosynthesis of many bacterial volatiles
remains unclear, our study suggests that volatile production in streptococci may
be particularly influenced by amino acid metabolism. Bacterially produced aromatic
compounds, such as benzaldehyde, toluene, and ethylbenzene, are believed to be
generated through enzymatic degradation of aromatic amino acids (e.g., phenylalanine,
tryptophan, and tyrosine) (31). In addition, nitrogen-containing compounds represen-
ted the largest group of discriminant volatiles among the three streptococcal species
under study. Several of these compounds (compounds 9, 10, 11, and 12; see Table 2)
are aromatic heterocycles known as pyrazines. Pyrazines have strong odor properties,

September/October 2023 Volume 8 Issue 5

10.1128/msphere.00194-23 9

Downloaded from https://journals.asm.org/journal/msphere on 06 December 2023 by 128.252.210.1.


https://doi.org/10.1128/msphere.00194-23

Research Article

are widespread across phyla, and are among the most common classes of bacterially
produced volatiles (32). For this reason, pyrazines are of particular interest as biomarkers
of bacterial infection. While pyrazines can be formed non-enzymatically (e.g., during
autoclaving), the pattern of production of the discriminant pyrazines identified in our
study (elevated in all three S. pyogenes isolates, but not S. pneumoniae or S. interme-
dius) strongly suggests an active biosynthetic role of S. pyogenes. Study of insect-associ-
ated Serratia marcescens revealed a bacterial enzymatic origin for pyrazine metabolites,
with metabolic labeling confirming that these compounds derived from amino acid
metabolism (specifically L-threonine) (33). More recently, the metabolic mechanism of
pyrazine production in Pseudomonas fluorescens has been elucidated, confirming an
enzymatic route that catalyzes the conversion of alpha amino acids to pyrazines (34). Our
work provides strong evidence that S. pyogenes—but not S. pneumoniae or S. interme-
dius—possesses the molecular machinery for pyrazine biosynthesis. However, additional
study is required to establish whether this enzymatic route is similar between S. pyogenes
and P, fluorescens, as the first dedicated enzyme of the pyrazine biosynthesis pathway of
P. fluorescens, PapD (PFLU_1773), does not have a close homolog in S. pyogenes.

Similarly, branch aldehyde production likely results from the catabolism of amino
acids, a major energy source in TH media (35). Aldehydes may then be reduced to
alcohols by alcohol dehydrogenases (e.g., 3-methylbutanal to 3-methyl-1-butanol) or
oxidized to carboxylic acid by aldehyde dehydrogenase. Since 3-methylbutanal and
3-methyl-1-butanol were found to be released by all streptococcal species tested,
our data suggest that amino acid degradation, rather than byproducts of fatty acids
metabolism, is responsible for the underlying pattern of VOCs released by these species.
Microbially derived short-chain-branched alcohols, such as 3-methyl-1-butanol, are likely
produced by the enzymatic conversion of branched-chain amino acids (e.g., leucine and
isoleucine) via the Ehrlich pathway (36).

In contrast, acetone is a ketone volatile that is present at high levels in all samples
(second highest compound in concentration). While acetone is unsuitable as a biomarker
due to its high concentrations in normal breath (37), the ketone 2,3-pentanedione has
potential as a specific biomarker, and according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway, S. pyogenes has the genetic capacity to produce it upon
cysteine metabolism. Moreover, this ketone has been previously detected in the saliva of
healthy individuals (38), and it is biologically plausible that streptococcal infection of the
oropharynx could result in increased levels of 2,3-pentanedione.

To optimize the likelihood of identifying discriminant volatiles between streptococcal
species, despite their metabolic similarities, we chose a defined growth condition to
reduce the impact of the contribution of differential growth rates to the differences in
bacterially produced volatiles. As a result, the current study is limited by its investigation
of this specific culturing condition, and additional study will be required to evaluate
whether these volatiles are similarly discriminant during in vivo colonization or natural
human infection. Furthermore, the current study is naturally limited to the identification
of volatiles arising from bacterial metabolism. During natural human infection, it is
likely that host-derived volatiles will be present. These host-derived volatiles may be
particularly important for the diagnosis of S. pyogenes, as asymptomatic colonization
is common (up to 20%) (39) and does not require treatment, unlike acute infection to
which the host has a robust immune and tissue response.

In summary, our study provides evidence to pursue an ongoing study of volatile
biomarkers to discriminate oropharyngeal streptococcal species. Of note, several of the
discriminant compounds, notably pyrazine compounds, are normally absent in healthy
human exhaled breath (38) but can be found in the headspace of Streptococcus pyogenes
cultures. That these compounds are typically absent suggests that a number of these
candidate biomarkers are not typically produced by other members of the orophar-
yngeal microbial community. Such S. pyogenes-specific volatiles thus show particular
promise as volatile biomarkers of acute streptococcal pharyngitis. Ongoing studies are
required to validate our candidate biomarkers in patients with and without naturally
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acquired acute bacterial pharyngitis. Multiple factors, such as metabolite availability
and host interaction with the bacteria through inflammatory responses will likely alter
bacterial volatile production in the setting of acute infection. The ability to confirm the
detection of pathogenic infection by S. pyogenes in the airways using breath analysis is a
very exciting and non-invasive approach that will help guide immediate and appropriate
antibiotic use upon infection confirmation.
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