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ABSTRACT

Several parameters for improving volatile metabolite 
analysis using headspace gas chromatography-mass 
spectrometry (GC-MS) analysis of volatile metabolites 
were evaluated in the framework of identification of 
mastitis-causing pathogens. Previous research showed 
that the results of such volatile metabolites analysis 
were comparable with those based on bacteriological 
culturing. The aim of this study was to evaluate the ef-
fect of several method changes on the applicability and 
potential implementation of this method in practice. 
The use of a relatively polar column is advantageous, 
resulting in a faster and less complex chromatographic 
setup with a higher resolving power yielding higher-
quality data. Before volatile metabolite analysis is 
applied, a minimum incubation of 8 h is advised, as 
reducing incubation time leads to less reliable pathogen 
identification. Application of GC-MS remained favor-
able compared with regular gas chromatography. The 
complexity and cost of a GC-MS system are such that 
this limits the application of the method in practice for 
identification of mastitis-causing pathogens.
Key words: mastitis, metabolites, pathogens, 
incubation, artificial neural network

Short Communication

Fast and specific determination of mastitis-causing 
pathogens is of great interest, both for choice of treat-
ment as well as for herd management decisions to 
decrease infectious pressure and prevent the spread 
of mastitis pathogens. Currently, determination of 
mastitis pathogens is generally done by bacteriological 

culturing (NMC, 2004) or PCR techniques (Koskinen 
et al., 2009). Previous research (Hettinga et al., 2008) 
showed that the results of a method for mastitis patho-
gen identification based on volatile metabolites analysis 
(VMA) in milk samples were comparable with bacte-
riological culturing. The VMA technique for bacterial 
identification has been used much more broadly than 
only for mastitis diagnosis (e.g., Bos et al., 2013; Set-
tachaimongkon et al., 2014). Potential advantages of 
this new method are the reduction in analysis time and 
in costs of diagnosis.

The method, as it was developed (Hettinga et al., 
2008), showed potential drawbacks that may prevent 
implementation in practice. Attention points include 
the cooling of the GC column, the incubation time, 
the necessity of sample fixation after incubation, and 
the costs of MS. The VMA technique developed previ-
ously (Hettinga et al., 2008) relied on the use of liquid 
N to cool the GC column for improved separation of 
volatile components. When using a more polar GC col-
umn, this cooling may no longer be necessary (Christie, 
1989; McNair and Miller, 2009), although the effect 
on performance characteristics, such as sensitivity and 
reproducibility, is unknown. Second, the application of 
autosamplers in large-scale routine analysis can lead 
to prolonged storage at ambient temperature, resulting 
in further fermentation in the sample, and thereby un-
controlled variation in VMA results. A cooled platform 
or addition of a preservative may be required to fix 
the samples after a defined incubation period. Third, 
the minimal incubation time was determined to be 8 
h (Hettinga et al., 2009a). That study, however, com-
pared an incubation time of 4 and 8 h, without time 
points in between, with 8 h being long enough and 4 
h being too short. To be able to fit the whole analysis 
into 1 working day, we wanted to know whether 6 h of 
incubation would suffice for correct prediction of the 
pathogen. Fourth, the use of MS makes the developed 
analysis rather expensive and labor-intensive. The use 
of regular GC without MS but with flame ionization 
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detector (FID) would simplify the analysis, and thus 
make it cheaper.

The aim of our study was to evaluate the use of a 
polar GC column, the effect of adding a preservative, 
using shorter incubation times, and GC-FID on the 
applicability of the VMA technique for pathogen detec-
tion in milk samples, which would all simplify imple-
mentation of this method in practice.

Milk Samples

For optimizing GC and testing the use of a preserva-
tive, samples inoculated with mastitis pathogens were 
used, similar to Hettinga et al. (2009b). Milk from a 
cow with a continuously low SCC (<75,000 cells/mL) 
was collected and pasteurized (72°C for 15 min). Bacte-
rial strains isolated by GD Animal Health (Deventer, 
The Netherlands) and stored at −80°C were separately 
added to brain-heart infusion (BHI) broth (CM0225, 
Oxoid, Cambridge, UK) and incubated at 37°C for 24 
h. This broth was used to inoculate milk samples. For 
comparing GC columns, one sample inoculated with 
Staphylococcus aureus and incubated for 24 h was used 
to induce the formation of many volatile components 
at relatively high levels. Ten samples (5 mL/sample) 
per pathogen (Staph. aureus, CNS, Streptococcus 
uberis, Streptococcus dysgalactiae, or Escherichia coli) 
were prepared for testing the optimized chromatogra-
phy. To evaluate the need for preservation, a bronopol 
and sodium azide mixture was added to the samples. 
A volume of 2.5 mL of BHI broth (CM 0225, Oxoid) 
was mixed with 2.5 mL of milk to stimulate growth of 
bacteria. This mix, without the addition of pathogen, 
was incubated at 37°C for 8 h, followed by adding either 
nothing (control) or a mixture of bronopol (0.01% wt/
wt, final concentration) combined with sodium azide 
(0.02% wt/wt, final concentration), after which the 
sample was incubated for another 24 h at 20°C.

For evaluation of incubation time and for comparing 
GC to GC-MS, milk samples from cows that were sent 
in for bacteriological mastitis diagnosis were selected 
from the diagnostic laboratory of GD Animal Health. 
After taking a sample for culturing, aliquots of ap-
proximately 8 mL were immediately frozen at −20°C. 
Bacteriological culturing was carried out according 
to National Mastitis Council protocols (NMC, 2004). 
Only milk samples from which 1 bacterial species was 
cultured before incubation of the sample were included 
in the study. The work focused on 3 pathogens (Staph. 
aureus, Strep. uberis, and Strep. dysgalactiae) of which 
enough samples per pathogen (n = 16 per pathogen) 
were available. To evaluate the length of the incubation 
time, these samples were separated in 2 subsamples and 
incubated at 37°C for 6 and 8 h.

Analysis of Volatile Metabolites

Five- (inoculated samples) or 1-mL (clinical mastitis 
samples) milk samples were preheated in 20-mL vials 
sealed with silicon or Teflon septa and magnetic caps 
for 1 min at 60°C. Volatile metabolites were extracted 
from the headspace for 5 min with a 75-μm PDMS-
carboxen SPME fiber (Supelco, Bellefonte, PA) us-
ing the combiPAL autosampler (CTC Analytics AG, 
Zwingen, Switzerland). The volatile metabolites were 
thermally desorbed from the fiber by heating it in a 
Best PTV injector (Thermo-Finnigan, San Jose, CA) 
with an empty liner for 5 min at 250°C. The fiber was 
subsequently cleaned for 10 min at 290°C. A vial with 
5 mL of demineralized water was used as blank. Gas 
chromatography separation of the volatile components 
was performed on a Finnigan Trace GC gas chromato-
graph (Thermo-Finnigan) coupled to a Finnigan DSQ 
mass spectrometer (ThermoFinnigan). Chromatogra-
phy characteristics were evaluated for 2 different col-
umns: (1) an apolar BPX-5 column of 30 m in length, 
0.15 mm i.d., and 0.25-μm film thickness (SGE, Austin, 
TX), where the oven temperature was held at −30°C for 
3 min, raised to 230°C at 20°C/min, followed by 1 min 
of holding; and (2) a polar Stabilwax-DA column of 30 
m in length, 0.32 mm i.d., and 0.32-mm film thickness 
(Restek, Bellefonte, PA), where the oven temperature 
was held at 40°C for 2 min, raised to 112°C at 14°C/
min, followed by raising 230°C at 20°C/min, followed 
by 3 min of holding. Helium was used as the carrier gas 
at a flow rate of 0.6 (BPX-5 column) or 1.8 mL/min 
(Stabilwax-DA column). The MS interface and the ion 
source were kept at 250°C. Acquisition was performed 
in electron impact mode (70 eV) with 2 scans/s; the 
mass range used was 33 to 250 m/z.

Data Analysis

The chromatograms were analyzed using the AMDIS 
software (National Institute of Standards and Technol-
ogy, Gaithersburg, MD), for improved peak identifica-
tion. Identification of volatile metabolites was based on 
matching mass spectra and retention time with pure 
standards, or comparison to the National Institute of 
Standards and Technology-Environmental Protection 
Agency-National Institutes of Health mass spectral da-
tabase with Kovats indices data from literature (Acree 
and Arn, 2004). Volatile metabolites that were detected 
before in mastitis milk samples (Hettinga et al., 2008) 
were integrated using the XCalibur software package 
(ThermoFinnigan). The peak area (corrected for blank) 
in arbitrary units was used for statistical analysis. To 
emulate the effect of using a regular GC-FID, with-
out MS, the total ion count (TIC) traces were also 
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analyzed. NeuralTools (Palisade, Ithaca, NY) was used 
to develop probabilistic neural networks (PNN), with 
the conjugate gradient descent method for training. 
Training of the neural networks was carried out using 
cross validation, with 70% (n = 33; 11 per pathogen) of 
the samples used for training and 30% (n = 15; 5 per 
pathogen) for validation.

Optimizing GC

Two GC columns were evaluated to optimize chro-
matography of bacterial volatiles. The observed repro-
ducibility of retention time (relative standard deviation 
= 19 vs. 57%) and peak area (relative standard devia-
tion = 0.9 vs. 5.4%), as well as average signal intensity 
(1.4·108 vs. 7.1·106), were substantially better using the 
polar Stabilwax-DA versus the apolar BPX-5 column. 
Moreover, in this way the tedious use of liquid nitrogen 
cooling, as required for the BPX-5 column, could be 
omitted. To further test this GC column, inoculated 
milk samples were used. A PNN was build and tested, 
which showed a 100% correct prediction for the patho-
gen in the test data set, which is higher than the 93% 
reported previously (Hettinga et al., 2008). For these 
reasons, the Stabilwax-DA column was used for all 
further analyses.

Evaluation of Preservation

To prevent metabolite formation due to microbial 
activity after incubation, a bronopol and sodium azide 
mixture was added to the samples after which they 
were incubated again. As shown in Figure 1, several ad-
ditional metabolites were present in the chromatograms 
of samples that were not preserved (Figure 1B and D) 
as compared with samples that were preserved (Figure 
1A and C). As these metabolites were similar to those 
found in mastitis samples, this may reduce prediction 
accuracy. Thus, these results show the importance of 
sample fixation after incubation. The postincubation 
storage period of 24 h in our experiment is relatively 
long and may not represent a practical situation. 
Shorter storage or storage at lower temperature may 
result in smaller differences. Nevertheless, results shows 
that postincubation storage can influence the results of 
VMA and care should be taken with this.

Optimization of Incubation Time and the Use  
of GC Instead of GC/MS

Incubation times of 6 and 8 h were compared to test 
whether the incubation time could be shortened to 6 h. 
The VMA data of 3 major pathogens (Staph. aureus, 
Strep. uberis, and Strep. dysgalactiae) were analyzed 

Figure 1. Gas chromatography-mass spectrometry chromatograms of samples with (A and C) and without (B and D) the addition of pre-
servatives.
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based on the TIC trace of the GC-MS, to emulate the 
use of a GC-FID instead of a GC-MS. The VMA pro-
files were analyzed with PNN, showing that incubating 
for 6 h gives a slightly higher overall percentage correct 
predictions compared with 8 h, see Table 1. The cor-
rect prediction rate in both cases, however, was much 
lower than the 93% from previous studies (Hettinga 
et al., 2008), probably due to the fact that GC-FID 
was emulated without using the detailed data from the 
mass spectrometer for identification and quantification. 
Further detailed inspection of the VMA profiles showed 
that the TIC approach did not allow for separation of 
compounds with comparable retention times. This may 
explain the lower identification rate using emulated 
GC-FID. Reanalyzing the data set based on quantifica-
tion of the individual mass traces solved the problem 
of hard to differentiate co-eluting compounds. When 
this data set was reanalyzed using PNN, 80 and 93% 
of the samples were predicted correctly for the samples 
incubated for 6 and 8 h, respectively, as shown in Table 
2. Although the number of pathogens classified in the 
current study is smaller than in the previous study 
(Hettinga et al., 2008), the observed identification rate 
after 8 h of incubation is supported by results reported 
previously. These results support our hypothesis that 
the lower correct prediction rate, as shown in Table 1, 

may be due to the use of emulated GC. This need to 
identify and quantify all individual components may 
also be the reason why Eriksson et al. (2005) were un-
able to differentiate between pathogens using an elec-
tronics nose, because such a device only detects groups 
of metabolites, not individual metabolites. In addition, 
it indicates that when the incubation is reduced from 
8 to 6 h, less reliable results are obtained. Previous 
research on identification of pathogens grown in culture 
broth showed that incubating for 6 to 8 h is needed 
(Bruins et al., 2009), which is in the same range as 
what we found, even though they used a matrix that is 
more suitable for pathogen growth. A drawback of GC-
MS over GC-FID is the additional investment required 
for the MS and additional effort needed for analysis of 
the more complex data.

Considerations for Application in Practice

Our results show that headspace analysis is techni-
cally feasible, but has several serious drawbacks related 
to implementation in practice. The additional costs 
involved in GC-MS analysis would make this method 
more expensive than regular bacterial culturing or 
alternative, even faster, techniques such as PCR and 
matrix-assisted laser desorption/ionization time-of-

Table 1. Cross-validation results of pathogen identification by a probabilistic neural network for mastitis 
pathogens samples incubated either 6 or 8 h, based on total ion count traces of the GC-MS (to emulate the 
use of a GC-flame ionization detector)

Microbiological  
identification

Predicted by neural network (number of samples identified per 
group, n = 15 per incubation time)

 

Correct (%)
Staphylococcus  

aureus

 

Streptococcus  
dysgalactiae

 

Streptococcus  
uberis 

6 h 8 h 6 h 8 h 6 h 8 h 6 h 8 h

Staph. aureus 4 3 1 1 1 80 60
Strep. dysgalactiae 1  3 2 1 3 60 40
Strep. uberis  1 2  3 4 60 80
Total correct       67 60

Table 2. Cross-validation results of pathogen identification by a probabilistic neural network for mastitis 
pathogens samples incubated for 6 and 8 h, based on analysis of mass traces of the GC-MS

Microbiological  
identification

Predicted by neural network (number of samples identified per 
group, n = 15 per incubation time)

 

Correct (%)
Staphylococcus 

aureus

 

Streptococcus  
dysgalactiae

 

Streptococcus  
uberis 

6 h 8 h 6 h 8 h 6 h 8 h 6 h 8 h

Staph. aureus 5 4 1 100 80
Strep. dysgalactiae 1   3 4 1   50 100
Strep. uberis     1   4 5 80 100
Total correct             80 93
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flight (MALDI-TOF). The use of GC-FID would reduce 
the cost and complexity of the analysis, but leads to a 
reduced correct identification rate, as shown in Tables 1 
and 2. We therefore concluded that the complexity and 
cost of a GC-MS system are such that this limits the 
applicability of VMA for mastitis pathogen identifica-
tion in practice.

In addition to the studied parameters, also other 
parameters may be relevant for implementation in 
practice. In bacteriological mastitis diagnosis, multiple 
bacteria may occur simultaneously in a single sample. 
Several preliminary experiments we performed indicate 
that this may lead to volatile metabolite profiles most 
similar to the pathogen that grew fastest during incu-
bation (data not shown). This contradicts the findings 
of de Bok et al. (2011) and Settachaimongkon et al. 
(2014), who showed that the volatile metabolites of all 
species grown in a mixed culture could be detected. 
However, these studies were performed using lactic acid 
bacteria that grow well together, whereas in a mixed 
culture of mastitis pathogens usually only 1 pathogen 
grows well. Samples may have different levels of bac-
teria, resulting in different optimal incubation times 
needed. In preliminary data, samples acidified on ar-
rival at the laboratory did not need incubation to show 
a successful VMA result (data not shown). Also, our 
study was limited by the sample size, with 16 samples 
per pathogen and only 3 pathogens in the final experi-
ment, which was due to the specific requirements put 
on the samples to be included in the study. Further 
research on these parameters would be needed before 
final conclusions can be drawn on these aspects.

Overall, the results from our study indicate that the 
use of a more polar column is advantageous for VMA 
because it increases the chromatographic resolution 
and yields higher-quality data. Adding a preservative 
to the sample after incubation can prevent metabolite 
production during sample storage between incubation 
and analysis. Incubation is required for at least 8 h. Use 
of regular GC instead of GC-MS resulted in lower cor-
rect identification rates in our study. The complexity 
and cost of a GC-MS system are such that this limits 
the implementation of the VMA method in practice at 
this point in time.
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