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Abstract

In this study, the volatile molecule profile of Streptococcus pneumoniae serotypes was evaluated 

using solid phase microextraction (SPME) and two dimensional gas chromatography time-of-

flight mass spectrometry (GC × GC-TOFMS). Here, seven serotypes (6B, 14, 15, 18C, 19F, 9V, 

and 23F) were analyzed in an isogenic background. We identified 13 core molecules associated 

with all seven serotypes, and seven molecules thatwere differentially produced between serotypes. 

Serotype 14 was found to have the most distinct volatile profile, and could be discriminated from 

the other six serotypes in aggregate with an area under the curve (AUC) of 89%. This study 

suggests that molecules from S. pneumoniae culture headspace show potential for rapid serotype 

identification.

1. Introduction

Pneumococcal disease, a leading cause globally of childhood mortality, is caused by the 

organism Streptococcus pneumoniae. Infection with S. pneumoniae ranges from 

asymptomatic colonization to invasive disease, the severity of which is partially dependent 

on the serotype of the infecting strain [1]. There are over 90 serotypes of S. pneumoniae, 
defined by the capsular polysaccharide which surrounds the organism. Capsule type is an 

important virulence factor which protects the organism from host phagocytic engulfment 

[2,3], neutrophil extracellular traps (NETs) [4], defensins [5], and mucus clearance [6]. To 

date, vaccines are only available for 23 out of the 90 serotypes, 13 of which are effective in 

children [7]. Due to the process of “serotype replacement”, serotypes not currently covered 

by available vaccines are at risk for increased incidence, necessitating surveillance [8]. 

Current serotype identification methods, such as the Quellung reaction, are technically 

difficult, time consuming, and lack the ability to provide serotype specific identification 

within a clinically relevant time frame [9]. Rapid serotype identification could aid in the 

*Corresponding author. theodore.r.mellors.th@dartmouth.edu (T.R. Mellors). 

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jchromb.2018.08.032.

HHS Public Access
Author manuscript
J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 
2019 May 12.

Published in final edited form as:
J Chromatogr B Analyt Technol Biomed Life Sci. 2018 October 01; 1096: 208–213. doi:10.1016/
j.jchromb.2018.08.032.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.jchromb.2018.08.032


identification of invasive serotypes, help identify the best targets for future vaccines, and be 

used to evaluate vaccine efficacy.

Volatile biomarkers from in vitro cultures or ex vivo specimens (such as sputum or breath) 

have been widely studied for the purpose of identifying infectious agents. Gas-phase 

molecules are an appealing source of diagnostic biomarkers, given their potential for rapid 

detection with little or no sample preparation required. With regard to S. pneumoniae, a 

number of studies have evaluated the utility of volatile molecules for detecting this 

pathogen, using analytical platforms such as electronic nose [10–15], gas chromatography-

mass spectrometry (GC-MS) [16–21], comprehensive two-dimensional gas chromatography 

time-of-flight mass spectrometry (GC × GC-TOFMS) [22], secondary electrospray 

ionization-mass spectrometry (SESI-MS) [23], ion mobility spectrometry (IMS) [24], and 

selected ion flow tube-mass spectrometry (SIFT-MS) [25–28]. Although these studies have 

demonstrated proof-of-concept that S. pneumoniae may be identified based on its volatile 

profile, no previous study has assessed volatile molecules associated with different capsular 

serotypes of this organism.

In the present study, SPME and GC × GC-TOFMS [29] was used for the identification of 

volatile molecules produced by different S. pneumoniae serotypes in an isogenic 

background. Here, we identified 13 core molecules associated with all seven serotypes 

evaluated (6B, 9V, 14, 15, 18C, 19F, 23F), and seven molecules that were differentially 

produced between serotypes. Serotype 14 was found to have the most distinct volatile 

profile, and could be discriminated from the other six serotypes in aggregate with an area 

under the curve (AUC) of 89%. This study serves as a proof-of-concept that volatile 

molecules may be used for the rapid detection of S. pneumoniae serotypes.

2. Materials and methods

2.1. Bacterial strains

Eleven capsule switch mutants of Streptococcus pneumoniae were kindly provided by the 

Institute for Infectious Diseases (University of Bern, Bern, Switzerland). Details on the 

construction of the capsule switch mutants is described elsewhere [30]. In short, for the wild 

type clinical isolate S. pneumoniae strain 106.66, the capsule operon was removed and 

replaced with the capsule operons from eleven other strains. A total of eleven capsule switch 

mutants belonging to seven serotypes were analyzed (Supplementary Table S1).

2.2. Bacterial culturing

Single colonies of each S. pneumoniae strain were pre-cultured without shaking at 37 °C in 

a 5% CO2 atmosphere to an OD600 of 0.5 in 10 mL Brain Heart Infusion broth +5% Fetal 

Calf Serum (Difco, Detroit, MI, BHI + FCS). Starter cultures were spun down, the culture 

supernatant was aspirated, and the pellet was re-suspended in 1 mL Modified Lacks Media 

[30] (MLM, Supplementary Table S2). 1:1000 dilutions of the prepared starter aliquots were 

used to inoculate MLM. Cultures were grown to mid-exponential phase of growth at 37 °C 

in a 5% CO2 atmosphere. Cultures were centrifuged at 3750 ×g rcf for 10 min, filter 

sterilized via 0.22 μm PTFE syringe filter (VWR), and 1 mL of the sterile supernatant sealed 
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into 10 mL gas chromatography headspace vials with a PTFE/silicone cap (Sigma-Aldrich, 

St. Louis, MO). As a control group for headspace analysis, sterile MLM was processed in 

the same way.

Samples and media were stored at – 20 °C and analyzed within two months of sample 

preparation. Sterile media control samples were prepared using the same protocol.

2.3. Volatile molecule analysis

Samples were thawed to 4 °C and incubated for 10 min at 37 °C. Volatile compounds in the 

culture headspace were concentrated using headspace solid-phase microextraction (HS-

SPME) and analyzed via two-dimensional gas chromatography time-of-flight mass 

spectrometry (GC × GC-TOFMS). Details of the SPME fiber, GC × GC-TOFMS system (a 

Pegasus 4D, LECO Corporation, St. Joseph, MI) and experimental conditions are reported in 

Table 1. For linear retention index calculation, a linear alkanes (C7-C20, Sigma-Aldrich) 

solution was analyzed under the same chromatographic conditions.

2.4. Chromatographic alignment and feature identification

Chromatographic data was processed and aligned using the ChromaTOF software Statistical 

Compare (LECO Corporation). For the alignment of peaks across chromatograms, 

maximum first- and second-dimension retention time deviations were set at 2 s and 0.1 s, 

respectively, and the inter-chromatogram spectral match threshold was set at 600 (of 1000). 

For peak identification, a signal-to-noise (S/N) cutoff was set at 50:1, and resulting peaks 

were identified by a forward search of the NIST 2011 library. For the identification of low 

abundance peaks, after initial detection at a S/N threshold of 50:1 or greater in at least one 

chromatogram, all remaining chromatograms were searched at a S/N threshold of 20:1. A 

forward score of at least 800 was required for putative compound identification. Features 

were included for statistical analysis if they were present in 80% of S. pneumoniae samples, 

or 80% of at least one serotype. Linear retention index filtering (LRI unit tolerance ± 10) 

was also used when applicable for peak identification in the first dimension.

2.5. Statistical analysis

Statistical analyses were performed using Python 2.7.1. The Mann Whitney U test with 

Benjamini-Hochberg correction was used to test for statistical significance [31]. A 

significance level of p < 0.05 was selected. Principal components analysis (PCA) [32] was 

used to visualize the variance between samples. For the identification of discriminatory 

compounds between serotypes, the Random Forest (RF) classification algorithm was 

employed [33]. 100 iterations of RF were performed, with 1000 decision trees generated per 

iteration. Compounds were defined as discriminatory if they ranked among the top 10 

features, as defined by their mean decrease in accuracy, in 80/100 Random Forest iterations. 

Receiver Operating Characteristic (ROC) curve analysis [34] was used to visualize the 

discriminatory performance of the Random Forest Model. Coefficient of variation is 

calculated by dividing the standard deviation of each analyte by its average peak area and 

multiplying by 100: CV = σ
μ × 100% . The fold change between classes was calculated by 

calculating Log2(Class 1/Class 2).
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3. Results

3.1. Volatile molecules are produced by S. pneumoniae independent of serotype

In the capsule-switch mutation background we found 181 molecules that were detected in 

80% of samples for all seven serotypes (6B, 9V, 14, 15, 18C, 19F, 23F), 13 of which were 

significantly different (p < 0.05) in abundance between S. pneumoniae culture and sterile 

media (Fig. 1A). Nine of these molecules were more highly abundant in S. pneumoniae 
culture and were detected in 93–100% of the S. pneumoniae samples analyzed, while four 

molecules were more highly abundant in sterile media and detectable in 31 –100% of S. 
pneumoniae samples (100% of sterile media samples). The profile of these 13 core 

molecules was found to be highly reproducible among the analyzed S. pneumoniae samples, 

with an average Spearman’s rank correlation (Spearman’s ρ) between samples of 0.89 

(Supplementary Fig. S1). Principal components analysis (PCA) was used to visualize the 

variance between samples when considering the 13 core molecules among the 54 culture 

samples and 12 sterile media samples evaluated (Fig. 1B). Here, we observe that majority of 

the variance explained in these 13 molecules is due to sample type (i.e. S. pneumoniae 
culture versus sterile media; Fig. 1B). See Supplementary Fig. S2 to visualize the same 

figure with the S. pneumoniae samples labeled by serotype. Here, we observe that the 

variance due to serotype is negligible when considering these 13 selected volatile 

compounds.

We were able to assign putative identifications to these 13 molecules based on spectral 

match scores to the NIST 2011 library (≥800 of 1000) (Table 2). Some of the molecules 

including benzene, pentanal, heptanal and benzaldehyde, were also confirmed by the use of 

linear retention indices (within ± 10units). Unfortunately, no retention index data were 

available for the remaining compounds on the stationary phase used. Eight of the 13 

molecules had coefficients of variation of 10% or less, indicating relatively small variability 

of these metabolites, despite being produced by different serotypes (Table 2). High 

coefficients of variation, such as 151% for 1-(2,4-dimethyl-furan-3-yl)-ethanone and 93% 

for the reported halogenated compound were observed for molecules sparsely detected 

among the S. pneumoniae samples (Table 2).

3.2. Volatile metabolites discriminate between S. pneumoniae serotypes

We hypothesized that a subset of volatile molecules produced by S. pneumoniae would be 

produced differentially as a function of serotype. Out of 282 volatile molecules detectable in 

80% of at least one serotype, ANOVA analysis identified seven molecules (Fig. 2) that were 

significantly different (p < 0.05) in relative abundance between serotype 14 and at least one 

other serotype. Six of these seven molecules (2-methylpropanal, benzene, 2-methylbutanal, 

2,3-pentanedione, 3-hydroxybutan-2-one, and benzaldehyde) were significantly different 

between serotype 14 and every other serotype analyzed (Fig. 2). Significant differences were 

also observed between other serotype comparisons. Specifically, 2-methylpropanal was 

significantly different (p < 0.05) between serotypes 19F and 23F (Fig. 2A), 2,3-pentanedione 

between serotypes 19F and 18C (Fig. 2D); and 2-hydroxy-2-methyl-propanoate between ten 

serotype-serotype comparisons (Fig. 2G). We also note that five of the seven differentially-

expressed molecules (3-hydroxybutan-2-one, 2,3-pentanedione, benzaldehyde, 2-methylbu-
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tanal, and benzene) are part of the 13 core molecules listed in Table 2, all of which were 

higher produced in S. pneumoniae culture as compared to sterile media. This suggests that 

although these molecules are reproducibly produced by every serotype, they are also 

differentially produced as a function of serotype.

The ability to discriminate between serotypes using volatile molecules was evaluated using 

the machine learning algorithm Random Forest. Receiver operating characteristic (ROC) 

analysis was used to visualize the discriminatory efficacy of the Random Forest model. The 

highest discriminatory efficacy (AUC = 89%) was achieved in the model that aimed to 

differentiate serotype 14 from the other serotypes in aggregate (6B, 15, 18C, 19F, 9V and 

23F, Fig. 3). The other model comparisons comparing pairs of serotypes achieved AUCs 

ranging from 36 to 76% (see Supplementary Fig. S3 for the results of each model).

Six molecules were found to be important for discriminating serotype 14 from the other 

serotypes in aggregate (Table 3). Five of the six discriminatory molecules (2-methylbutanal, 

2-methylpropanal, benzaldehyde, 2,3-pentanedione, and 3-hydroxybutan-2-one) are part of 

the seven differentially expressed molecules identified through the ANOVA analysis and all 

are significantly different (p < 0.05) in abundance between serotype 14 and every other 

serotype analyzed (Fig. 2). The remaining molecule, propylcyclopropane, although 

identified as discriminatory, was not significantly different between serotypes.

4. Discussion

To the best of our knowledge, the present study represents the first time the volatile molecule 

profile of S. pneumoniae serotypes has been evaluated. Here, seven serotypes (6B, 14, 15, 

18C, 19F, 9V, and 23F) were analyzed in an isogenic background. We identified 13 core 

molecules associated with all seven serotypes, and 7 molecules that are differentially-

produced as a function of serotype. Serotype 14 was found to have the most distinct volatile 

profile, and could be dis-criminated from the other 6 serotypes in aggregate (6B, 15, 18C, 

19F, 9V, and 23F), with an AUC of 89%.

Previous studies have identified benzaldehyde as a volatile molecule found in the headspace 

above S. pneumoniae culture when grown on blood agar plates [19], pentanal as 

significantly greater in S. pneumoniae cultures as compared to sterile media (Brain Heart 

Infusion broth) [27], and 2-methylpropanal as significantly greater in S. pneumoniae culture 

as compared to sterile media when grown in tryptic soy broth [16]. In the present study, 

pentanal was identified as a core volatile molecule that was produced by all seven serotypes, 

while benzaldehyde and 2-methylpropanal were identified as significantly more abundant in 

serotype 14 as compared to the six other serotypes (6B, 15, 18C, 19F, 9V and 23F). 

Benzaldehyde and 2-methylpropanal were also identified as part of a discriminatory panel 

that could discriminate serotype 14 from the remaining serotypes. Differences in the growth 

media chosen for bacterial culturing could account for differences in the volatile molecules 

identified between the present and previous S. pneumoniae studies. In the present study, we 

used Modified Lacks Media [30] due to its nutrient-limited conditions that are thought to be 

similar to the growth conditions in the nasopharynx, where S. pneumoniae resides [30]. 
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Previous studies have used nutrient rich media such as BacT/Alert [25,26,28], brain heart 

infusion broth [27], tryptic soy broth [16], and blood agar [19,36].

In the present study, coefficient of variation was used to evaluate the degree of variation 

selected analytes exhibited among the S. pneumoniae samples analyzed. For compounds 

such as 1-(2,4-dimethyl-furan-3-yl)-ethanone, and the unidentified halogenated compound 

(Table 2), coefficients of variation were found to be quite large: 151% and 93%, respectively. 

Such high coefficients of variation among the S. pneumoniae samples suggests that despite 

being significantly different (p < 0.05) in peak area from sterile media, they may not be 

reliable volatile biomarkers of S. pneumoniae. Both of these analytes were higher expressed 

in sterile media as compared to the S. pneumoniae samples, and were detected in between 80 

and 100% of sterile media samples, with coefficients of variation ranging from 8 to 11% 

among the sterile media samples analyzed. As these analytes were detected in small 

percentages of the S. pneumoniae samples (30–55%), it is possible that these compounds 

may originate in the media and be consumed by this organism. (See Table 2.)

In considering our ability to discriminate serotypes based on their volatile profile, serotype 

14 was identified with the highest accuracy (AUC = 89%), followed by serotype 15 (AUC = 

76%). These results are in line with what would be expected based on the genetic similarities 

of the serotypes evaluated [37]. For example, hierarchical cluster analysis based on the 

presence and absence of capsule genes indicates that serotypes 14 and 15 are most similar in 

genetic composition, while the remaining serotypes (9V, 19F, 6B, 23F, and 18C) form a 

secondary cluster (Supplementary Fig. S4). Therefore, it is possible that genes unique to 

serotypes 14 and 15, such as glycosyltransferases wchJ and wchK, wchL, wchM or capsular 

polysaccharide synthesis protein wchN, may be associated with the production of volatile 

molecules that are differentially expressed between serotypes. Glycosyltransferases are 

enzymes that catalyze the transfer of glycosyl residues to an acceptor during the degradation 

and biosynthesis of polysaccharides, glycoproteins and glycolipids. This class of enzymes 

have been shown to have a major role in the metabolism of secondary metabolites, and have 

been linked to the production of flavor-related volatile molecules in plants including 

strawberries [38], peach [39], and kiwifruit [40]. Future studies could investigate the role of 

glycosyltransferases in the biosynthesis of S. pneumoniae volatile metabolites.

In the present study, the strains analyzed were isogenic in all areas of their chromosome 

outside the capsular polysaccharide locus, which determines the serotype. Therefore, we 

were able to evaluate changes in volatile molecule production due to only this gene cassette. 

In order to validate these findings, future studies should consider the analysis of wild type 

strains and measure the production of these molecules in a heterogeneous background.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A) Volcano plot showing Log10(p-value) versus Log2(Fold Change) of culture versus sterile 

media for 181 detected volatile molecules. B) Variance between S. pneumoniae culture and 

sterile media samples when using the 13 significant molecules, shown via Principal 

component analysis (PCA).
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Fig. 2. 
Abundance of seven volatile molecules found to be significantly different in expression 

between one or more serotypes as indicated by ANOVA analysis.* indicates significant 

differences in expression between a serotype-serotype comparison.
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Fig. 3. 
Receiver operating characteristic (ROC) curve showing the dis-criminatory efficacy for 

differentiating serotype 14 from serotypes 6B, 15, 18C, 19F, 9V and 23F when using 282 

molecules detected in 80% of at least one serotype.
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Table 1

Summary of HS-SPME-GC × GC-TOFMS instrumental parameters.

SPME fiber and conditions

Fiber composition, length Divinybenzene-carboxen-polydimethylsiloxane

(DVB/CAR/PDMS), 50/30 pm, 2 cm (Supelco,

Bellefonte, PA)

Headspace exposure time, 60min, 37°C

 temperature

Comprehensive two-dimensional gas chromatography (GC × GC)

Sample desorption time, 180 s, 250°C, splitless

 temperature, split/splitless

Column 1 (length × internal Rxi-624Sil (Restek, Bellefonte, PA)

 diameter × film thickness) (60 m × 250 μm × 1.4 μm)

Column 2 (length × internal Stabilwax (Restek)

 diameter × film thickness) (1m× 250 μm × 0.5 μm)

Primary oven temperature ramp , 5 °C/min ramp, 35 °C, 230 °C

 starting temperature, final

 temperature

Temperature offsets relative to +5 °C (secondary oven); +25 °C

 primary oven (modulator)

Modulation period (hot/cold) 2 s total (alternating 0.5 s/0.5 s hot/cold)

Carrier gas (flow rate) Helium (2 mL/min)

Transfer line temperature 250 °C

Time-of-flight mass spectrometry (TOF-MS)

Acquisition range 30–500 m/z

Acquisition rate 200 spectra/s

Ion source temperature 200 °C

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 May 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mellors et al. Page 14

Ta
b

le
 2

Pu
ta

tiv
el

y-
id

en
tif

ie
d 

m
ol

ec
ul

es
 s

ig
ni

fi
ca

nt
ly

 d
if

fe
re

nt
 (

p 
<

 0
.0

5)
 b

et
w

ee
n 

S.
 p

ne
um

on
ia

e 
cu

ltu
re

 a
nd

 s
te

ri
le

 m
ed

ia
, i

nd
ep

en
de

nt
 o

f 
se

ro
ty

pe
.

P
ut

at
iv

e 
P

ea
k 

Id
en

ti
fi

ca
ti

on
R

et
en

ti
on

 I
nd

ex
 (

R
I)

1
R

et
en

ti
on

T
im

e 
2

(s
ec

on
ds

)

A
ve

ra
ge

 M
S

Si
m

ila
ri

ty
4

C
oe

ff
ic

ie
nt

of
 v

ar
ia

ti
on

5
%

 d
et

ec
ti

on
 

am
on

g 
S.

pn
eu

m
on

ia
e 

sa
m

pl
es

6

L
og

2(
S.

 p
ne

um
on

ia
e

cu
lt

ur
e/

St
er

ile
 M

ed
ia

)7

E
xp

er
im

en
ta

l2
L

it
er

at
ur

e3

3-
hy

dr
ox

yb
ut

an
-2

-o
ne

 *
77

9
N

A
1.

6
84

0
30

.7
%

93
%

pe
nt

an
e-

2,
3-

di
on

e 
*

73
6

N
A

1.
0

92
0

9.
3%

10
0%

H
ep

ta
na

l
94

4
94

3
0.

9
81

3
6.

2%
10

0%

2,
3-

B
ut

an
ed

io
ne

62
9

N
A

1.
0

96
3

10
.0

%
10

0%

Pe
nt

an
al

73
7

73
6

0.
8

78
0

16
.5

%
98

%

B
en

za
ld

eh
yd

e*
10

30
10

36
1.

3
83

9
5.

6%
10

0%

(H
et

er
o)

-a
ro

m
at

ic
 c

om
po

un
d

94
9

N
A

1.
1

<
80

0
3.

5%
10

0%

B
en

ze
ne

*
68

7
68

4
0.

9
88

0
16

.3
%

98
%

2-
m

et
hy

lb
ut

an
al

70
3

N
A

0.
8

86
0

5.
0%

10
0%

1-
(2

,4
-d

im
et

hy
l-

fu
ra

n-
3-

yl
)-

et
ha

no
ne

11
48

N
A

1.
1

<
80

0
15

1.
5%

30
%

C
ar

bo
xy

lic
 a

ci
d 

co
m

po
un

d†
14

45
N

A
0.

9
<

80
0

5.
5%

10
0%

H
al

og
en

at
ed

 c
om

po
un

d 
†

15
58

N
A

1.
1

<
80

0
93

.1
%

55
%

E
st

er
 c

om
po

un
d 

†
14

45
N

A
1.

1
<

80
0

6.
6%

10
0%

N
A

: n
ot

 a
pp

lic
ab

le
 b

ec
au

se
 n

o 
R

I 
av

ai
la

bl
e 

fr
om

 li
te

ra
tu

re
.

a R
et

en
tio

n 
in

di
ce

s 
of

 ta
rg

et
 a

na
ly

te
s 

co
m

pa
re

d 
to

 v
al

ue
s 

re
po

rt
ed

 in
 th

e 
lit

er
at

ur
e 

ar
e 

us
ed

 to
 f

ur
th

er
 c

on
fi

rm
 p

ut
at

iv
e 

pe
ak

 id
en

tif
ic

at
io

ns
.

b R
et

en
tio

n 
in

de
x 

of
 e

ac
h 

an
al

yt
e 

w
as

 c
al

cu
la

te
d 

ba
se

d 
on

 it
s 

fi
rs

t d
im

en
si

on
 r

et
en

tio
n 

tim
e 

w
ith

 r
es

pe
ct

 to
 a

lk
an

e 
st

an
da

rd
s.

c R
et

en
tio

n 
in

de
x 

of
 p

ur
e 

an
al

yt
ic

al
 s

ta
nd

ar
ds

 w
er

e 
ex

tr
ap

ol
at

ed
 f

ro
m

 v
al

ue
s 

re
po

rt
ed

 in
 th

e 
lit

er
at

ur
e 

[3
5]

.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 May 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mellors et al. Page 15
d A

ve
ra

ge
 M

S 
si

m
ila

ri
ty

 w
as

 c
al

cu
la

te
d 

by
 C

hr
om

aT
O

F 
so

ft
w

ar
e 

by
 c

om
pa

ri
ng

 th
e 

m
as

s 
sp

ec
tr

a 
of

 e
ac

h 
an

al
yt

e 
to

 th
e 

m
as

s 
sp

ec
tr

a 
of

 c
om

po
un

ds
 in

 th
e 

N
IS

T
 2

01
1 

lib
ra

ry
. S

im
ila

ri
ty

 s
co

re
s 

ar
e 

ou
t o

f 
10

00
.

e C
oe

ff
ic

ie
nt

 o
f 

va
ri

at
io

n 
is

 c
al

cu
la

te
d 

by
 d

iv
id

in
g 

th
e 

st
an

da
rd

 d
ev

ia
tio

n 
of

 e
ac

h 
an

al
yt

e 
by

 it
s 

av
er

ag
e 

pe
ak

 a
re

a 
an

d 
m

ul
tip

ly
in

g 
by

 1
00

: 
C

V
=

σ μ
×

10
0%

.

f In
di

ca
te

s 
th

e 
pe

rc
en

ta
ge

 o
f 

S.
 p

ne
um

on
ia

e 
sa

m
pl

es
 in

 w
hi

ch
 e

ac
h 

an
al

yt
e 

w
as

 d
et

ec
te

d.

g In
di

ca
te

s 
th

e 
L

og
2(

av
er

ag
e 

pe
ak

 a
re

a 
am

on
g 

S.
 p

ne
um

on
ia

e 
sa

m
pl

es
/a

ve
ra

ge
 p

ea
k 

ar
ea

 a
m

on
g 

st
er

ile
 m

ed
ia

 s
am

pl
es

).
 R

ed
 b

ar
s 

in
di

ca
te

d 
an

al
yt

es
 h

ig
he

r 
ex

pr
es

se
d 

on
 a

ve
ra

ge
 in

 S
. p

ne
um

on
ia

e 
sa

m
pl

es
. 

B
lu

e 
ba

rs
 in

di
ca

te
 a

na
ly

te
s 

hi
gh

er
 e

xp
re

ss
ed

 o
n 

av
er

ag
e 

in
 s

te
ri

le
 m

ed
ia

 s
am

pl
es

.

h In
di

ca
te

s 
m

ol
ec

ul
e 

is
 s

ta
tis

tic
al

ly
 d

if
fe

re
nt

 b
et

w
ee

n 
on

e 
or

 m
or

e 
se

ro
ty

pe
s.

i C
om

po
un

d 
cl

as
si

fi
ca

tio
n 

on
ly

 r
ep

or
te

d.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 May 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mellors et al. Page 16

Ta
b

le
 3

Pu
ta

tiv
el

y-
id

en
tif

ie
d 

m
ol

ec
ul

es
 th

at
 d

is
cr

im
in

at
e 

se
ro

ty
pe

 1
4 

fr
om

 s
er

ot
yp

es
 6

B
, 1

5,
 1

8C
, 1

9F
, 9

V
 a

nd
 2

3F
.

P
ut

at
iv

e 
P

ea
k 

Id
en

ti
fi

ca
ti

on
R

et
en

ti
on

 I
nd

ex
 (

R
I)

1
R

et
en

ti
on

 T
im

e 
2

(S
ec

on
ds

)
A

ve
ra

ge
 M

S
Si

m
ila

ri
ty

4
L

og
2(

Se
ro

ty
pe

 1
4/

O
th

er
Se

ro
ty

pe
s)

E
xp

er
im

en
ta

l2
L

it
er

at
ur

e3

2,
3-

Pe
nt

an
ed

io
ne

73
6

N
A

1.
0

92
0

B
en

za
ld

eh
yd

e
10

30
10

36
1.

3
83

9

2-
m

et
hy

lb
ut

an
al

70
3

N
A

0.
8

86
0

3-
hy

dr
ox

yb
ut

an
-2

-o
ne

77
9

N
A

1.
6

84
0

C
yc

lic
 h

yd
ro

ca
rb

on
 c

om
po

un
d

73
6

N
A

1.
1

<
80

0

2-
m

et
hy

lp
ro

pa
na

l
77

9
N

A
0.

8
90

3

N
A

: n
ot

 a
pp

lic
ab

le
 b

ec
au

se
 n

o 
R

I 
av

ai
la

bl
e.

a R
et

en
tio

n 
in

di
ce

s 
of

 ta
rg

et
 a

na
ly

te
s 

co
m

pa
re

d 
to

 v
al

ue
s 

re
po

rt
ed

 in
 th

e 
lit

er
at

ur
e 

ar
e 

us
ed

 to
 f

ur
th

er
 c

on
fi

rm
 p

ut
at

iv
e 

pe
ak

 id
en

tif
ic

at
io

ns
.

b R
et

en
tio

n 
in

de
x 

of
 e

ac
h 

an
al

yt
e 

w
as

 c
al

cu
la

te
d 

ba
se

d 
on

 it
s 

fi
rs

t d
im

en
si

on
 r

et
en

tio
n 

tim
e 

w
ith

 r
es

pe
ct

 to
 a

lk
an

e 
st

an
da

rd
s.

c R
et

en
tio

n 
in

de
x 

of
 p

ur
e 

an
al

yt
ic

al
 s

ta
nd

ar
ds

 w
er

e 
ex

tr
ap

ol
at

ed
 f

ro
m

 v
al

ue
s 

re
po

rt
ed

 in
 th

e 
lit

er
at

ur
e 

[3
5]

.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 May 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mellors et al. Page 17
d A

ve
ra

ge
 M

S 
si

m
ila

ri
ty

 w
as

 c
al

cu
la

te
d 

by
 C

hr
om

aT
O

F 
so

ft
w

ar
e 

by
 c

om
pa

ri
ng

 th
e 

m
as

s 
sp

ec
tr

a 
of

 e
ac

h 
an

al
yt

e 
to

 th
e 

m
as

s 
sp

ec
tr

a 
of

 c
om

po
un

ds
 in

 th
e 

N
IS

T
 2

01
1 

lib
ra

ry
. S

im
ila

ri
ty

 s
co

re
s 

ar
e 

ou
t o

f 
10

00
.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 May 12.


	Abstract
	Introduction
	Materials and methods
	Bacterial strains
	Bacterial culturing
	Volatile molecule analysis
	Chromatographic alignment and feature identification
	Statistical analysis

	Results
	Volatile molecules are produced by S. pneumoniae independent of serotype
	Volatile metabolites discriminate between S. pneumoniae serotypes

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Table 1
	Table 2
	Table 3

