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ORIGIN OF METABOLITES IN MASTITIS MILK The origin of the volatile metabolites found in mastitis milk
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The possibility to detect mastitis pathogens based on their volatile metabolites was previously studied. Because the origin of the metabolites is unknown, the formation of volatile metabolites by 5 mastitis pathogens inoculated in milk of healthy cows was studied.

The volatile metabolites from inoculated samples were compared to those of mastitis milk samples from which the inoculated pathogens were isolated. Most metabolites formed in the inoculated samples were similar to the metabolites formed in mastitis samples, both in presence and in amount. Prediction by a neural network showed that the similarity between the inoculated samples and mastitis samples was sufficient for correct prediction of the pathogen in the inoculated sample. The main difference between the inoculated samples and the mastitis samples was the absence of ethyl esters of free fatty acids in inoculated samples. This could be explained by disturbance of the milk-blood barrier, allowing the transfer of esterase from the cows' blood to the milk in cows with mastitis.

Introduction

Determination of mastitis causing pathogens is of great interest, both for choice of treatment as well as for herd level management measures to prevent the spread of mastitis.

Currently, determination of mastitis pathogens is generally done by bacteriological culturing [START_REF] Nmc | Microbiological procedures for use in the diagnostics of bovine udder infection and determination of milk quality[END_REF]. Previous research (Hettinga et al., 2008b) showed that results of a method for mastitis pathogen identification based on the analysis of volatile metabolites in milk samples were comparable with bacteriological culturing. The two main advantages of this method are the total analysis time and the cost of analysis. Specific volatile metabolites detected in mastitis milk samples are formed by the pathogen itself. For example, the formation of 2-and 3-methylbutanal, as well as branched free fatty acids by S. aureus have been described by [START_REF] Ritter | The application of gas chromato-graphy in dairying. II. Detection and determination of volatile fatty acids in dairy products and cultures[END_REF]. In mastitis samples with S. aureus, other, not previously described metabolites, like ethyl esters of free fatty acids, were also detected. Whether these components are formed by S. aureus or are the result of other processes occurring during mastitis is not known.

Detected metabolites may, for example, also be formed by enzymes which travel from the blood through the blood-milk barrier to the milk, or by enzymes associated with endothelial cells of the udder tissue. To determine whether the volatile metabolites originate from the pathogens or from other sources, inoculation of milk samples from healthy cows can be used.

The goal of this study was to compare the volatile metabolites from mastitis samples with those from inoculated samples containing the same pathogen, to get insight in the mechanism A c c e p t e d M a n u s c r i p t 3 of volatile metabolite formation, and to evaluate whether inoculated samples can be used as a model for mastitis samples in studying volatile metabolites.

Materials and methods

Milk samples

Mastitis samples

The clinical mastitis samples in this study were the same as described in our previous publication (Hettinga et al., 2008b). If one of the 5 pathogens of interest (S. aureus, CNS, S. uberis, S. dysgalactiae, or E. coli) was cultured, the remainder of the milk sample (approx. 5 mL) was frozen at -20°C for later analysis of the volatile metabolites. Also, the pathogen cultured from the mastitis samples was frozen at -80°C for the inoculation procedure. Bacteriological culturing was carried out according to NMC protocols [START_REF] Nmc | Microbiological procedures for use in the diagnostics of bovine udder infection and determination of milk quality[END_REF]. Because these were milk samples from routine mastitis diagnosis, the milk samples have been incubated overnight at 37°C.

Inoculated samples

Fifteen milk samples from 3 cows (5 samples/cow), without clinical signs of mastitis and with low SCC (<75,000/ml cow SCC), were supplied by the "De Ossekampen", the university farm of Wageningen University and Research Centre (Wageningen, The Netherlands). After disinfection of the teat and forestriping, 10 mL foremilk samples were taken into sterile 12 mL tubes. Directly after taking these samples, they were transported to the laboratory and inoculated, in the same tube, with one of the five pathogens cultured from the mastitis samples (3 samples per pathogen). Inoculation was performed using BHI broth (CM0225, The inoculated samples were incubated at 37°C for 8 h. After incubation, the samples were cooled on ice to approximately 0°C. Five mL of the sample was subsequently transferred to a headspace vial. The headspace vials were frozen at -20°C for later analysis of the volatile metabolites.

Analysis of volatile metabolites

The volatiles were analyzed using solid-phase microextraction (SPME) combined with gas chromatography/mass spectrometry (GC/MS) according to Hettinga et al. (2008b).

Statistical analysis

SPSS for Windows version 12.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. An ANOVA was performed for comparison of inoculated and mastitis samples, with a Welch test in the case of unequal variances. P<0.05 was considered statistically significant.

The obtained data were used in the prediction module of NeuralTools (Palisade, Ithaca, NY, USA) using the previously developed probabilistic neural network (PNN) to identify the mastitis causing pathogen (Hettinga et al., 2008b).

Results

Analysis of volatile metabolites

The results of the analysis of the mastitis samples have been described elsewhere (Hettinga et al., 2008b). The results of the inoculated samples were compared with the mastitis samples per pathogen. 

Comparison of volatile metabolites per pathogen

Staphylococcus aureus

When comparing the data of the inoculated samples with the mastitis samples, especially the group of ethyl esters of the free fatty acids stands out. Four of the ethyl esters were not found at all in the inoculated samples, only ethyl acetate was detected in one of the samples.

Another difference between the inoculated and mastitis samples is that the samples inoculated with S. aureus contained a higher amount of dimethyl sulfide. Finally, hexanoic acid was found in the inoculated samples but not in the mastitis samples.

CNS

Just like S. aureus, samples inoculated with CNS contained hexanoic acid, whereas the mastitis samples did not. Additionally, the concentration of dimethyl sulfide and 2-butanone were significantly higher for the inoculated samples compared to the mastitis samples. The inoculated samples did not contain isopentanol, acetoin, and ethyl esters of branched fatty acids whereas some of the mastitis samples did contain these components. These differences were, however, not significant.

Streptococcus uberis

The absence of the ethyl esters and the presence of hexanoic acid in the inoculated samples compared to the mastitis samples was similar to the other pathogens. Additionally, 2methylbutanal and acetoin were absent in the inoculated samples. Furthermore, the inoculated A c c e p t e d M a n u s c r i p t 6 samples contained a higher concentration of dimethyl sulfide compared to the mastitis samples.

Streptococcus dysgalactiae

In the inoculated samples, the ethyl esters, 2-methylbutanal, isopentanol, and 3methylbutanoic acid were all absent. Hexanoic acid was present in all inoculated samples, but not in the mastitis samples. Like the other inoculated samples, samples inoculated with S. dysgalactiae contained a higher concentration of dimethyl sulfide compared to mastitis samples.

E. coli

The samples inoculated with E. coli, like the inoculated S. aureus samples, had very limited formation of ethyl esters of free fatty acids. As for other pathogens, the presence of hexanoic acid in inoculated samples was also seen in the samples inoculated with E. coli. In addition to these two differences, a 100-fold increase in dimethyl sulfide was seen for the inoculated samples. This increase was much higher than for the other pathogens.

Prediction by PNN

The results of the inoculated samples were used in the prediction module of the previously developed PNN. Of the 15 inoculated samples, 14 were correctly classified (93%). Only 1 of the E. coli samples was incorrectly classified.

Discussion

Comparing the mastitis samples to the inoculated samples, the majority of the volatile metabolites were present in both types of samples in similar amounts. The prediction of the A c c e p t e d M a n u s c r i p t 7 PNN showed that the similarity between the inoculated samples and mastitis samples was sufficient for correct prediction of the pathogen in the inoculated sample.

Looking at the 20% of metabolites which were different between the inoculated samples and mastitis samples, some differences were seen for all 5 pathogens. The main difference was that in inoculated samples, ethyl esters of free fatty acids were absent, or significantly lower. This may be explained by the activity of the esterase enzyme. Esterases are enzymes which are produced by the cow and occur in the blood [START_REF] Mcsweeney | Biochemical pathways for the production of flavour compounds in cheeses during ripening: a review[END_REF]. In case of mastitis, this enzyme can probably transfer from the blood to the milk due to disturbance of the blood-milk barrier [START_REF] Raulo | Increase in milk metalloproteinase activity and vascular permeability in bovine endotoxin-induced and naturally occurring Escherichia coli mastitis[END_REF]. These enzymes would then not be present in the milk of healthy cows, thus explaining the absence of the ethyl esters in inoculated samples.

Hexanoic acid was detected in all inoculated mastitis samples, but not in any of the 50 mastitis samples. However, in most of the mastitis samples, ethyl hexanoate was detected.

Hexanoic acid is a precursor for the formation of ethyl hexanoate. Possibly, the hexanoic acid in the mastitis samples was converted by esterase to ethyl hexanoate.

In the inoculated samples, a higher dimethyl sulfide concentration was found compared to the mastitis samples. The relative amount of dimethyl sulfide found in all inoculated samples (6×10 5 to 1×10 6 arbitrary units of area), except for the sample inoculated with E. coli, was similar to what was found in the milk of healthy cows (Hettinga et al., 2008a). The observed difference between inoculated samples and mastitis samples may be due to different sample handling, because dimethyl sulfide is easily lost due to its high volatility [START_REF] Patton | Methyl sulfide and the flavor of milk[END_REF]. This does, however, not explain the high concentration of dimethyl sulfide in the samples inoculated with E. coli. Dimethyl sulfide most likely is a metabolite formed by E. coli and was also probably lost in the mastitis samples due to handling. The formation of dimethyl sulfide by E. coli may be useful for the identification of E. coli in mastitis samples. In some of the samples, especially those inoculated with CNS and S. dysgalactiae, an increased concentration of 2-butanone was detected. However, the concentration of 2butanone still falls within the normal range of this component for fresh raw milk (Hettinga et al., 2008a).

Conclusions

When comparing the whole pattern of volatile metabolites, it can be concluded that most metabolites were present in both inoculated as well as mastitis samples, in similar concentrations. The prediction of the PNN showed that the similarity between the inoculated samples and mastitis samples was sufficient for correct prediction of the pathogen in inoculated samples (93% correct).

The absence of ethyl esters was the most striking difference between the two types of samples, and this could be explained by the absence of transfer of the esterase enzyme from the cow's blood to the milk of a healthy cow.

Therefore, it can be concluded that the metabolites found in mastitis samples are mainly formed by the pathogens and that the ethyl esters of free fatty acids are, probably, formed by the esterase enzyme from cow's blood.

Finally, because of the similarities between inoculated and mastitis samples, inoculation can be used to obtain samples for further research on the use of volatile metabolites in mastitis diagnosis. 

  , UK) containing 10 9 CFU/mL, diluted to a final inoculation level of 10 5 CFU/mL in the milk sample.

  A c c e p t e d M a n u s c r i p t 5 Table5.1 contains an overview of the results of the comparison between the mastitis samples and the inoculated samples.

  Acree, T. E. and H. Arn. Website: http://www.flavornet.org/. Accessed: 20 Oct., 2008.

Table 1 :

 1 Amount (arbitrary units of area) of volatile metabolites detected in mastitis samples and inoculated samples containing S. aureus, 243 coagulase-negative staphylococci (CNS), S. uberis, S. dysgalactiae, and E. coli (n=10 for mastitis samples, n=3 for inoculated samples).

	244				
		S. aureus	CNS	S. uberis	S. dysgalactiae	E. coli
	245	Metabolite Acetaldehyde Ethanol Dimethyl sulfide 2,3-Butadione 2-Butanone Eth. acetate 3-Meth.butanal 2-Meth.butanal 2-Pentanone Acetic acid Isopentanol Acetoin Eth. butyrate Butyric acid Eth. 2-meth.but. Eth. 3-meth.but. 3-Meth.but. 2-Meth.but. 2-Heptanone Hexanoic acid Eth. hexanoate a significant difference between mastitis samples and inoculated sample (p<0.05) Mastitis Inoculated Mastitis Inoculated Mastitis Inoculated Mastitis Inoculated Mastitis Inoculated 7×10 6 2×10 7 6×10 4 1×10 5 3×10 5 1×10 5 1×10 5 1×10 5 3×10 5 2×10 5 1×10 8 3×10 7 1×10 5 4×10 4 1×10 6 0 6×10 6 0 1×10 8 4×10 7 9×10 4 1×10 6 a 3×10 4 6×10 5 a 2×10 5 9×10 5 a 2×10 5 8×10 5 a 1×10 5 2×10 7 a 1×10 6 3×10 6 5×10 4 3×10 3 6×10 5 1×10 4 1×10 5 4×10 3 2×10 4 4×10 5 a 2×10 6 3×10 6 3×10 5 3×10 6 a 1×10 6 3×10 6 7×10 5 5×10 6 a 5×10 5 4×10 6 1×10 6 4×10 4 a 0 0 5×10 4 0 a 2×10 4 0 a 7×10 5 4×10 5 3×10 7 8×10 7 3×10 6 2×10 6 9×10 4 8×10 5 5×10 5 5×10 5 5×10 4 3×10 5 4×10 5 2×10 6 6×10 4 6×10 4 3×10 3 0 3×10 3 0 0 0 8×10 4 1×10 5 8×10 3 4×10 4 5×10 4 1×10 5 7×10 4 7×10 4 1×10 6 6×10 4 6×10 6 4×10 7 5×10 5 2×10 6 3×10 6 2×10 6 3×10 6 3×10 6 1×10 7 9×10 6 7×10 6 2×10 6 1×10 6 0 0 0 1×10 5 0 4×10 6 0 8×10 5 5×10 5 3×10 3 0 4×10 3 0 0 0 0 0 7×10 5 0 a 0 0 7×10 4 0 a 1×10 5 0 a 3×10 5 2×10 4 3×10 6 4×10 5 2×10 5 4×10 5 8×10 5 3×10 5 1×10 6 4×10 5 1×10 6 2×10 6 2×10 4 0 a 4×10 2 0 0 0 0 0 0 0 1×10 5 0 a 5×10 2 0 3×10 3 0 3×10 3 0 0 0 1×10 6 4×10 4 0 0 0 0 7×10 2 0 0 0 6×10 6 1×10 5 0 0 0 0 0 0 0 0 2×10 5 4×10 4 2×10 4 4×10 4 1×10 5 3×10 4 1×10 5 4×10 4 3×10 5 5×10 4 0 3×10 5 a 0 2×10 5 a 0 1×10 5 a 0 2×10 5 a 0 3×10 6 a 4×10 5 0 a 8×10 2 0 6×10 4 0 9×10 4 0 2×10 5 0 a