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ARTICLE INFO ABSTRACT
Keywords: Decomposition odor is produced during postmortem mammalian tissue breakdown by bacteria, insects, and
Forensic taphonomy intrinsic chemical processes. Past research has not thoroughly investigated which volatile organic compounds

Decomposition odor

(VOCs) can be linked directly to individual bacterial species on decomposing remains. The purpose of this study
Postmortem microbiology

was to profile the VOCs produced over time by individual species of bacteria using comprehensive two-

GCxGC . . . :

Forensic chemometrics dimensional gas chromatography (GCxGC) to expand our foundational knowledge of what each bacterial spe-

Ordination cies contributes to decomposition odor. Five different species of bacteria (Bacillus subtilis, Ignatzschineria indica,
Ignatzschineria ureiclastica, Curtobacterium luteum, and Vagococcus lutrae) were cultured on standard nutrient agar
individually and monitored daily using solid phase microextraction arrow (SPME Arrow) and GCxGC in com-
bination with quadrupole mass spectrometry (QMS) and flame ionization detection (FID). The GCx GC-qMS/FID
approach was used to generate rich VOC profiles that represented the bacterial species’ metabolic VOC pro-
duction longitudinally. The data obtained from the chromatographic output was used to compare with a prior
study using one-dimensional GC-gMS, and also between each of the five species to investigate the extent of
overlap between species. No single VOC could be found in all five bacterial species investigated, and there was
little overlap in the profile between species. To further visualize these differences, chromatographic peak data
was investigated using two different ordination strategies, principal component analysis (PCA) and principal
coordinate analysis (PCoA). The two ordination strategies were compared with each other using a Procrustes
analysis. This was performed to understand differences in ordination strategies between the separation science
community and chemical ecological community. Overall, ordination strategies were found to produce similar
results, as evidenced by the correlation of PCA and PCoA in the Procrustes analysis. All analysis strategies yielded
distinct VOC profiles for each species. Further study of additional species will support understanding of the
holistic view of decomposition odor from a chemical ecology perspective, and further support our understanding
of the production of decomposition odor that culminates from such a complex environment.

1. Introduction several types of physical evidence, such as accelerants, drugs, currency,
and decomposing remains. For example, scent detection canines, which

Volatile organic compounds (VOCs) have high vapor pressure at are trained to search for specific odors, have been extensively used to
room temperature which allows them to evaporate or sublimate and detect chemical traces from various types of contraband [1], enabling
enter the surrounding environment. This class of compounds has vast the discovery of forensic evidence for testing and presentation in legal
probative potential in forensic science because they are associated with proceedings. VOCs associated with decomposing remains are currently
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of particular interest because they have been proposed as having po-
tential to aid medicolegal death investigations [2]. Decomposition odor
has been exploited in some studies and cases as a forensic trace. Its
presence has the potential to demonstrate the prior location of decom-
posing remains [3-7]. The core VOCs in decomposition odor have also
been shown to change predictably over time, thus presenting the pos-
sibility to further develop this forensic trace as a biochemical marker to
estimate postmortem interval [8-10]. The ability of physical evidence to
provide both spatial and temporal insight into past events is relatively
rare, as most physical evidence typically provides one or the other, so
forensic traces which provide both insights can be particularly valuable
to cases.

Relatively little is known about the origin and biodegradation pro-
cesses of postmortem VOCs, as this field has only been under study since
2004 [11]. Decomposition VOCs are produced by the biochemical
breakdown of tissue macromolecules by enzymes, microbial activity, or
environmental degradation [2,12]. There is growing evidence to support
that many decomposition VOCs are directly released by metabolic pro-
cesses of decomposer microorganisms including as bacteria. There is
also increasing interest in the study of postmortem microorganisms and
the information they can contribute to medicolegal death investigations
[13]. These microbes represent a major component of the postmortem
food web because they contribute directly to the decomposition of re-
mains [14] and help to attract other decomposers, such as insects, to
decomposing remains [15].

Despite the growing need to understand the link between postmor-
tem bacterial species and VOC detection [16], there have been very few
studies that investigate postmortem bacteria and VOCs simultaneously
[17-19]. Other microbiological research has demonstrated that the
direct profiling of metabolic VOC byproducts of bacteria expanded their
understanding of VOC signatures and vice versa. For example, the
progress towards linking VOCs from pathogens for disease detection,
monitoring, and prevention has been synthesized from a large body of
literature evolving over the last decade [20-23].

Increasing foundational information on the link between postmor-
tem bacteria and postmortem VOCs may serve to strengthen the ability
to exploit decomposition VOCs as a forensic trace. There are several
anticipated benefits to improving the knowledge of VOCs released from
individual microorganisms or the community in which they are inter-
acting. VOCs may give an indication of the presence or absence of spe-
cific bacterial species within a microbial community [24]. VOCs may
serve as indicators of the behavior and life cycle of bacteria, including
how these are impacted by interaction with other species. A more
comprehensive understanding of postmortem bacteria and the VOCs
they release could contribute substantial knowledge to the field and has
been vastly unexplored.

To profile the VOCs coming from postmortem bacteria, gas chro-
matography - mass spectrometry (GC-MS) is one of the most appropriate
techniques. This involves a chromatographic separation of analytes in
the gas phase with subsequent detection using MS to identify and
quantify the compounds in the sample. However, in more recent
decomposition VOC research, comprehensive two-dimensional gas
chromatography (GCx GC) has emerged as a novel tool. The rationale for
using a more advanced GC separation is that GCxGC provides a more
suitable peak capacity to analyze the complex mixtures of VOCs
resulting from decomposition. As the number of VOCs resulting from
postmortem bacterial processes is large and complex, GCxGC allows
physical separation of each VOC and therefore more accurate integra-
tion of peaks of interest. A prior preliminary study using one-
dimensional GC-MS (1D GC-MS) demonstrated that 35 compounds of
interest were identified from three species of postmortem bacteria [17].
However, there is increased complexity expected in these samples and
further analytical resolution would assist in better understanding the
complexity of each species and how it relates to the overall decompo-
sition odor profile.
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In this study, experiments were conducted to characterize the VOCs
released by five postmortem bacterial species cultured in headspace
vials and allowed to proliferate over a five-day period. The species
studied were Bacillus subtilis, Ignatzschineria indica, Ignatzschineria ure-
iclastica, Curtobacterium luteum, and Vagococcus lutrae. While it is known
that many more bacterial species are involved in decomposition, this is
the greatest number of species to be directly profiled in a single study to
date. The data were anticipated to provide a basis for the continued
study of other postmortem bacterial species and possible combinations
of those species. Species were chosen based on their representation of a
range of bacterial characteristics (e.g. shape, Gram stain response), as
well as the range in the point in time at which bacteria are known to be
present during the decomposition process. More information about each
species is discussed alongside the results. The hypothesis in this study
was that each species would produce a distinct VOC profile that could be
differentiated from one another. The presence of VOCs, number of VOCs,
relative abundance of each compound, and overall chemical signature
were all considered while testing this hypothesis. Three different ordi-
nation strategies (Principal Component Analysis, Principal Coordinate
Analysis, and Procrustes Analysis) were employed to visualize VOC
profile characteristics for each bacterial species over time.

2. Materials and methods
2.1. Culturing of microbes for headspace analysis

All microbiological preparations were performed in a sterilized
laminar flow hood. The growth medium was prepared using 45 g of
standard nutrient agar (HiMedia Laboratories Pvt. Ltd., Mumbai, India)
in 1 L of deionized water. The agar was mixed, autoclaved, and cooled
for 10 min. To prepare the vials, 4 mL of standard nutrient agar was
pipetted into each vial and then it was placed on a modified micropi-
pette holder while the agar solidified on a slant. All remaining standard
nutrient agar was poured into petri dishes and allowed to cool. Petri
dishes and headspace vials were stored at room temperature and left for
3 days before being checked for contamination.

Stock bacteria were taken from an in-house bacteria bank containing
various species isolated from decomposing domestic pig carcasses (Sus
scrofa domesticus). Bacteria in this collection are stored at —80 °C in
glycerol [25]. Three of the species studied (B. subtilis, I indica, and
L ureiclastica) represented species previously profiled using GC-MS in a
prior study [17] for comparison, while two of the species (C. luteum, V.
lutrae) have not been studied previously. Samples of each desired species
were first thawed and then a sterilized inoculation loop was used to
spread an appropriate amount of stock onto the petri dish. Dishes were
covered, sealed with parafilm strips, labeled, and stored at room tem-
perature for 1-2 days. The plates were checked for visible colony growth
and subcultured onto new plates to remove any remaining glycerol from
storage. After three days, bacteria were subcultured from the petri dish
into each of three headspace vials while taking care to consistently
deliver a uniform bacteria amount to the slanted agar surface. Three of
the agar-containing vials were set aside without any inoculated bacteria
as blank agar (negative) controls. One autoclaved empty vial without
agar was used as a method blank. This resulted in seven samples for each
species: three with agar inoculated with bacteria, three with agar that
did not contain bacteria, and one empty vial. The initial day of culturing
into headspace vials was referred to as “Day 0" for all trials. Analysis was
repeated on all seven vials daily until the end of the trial on the fourth
day. This resulted in five days of data collection (35 samples per species)
for a total of 175 total samples in this study across all five species.

2.2. GCxGC-qMS/FID method

Instrument configuration consisted of a Thermo Scientific Trace
1300 GC/FID and an ISQ 7000 Single Quadrupole Mass Spectrometer
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(gMS) fitted with a Triplus RSH Autosampler for sample introduction
using SPME Arrow. A carbon wide range/polydimethylsiloxane (CWR/
PDMS) SPME Arrow fiber was used (Restek Corporation, Bellefonte, PA).
Fiber preconditioning time at the start of each day was 30 min at 270 °C.
Each vial was incubated at 30 °C for 30 s with 250 rpm agitation. The
fiber was predesorbed for 5 min at 250 °C to prepare it for exposure. The
fiber was exposed to the sample for 5 min with O rpm in the Heatex
stirrer. The needle speed in vial was 20 mm/s. The fiber was desorbed in
splitless mode in the GC inlet for 1 min at 250 °C, with an injection depth
of 45 mm/s and penetration speed of 35 mm/s. Following injection, the
fiber underwent a 1 min post-desorption conditioning at 250 °C. All
conditioning was performed in an offline fiber conditioning station with
ultra-high purity nitrogen (Airgas, Radnor, PA, USA). Fiber choice,
extraction conditions, and desorption conditions were chosen based on
prior work with these sample types, and to keep data as comparable as
possible with prior work on this matrix [17,26]. The first dimension
column was an Rxi-624Sil MS column (30 m x 0.25 mm ID x 1.4 pm film
thickness, Restek Corporation) and the second dimension column was a
Stabilwax (5 m x 0.25 mm x 0.25 pm film thickness, Restek Corpora-
tion). An INSIGHT Reverse Fill/Flush Modulator (SepSolve Analytical,
Peterborough, UK) was used with a modulation period of 2.5 s and flush
time of 100 ms. The loop dimensions were 0.53 mm ID x 1133 mm with
a loop volume of 25 pL. The bleed line dimensions were 5 m x 0.1 mm
ID. Ultra-high purity helium (Airgas) was used as the carrier gas. The
flow rate in the first dimension column was 1.00 mL/min and the
auxiliary gas flow rate for the second dimension was 20.00 mL/min,
with a calculated flow rate of 17.9 mL/min in the second dimension. The
flow was split between the FID and MS using an unpurged SilFlow GC
3-port splitter (Trajan Scientific and Medical, UK) at approximately
4.5:1 which was maintained constant throughout the run. The GC oven
started at 60 °C, was held for 1 min, increased to a final temperature of
250 °C at the rate of 5 °C/min, and held for 6 min. No secondary oven
was used on the secondary column. The total run time was 46 min.

The ion source temperature and the transfer line temperature for the
gMS were both set to 280 °C. The gMS was operated in electron ioni-
zation mode with a scan range from 40 to 300 m/z. The total scan time
was 0.0241 s, which resulted in an acquisition rate of 41.5 scans/s. This
is the maximum acquisition rate for this instrument when using this scan
range. The FID was operated with 350 mL/min ultra-zero grade air
(Airgas), 40 mL/min ultra-high purity nitrogen as makeup gas (Airgas),
and 35 mL/min ultra-high purity hydrogen (Airgas). The temperature of
the FID was set at 250 °C. The scan rate of the FID was 120 Hz. Instru-
ment control was performed using Chromeleon V. 7.2.9 (Thermo
Scientific).

2.3. Data processing

Data files from the QMS stream were exported from Chromeleon from
*.raw format to *.cdf format using a file converter. Files were then im-
ported into ChromSpace software V. 1.4 (SepSolve Analytical Ltd.). Data
files from the FID stream were exported in *.cdf format directly and
imported into ChromCompare+ v. 1.4 (SepSolve Analytical). Prior
studies demonstrated the utility and integration of the FID and qMS data
streams in combination, and are not discussed herein [27,28]. Data
processing was completed using the ChromCompare+ component of the
software. First, baseline correction was performed using 0.35 s. In
ChromCompare+ method editor, a tile sum method was created for
non-target processing of GCxGC data. FID files were used for feature
selection in ChromCompare+ and then identifications were made on
selected features using the qMS data files within ChromSpace after-
wards. Peak detection integration settings used the tile sum algorithm
with a 'tz window width of 10's, a ‘tg overlap of 20 %, a 2tp window
width of 0.7 s, and a 2t overlap of 20 %. Peak merging integration was
set with an overlap of 2 %, correlation of 0.3, tolerance of 2 %, and
intensity of 2 %. Fronting and tailing values were set to 2 % for high and
low modulation periods (Py). The peak filter integration settings for
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absolute minimum peak height, area, and width were set to zero to avoid
pre-filtering of features. In the ChromCompare+ sequencer, FID sample
files were batch processed as class standard sample types, assigning the
method as detailed above.

A ChromCompare+ project was created by importing the processed
sequence and sample classes are assigned in project editor with string
label types. Feature discovery was used to filter for the top 50 features. A
filtered session report containing the discovered features labeled as
numbers and their corresponding peak areas aligned to appropriate the
sample, was exported into a Microsoft Excel (2016) file (*.xlsx). The top
features in this alignment table were tentatively identified by opening
gMS contour plots and utilizing the National Institute of Standards and
Technology (NIST) 2017 Mass Spectral Library to tentatively identify
peaks. Forward match scores over 700, reverse match scores over 700,
and relative probability scores were used in assessing the library hitlist.
When ambiguous peak identification information was available, reten-
tion indices were used to support compound identification choice, in
addition to the location the peak was found on the contour plot (for both
Ltg and 2tg) due to knowledge of relative size and polarity of the mole-
cule within the contour plot space (i.e. structured chromatogram in-
formation). In some cases, peaks were confirmed using an in-house
reference standard mix created from individual analytical standards.
The list of top 50 features was condensed to include compounds with a
reverse match factor (RMF) of 700 or above.

Ordination was performed on the resulting profiles in R statistical
software [29]. Microsoft Excel files (*.xIsx) containing the components
of interest and their measurements for each sample were read into R.
Principal Components Analysis (PCA) was performed on each bacterial
species in base R. Principal Coordinates Analysis (PCoA) and Procrustes
were performed on each microbe using the vegan R package [30]. Pro-
crustes was used to rotate one ordination to maximize similarity with
another ordination; PCA was rotated to maximize similarity with PCoA.
PCA, PCoA, and the combination resulting from Procrustes were plotted
in R with varying shades of pink for the microbes and cyan for the
controls, both getting darker as the sampling day increased.

3. Results and discussion
3.1. Sample and method considerations

To add accurate and reliable information to the foundational
knowledge in this field, it is first important to identify the preferred
analytical tools for the analysis. Especially in the scenario where a larger
database of microbial VOC information may be developed over time, the
analytical method must consider all peaks that could be encountered in
future studies of individual and combined microorganism studies. In this
study, VOC profiling was conducted on three species previously studied
by the authors (B. subtilis, I indica, L. ureiclastica) using one-dimensional
GC-MS [17]. The other two species studied (C. luteum and V. lutrae)
were investigated to expand the current knowledge based on additional
postmortem microorganisms. This initial database therefore includes
microbial VOC data for five postmortem microorganisms, all analyzed
across the same workflow.

It should be noted that very little information is currently available
on four of five of these species (i.e. all but B. subtilis) in terms of their
impact on the decomposition process, as well as the volatiles produced
by them under the conditions presented by outdoor terrestrial decom-
position. For reference, a comparison table of the species is presented
below demonstrating the variety in species selected for the study
(Table 1). All microorganisms chosen for study were Biosafety Level 1
organisms.

Given that three of these species have been previously analyzed
using 1D GC-MS, one goal was to evaluate the GCxGC-qMS/FID anal-
ysis approach by comparing data from both instruments. Fig. 1 dem-
onstrates the total ion current chromatogram from 1D GC-MS for
I. ureiclastica alongside the total ion current contour plot from the
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Table 1
Species characteristics for chosen bacteria in this study.
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Species Shape Type of Respiration Gram Stain Spore Forming
Bacillus subtilis Rod Facultatively anaerobic Positive Yes
Ignatzschineria indica Rod Aerobic Negative No
Ignatzschineria ureiclastica Rod Aerobic Negative No
Curtobacterium luteum Rod Aerobic Positive No
Vagococcus lutrae Coccus Facultatively anaerobic Positive Yes

corresponding GCxGC-qMS data stream. The 1D GC-MS chromato-
grams demonstrate several regions of peak congestion, for example in
the 14-16 min range and the 21-23 min range. The peaks are more fully
resolved in the corresponding GCxGC-gMS contour plots, providing
improved baseline resolution between peaks and separation from
chemical noise in the chromatogram. Prior studies using GCxGC anal-
ysis for decomposition odor have highlighted some of these major
benefits when performing analyses [31], which results in a more refined
resulting peak list due to the improved ability to detect individual
components and small changes in amount between these components. It
should further be noted when interpreting Fig. 1 and additional sup-
plementary plots in Fig. Al for each bacterial species, that two different
systems were used to acquire these data. There is a major difference in
the 2D system whereby the flow modulator is introducing a significantly
different amount of flow to the detector, specifically for the mass spec-
trometer. As such, major components do not necessarily align along the
first dimension retention time. The side-by-side comparison is meant to
allow a general comparison of peak co-elution and use of chromato-
graphic peak capacity for each method. This is in contrary to other 2D
studies where 1D vs. 2D comparisons get performed by simply turning

the modulator off, to maintain first dimension retention time compa-
rability. This study refers to a 1D GC-MS system in which no GCxGC
components were installed, thus the 1D retention times cannot be
compared in a one-to-one fashion.

In this study, the Chromcompare+ software afforded the newer
ability to incorporate tile-based Fisher ratio feature selection. This
process compares signal intensity between and within classes of samples
using a tile sum method. Using this tool, it is possible that some features
originally identified manually in 1D GC-MS may not be selected as being
peaks of interest as they do not vary significantly between our control
group (blank agar) and the treatment group (cultured bacteria) in the
GCxGC data. This approach reduces features only to those which are the
most effective class differentiators and thereby takes a complex, con-
voluted chromatogram and allows focus on peaks with the most mean-
ing. In the case of I ureiclastica (Fig. 1), a higher number of peaks of
interest were identified by this method. In 1D GC peak identification, 19
peaks were identified as peaks of interest [17]. However, by the
GCxGC-gMS/FID workflow incorporating tile-based Fisher ratio feature
selection, there were 25 compounds selected as class differentiating
features. It is important to note that the second list of features will not
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Fig. 1. Total ion current chromatograms for Ignatzchineria ureiclastica on Day 4 of analysis using (a) gas chromatography — mass spectrometry and (b) comprehensive
two-dimensional gas chromatography — mass spectrometry. The top figure is taken from data collected in [17]. Both chromatograms are zoomed to a portion of the
run time to highlight trace level features in further detail. Comparative plots for all three species profiled by both techniques are available in the Supplementary

Information, Fig. Al.
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always include the 1D GC-MS peaks of interest, since the tile-based
Fisher ratio method is generally considered to be more effective in
discerning class differentiating compounds [32,33].

The reduction in peak coelution and isolation of individual compound
peak areas via physical separation with GCxGC indeed allows a more
effective focus on peaks that achieve class characterization (i.e. blank agar
vs. bacteria sample). It is also possible however, that the data from a
GCxGC analysis will return a list with fewer compounds since chemical
noise has been removed resulting in reduced between-class variation. For
example, in the prior study, 21 VOCs were initially identified from
L indica, yet in this study only eight VOCs were included during feature
selection. This occurred even though far greater peaks were identified
within the GCxGC-qMS/FID analysis compared to the GC-MS analysis.
The increased separation power and peak capacity of GCx GC is especially
effective when analyzing samples with a high number of background
compounds present in the sample matrix, for example the standard
nutrient agar that was used as a matrix in this study. While this advanced
analytical technique is useful for this study of individual bacterial species,
it also provides promise for future studies where combination of bacterial
species is targeted and a mixture of VOC signatures from each combined
species must be monitored with even higher complexity.

3.2. VOC profile association with species

In this study, 55 total compounds were identified through feature
selection across the five bacterial species. A comprehensive list of each
compound selected for each species is provided in Table 2. It is impor-
tant to note that all compounds identified in this study have been pre-
viously identified in postmortem odor studies from mammalian remains.

In decomposition odor analysis, previous studies have identified that
odors resulting from decomposing remains exhibit a consistent core
profile despite differences in experiment methodology, geographical
location, analysis techniques, etc. [10,16,34-36]. One impactful finding
was the lack of consistent core profiles of volatiles across the bacterial
species. Fig. 2 depicts how many VOCs were identified in common be-
tween each of the five species displayed as a multiple intersection Venn
diagram. From this diagram it could be observed that there were no
compounds that were found in common between all five species. In
addition, there were also very few VOCs found in common between four
of the five species studied. The number of compounds held as unique
VOCs to one species was the highest value out of the other intersection
points shared with other species. While this study certainly does not
exhaustively characterize all bacterial species that could be present on
decomposing remains, these five species’ profiles provide support that
individual bacteria appear to have a relatively individualistic signature
that contribute only a portion of the overall decomposition odor profile,
which is a detail that has not been previously established in any
decomposition odor studies.

Five VOCs were identified as being found most consistently across
the different bacterial species, including acetone, dimethyl disulfide,

Table 2
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dimethyl trisulfide, 2-pentanone, and 1-butanol. Fig. 3 demonstrates the
VOC relative abundance for each species over time. This longitudinal
analysis exemplifies that some bacteria appear to experience a peak in
the VOC production during early bacterial proliferation. For example, 1-
butanol peaked on Day 1 of the study for C. luteum. Dimethyl disulfide
also peaked on Day 1 of the study for V. lutrae. However, some VOCs
appeared to be consistently produced at a steady rate across the study.
For example, dimethyl disulfide was observed to be present at a rela-
tively consistent level for B. subtilis, I. indica, and C. luteum across the life
cycle period studied. This is particularly interesting as dimethyl disul-
fide is one of the most consistently identified compounds in decompo-
sition odor; however, it is also known to oscillate higher and lower over
time. The VOC trends observed in prior literature may be explained by
different bacterial species establishing themselves at different times
throughout the decomposition process. More direct study of species
presence alongside VOC data would be required to make these specific
linkages.

There were also some cases where one VOC was found in very
different levels between the different species. For example, L. ureiclastica
appeared to produce 2-pentanone at a much lower level than B. subtilis
or V. lutrae. This compound is of specific interest as an early study
identified 2-pentanone in high concentrations from human decomposi-
tion case studies [37], and it has also been identified from a large
number of bacterial species [24]. This data supports that some VOCs
detected from decomposing remains may be present from Multiple
species contributions, but that in some cases, one or M. species is
dominating the contribution of that analyte over other species produc-
ing it at lower levels. The GCxGC-FID approach is valuable in these
scenarios because it has a broader linear range and therefore should be
helpful to characterize analyte differences of larger magnitude in studies
such as this. It should be noted that all lines represented in Fig. 3 are
measurements that were selected to be different than the VOC trend in
blank agar due to the use of the tile-based Fisher ratio feature selection
method.

Observing the different temporal trends of individual VOCs may be
helpful in better understanding overall decomposition VOC makeup, but
pairing bacterial species monitoring with VOC production would dras-
tically improve our understanding of these mechanisms. As few of these
multidisciplinary studies have currently been performed in fieldwork
trials, the current extrapolation of the bacterial VOC data herein from
past studies is limited but still provides promise for linking microbiology
and chemistry of human remains. For example, a recent study looked at
linking bacteria families with detected VOCs from juvenile pig carcasses
[18]. In this study the authors detected dimethyl disulfide at relatively
moderate levels across Days 0-4, which also coincided with the detec-
tion of Enterococcaceae and Bacillaceae. In our study, V. lutrae and
B. subtilis were found to coincide with this timing and VOC trend for
these two families, respectively. While these types of inferences may
help to explain trends observed in studies, there is much more research
required to specifically pinpoint one individual VOC trend to a group of

Full list of VOCs identified after tile-based Fisher ratio feature selection for each species.

Bacillus subtilis

isobutyronitrile, 1,3-pentadiene, 1-butanol, methylene chloride, 2-nitroethanol, acetic acid butyl ester, acetone, acetic acid ethenyl ester, trichloromethane

dimethyl trisulfide, 2-pentanone, dimethyl disulfide, pyrrole, 2,5-dimethylpyrazine, 1-chloro-4-trifluoromethylbenzene, methoxyphenyloxime, 4-meth-

ylpyrimidine, 3-methylbutanenitrile
Ignatzschineria indica
Ignatzschineria
ureiclastica

n-methyltaurine, 2,5-dimethylpyrazine, trimethylpyrazine, 2-heptanone, dimethyl disulfide, 2,4-dimethylpentane, methylpyrazine, benzaldehyde
1-chloro-2-trifluoromethylbenzene, methoxyphenyloxime, benzaldehyde, 2-heptanone, pyrazine, 2-ethyl-5-methylpyrazine, dimethyl trisulfide, 2-methyl-
1-propanol, paraldehyde, acetone, acetoin, 3-methylbutanenitrile, methanethiol, 1-chloro-4-trifluoromethylbenzene, 2,6-dimethyl-4-heptanol,

propanedioic acid, bromodichloromethane, 4-methyl-2-oxovaleric acid, 3,5-dimethylpyrazine, trichloromethane, 2-pentanone, pyrrole, benzyl alcohol,

acetyl valeryl, 3-methylbutanal
Vagococcus lutrae

isoprene, s-methyl 3-methylbutanethioate, 3-methylfuran, 2-butanone, 2-methyl-1-propanol, dimethyl disulfide, 3-methyl-1,5-pentanediol, 4-

aminopyridine, 2-pentanone, acetone, 3-methylbutanenitrile, 1-chloro-4-trifluoromethylbenzene, 1,3-diazine, carbon disulfide, methanethiol, 1,2-pro-
panediamine, bromodichloromethane, 1-butanol, dimethyl trisulfide, 5-methyl-2-hexanone, methyl isobutyl ketone

Curtobacterium luteum

3-methyl-2-butanone, S-methylbutanethioic acid, 1-butanol, 2-butanone, acetone, 1-chloro-4-trifluoromethylbenzene, 1,3-butanediol, 3-

methylbutanenitrile, methylene chloride, carbamimidothioic acid methyl ester, 1,3-pentadiene, 2-methyl-1-propanol, methylpyrazine,
bromodichloromethane, dimethyldisulfide, dimethyltrisulfide, 2,5-dimethylpyrazine, pyrazine, benzyl isopentyl ether
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Bacillus subtilis

Curtobacterium luteum

Ignatzschineria indica

Vagococcus lutrae

Ignatzschineria ureiclastica

Fig. 2. Multiple intersection Venn diagram showing number of identified compounds for each postmortem bacteria.
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Fig. 3. Line plots demonstrating compound abundance over the days of analysis for 5 common volatile organic compounds (VOCs) identified across bacterial species

including (a) acetone, (b) dimethyl disulfide, (c) dimethyl trisulfide, (d) 2-pentanone, (e) 1-butanol.

bacterial species, as would be the case on decomposing remains. Also, as
many decomposition ecology studies focus largely on family-level data,
it is challenging to link current knowledge of decomposition odor with
individual bacterial species without direct laboratory study as presented
here.

3.3. Individual species ordination analysis
The investigation of VOCs on an individual basis across different

species provides some valuable information as highlighted above.
However, because the full chemical fingerprint of all VOCs appeared to

be a differentiating factor for each species, examining profile variance
more holistically was desirable. Since it was expected that VOC levels
would be different depending on different metabolic progress, the
visualization of both the presence and abundance of each VOC simul-
taneously across the full profile is important to understanding how
similar or different each bacterial fingerprint may be. As such, visuali-
zation through ordination was desired for each species. Ordination is
valuable to visualize patterns in a dataset where multiple variables are
monitored simultaneously. In the field of GCxGC, the most common
ordination approach is Principal Component Analysis (PCA). This
technique allows synthetic variables to be produced based on linear
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combinations of variables within the dataset. PCA is generally regarded
as a valuable visualization tool and exploratory sample comparison
technique for multivariate monitoring as it allows the samples to be
placed on an ordination plot where distances between samples represent
the similarity or dissimilarity of sample profiles. In addition, loadings
plots provide explainability of the space between data points on the PCA
plot, indicating which specific compounds are driving the similarity or
dissimilarity. This has become one of the most popular techniques to
visualize GCxGC data to identify unsupervised class differentiation.
However, PCA is confined to measuring similarity or dissimilarity in
Euclidean distance, which is not necessarily ideal for profile data. There
are multiple reasons for this, including that there is no upper limit to
Euclidean distance and therefore two samples with no overlap may not
be the greatest distance apart if an additional sample has large values
[38]. Additionally, Euclidean distance is not duplicate invariant, so
repeating all components will increase the distance between two sam-
ples [38]. Finally, it is double zero symmetric, meaning that adding a
feature with all zero values is treated the same as adding a value of five
for all features, even though the zero may not be real due to variable
selection or other measurement artifacts [38]. Principal Coordinate
Analysis (PCoA) is another ordination technique commonly used in
ecology and microbiome studies. Similarly to PCA, PCoA uses combi-
nations of observed variables to create synthetic variables which can be
placed on an ordination plot where distances between the points

Coordinate 2
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represent the similarity or dissimilarity of sample profiles, measured
with any dissimilarity metric. Bray-Curtis dissimilarity is popular for
determining dissimilarities between microbial communities, which
share many mathematical properties with VOC profiles. Further infor-
mation on dissimilarity metrics with example calculations is available in
the accompanying Supplementary Information. Bray-Curtis dissimilarity
is not a distance but ranges from 0 when two profiles are completely the
same to 1 when two profiles are completely different, and the resulting
dissimilarity matrix can be readily fed into PCoA. Additionally, the
synthetic variables produced by PCoA can be used the same way PCA
components are used for multivariate analysis [39], even though the
percent of variance explained is not measured in PCoA coordinates.
Loading plots are not available for PCoA but biplots can be used to
provide the directionality and magnitude of influence of each observed
variable. The increased flexibility of using appropriate dissimilarity
metrics without the loss of functionality from PCA makes PCoA an ideal
technique to visualize GCxGC data to identify unsupervised class dif-
ferentiation and has not been utilized in GCxGC studies. Most GCxGC
data analysis packages currently embed PCA analyses within their pro-
gram, without considering the appropriateness of this ordination tech-
nique compared with other available techniques.

To test the difference between these two ordination techniques on
this specific data set, both were applied individually at first, and then
forced onto the same plot using a Procrustes analysis. The detailed
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calculation of Euclidean distance and Bray-Curtis dissimilarity metrics
are shown in examples in the Supplementary Information to demon-
strate the attributes of each. The Supplementary Information further
discusses recent resources for the comparison of PCA and PCoA in Ap-
pendix B [38,40]. Procrustes analysis, named from Greek mythology,
attempts to rotate and stretch one configuration or matrix to fit as close
as possible to another target configuration or matrix. This statistical
technique essentially aims at forcing two visualizations to fit one
another. The result can be plotted on the same axes as the two matrices
will now fall on the same scale, although the scale is meaningless. In
addition to calculating rotation, translation of the center, and scaling for
plotting, Procrustes analysis measures the correlation between the
rotated matrix and the target (non-rotated) matrix as the symmetric sum
of squared distances. This statistic can be permuted to determine a
p-value for significance testing of the correlation between matrices [41],
but in general, small sum of squared distances indicate that the two
matrices are similar. Unsurprisingly, all pairs of ordination matrices
explored here were significantly correlated (p < 0.0001) with the sum of
squared distances ranging from 0.0253 to 0.6276. Fig. 4 shows the PCA,
PCoA, and Procrustes plots for C. luteum, which had the smallest sum of
squared distances or most similar PCA and PCoA matrices. All bacteria
ordination plots can be found in the Supplementary Information Ap-
pendix B, Figs. B1-B5. The significant correlation between PCA and
PCoA, as well as their visual similarity, highlights that PCoA can be used
very similarly to PCA to visually identify unsupervised class differenti-
ation in GCxGC data.

The use of different ordination techniques has proven valuable in
many chemometric analyses for multidimensional data, and this study
demonstrates an additional application of ordination through PCoA.
Further exploration of these techniques on additional data will
contribute more information on their utility for different analytical
scenarios.

3.4. Limitations

In this study, five different bacterial species were cultured on stan-
dard nutrient agar and monitored over a five-day period. However, it is
known that a cadaver is a highly complex multispecies environment
[42], and therefore the information presented in this study is only a
small component of a large network of VOC information that must be
studied. It is recommended that many more culturable aerobic bacteria
be studied via VOC analysis, as this is the logical next step to improve the
linkage between individual species and overall VOC profile. In addition,
many VOCs cycle throughout the decomposition process [10,12,34,43],
and therefore may be able to be linked with the presence of a specific
bacteria on remains at a point in time.

One major consideration in this study is that each bacterial species
was treated completely independently of other bacteria that could
possibly be in their immediate environment in a real decomposition
scenario. In addition, the nutrient agar used in the studied was not
varied. It is highly possible that these methodological choices would
impact the resulting VOC profile. It is highly recommended that future
studies also consider species interactions on standard nutrient agar, in
addition to other available growth media.

Lastly, this study focused solely on species that were accessible since
they were Biosafety Level 1 (BSL 1) organisms and were able to be
cultured under aerobic conditions. To comprehensively understand VOC
production by the abundant bacterial species that could be present on
decomposing remains, further studies of BSL 2 and anaerobic microor-
ganisms will be necessary.

4. Conclusion
In this study, bacteria that have been previously identified on

decomposing remains were investigated using GCxGC-gMS/FID to un-
derstand their contribution to decomposition odor. A subset of the
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bacteria investigated in this study have been previously profiled using
GC-gMS, and therefore their profiles could be compared between the
two techniques. An additional two species were also profiled in addition
to these three repeated species using GCxGC-qMS/FID, and there were
no VOCs which were identified across all five species. In addition, the
overall profile detected from each bacterial species had minimal overlap
with the other species investigated. In an attempt to improve visuali-
zation of the highly multivariate data, each species was visualized using
both PCA and PCoA ordination strategies. A Procrustes analysis
demonstrated that the results of these two strategies were very similar.
Key limitations in the structure of data required for PCA suggest that
VOC data from GCxGC may be more appropriate to analyze using PCoA
rather than PCA, which is a significant divergence from the current state
of the field. Further study of VOCs produced by postmortem bacteria
could consider species interaction, anaerobic culturing conditions,
different growth media, and additional species.
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