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Summary

Paratuberculosis (Johne’s disease) is a widely distributed disease in livestock

with a significant economic impact. Mycobacterium avium subspecies paratu-

berculosis (MAP) is recognized as the causative agent of paratuberculosis.

The currently available diagnostic methods do not allow a rapid and reliable

detection of MAP in livestock in preclinical stages of infection needed for an

adequate control of this disease on the farm. Recently we developed a fully-

automated method for the fast detection of M. tuberculosis in early cultures

with an accuracy of more than 95%. This method is based on detection

of a combination of 20 biomarkers originating from the lipid fraction in the

cell wall of M. tuberculosis using thermally-assisted hydrolysis and methy-

lation gas chromatography-mass spectrometry (THM-GC-MS). Encouraged

by these findings, we evaluated the use of this THM-GC-MS procedure for

detecting biomarker(s) of MAP in cow manure samples. Ten compounds

including tuberculostearic acid, tetracosanoic acid, hexacosanoic acid and

N,N-dimethyldodecanamide isomers at seven retention times were proposed

as potential biomarkers for MAP using manual chromatographic inspection

and univariate analysis. Based on these proposed biomarkers, we have de-

veloped an algorithm that allows the differentiation of infected cows and

non-infected cows with a sensitivity of 76% and a specificity of 80% for a

sample set including 16 infected cows and 15 non-infected cows. This result

looks promising; but more work needs to be done to improve accuracy of the

diagnostic test.
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7.1 Introduction

Mycobacterium avium subspecies paratuberculosis (MAP) causes paratuber-

culosis (or Johne’s disease, a chronic wasting diarrheal intestinal disease in

cattle and other ruminants) and is a major concern in dairy industry [1].

Paratuberculosis causes early culling of infected cattle, reduced milk yield,

weight loss and eventual death of cattle. This contagious, infectious disease

is primarily transmitted via the fecal-oral route, because large numbers of

organisms are being shed in the feces of infected animals [2]. Young calves

were recognized as the most susceptible animals to MAP infection [1]. MAP

can be easily introduced into a herd by the purchase of infected animals and

is very difficult to eradicate, resulting in significant economic losses [3, 4].

Numerous control programs have been introduced in the past decades, orig-

inally to eradicate the disease from infected farms, but currently the aim

is more realistic and the goal is to reduce the within herd paratuberculosis

prevalence. Moreover, all feasible programs require a long term investments

by the farmer and the introduction of a complex of management changes on

the farm [2]. In all these programs, a reduction of costs and a rapid detection

of MAP are crucial. However, currently available methods to do so are slow

and/or expensive and not always reliable.

Culture of MAP from feces has been the gold standard for diagnosis of

paratuberculosis for many years; nevertheless the extremely slow growth

of the organism after initial isolation results in a minimum of 6 weeks, but

often up to 16 weeks, before culture results are available [5]. More recently

improved culture media for stimulating MAP growth [6] and molecular di-

agnostic methods for the detection of MAP have become available [7]. Un-

fortunately, these methods suffer from their own limitations, hindering a

successful implementation on the farm [8]. Therefore, a rapid and affordable

method for monitoring whether a cow has been infected and is shedding MAP

is still lacking. Ideally such a method would be noninvasive and suitable for

onsite use with a short "time to results", or use in a diagnostic laboratory

for animal diseases. From the perspective of sampling fecal samples are eas-

ily obtained and the detection of MAP provides reliable information on the

infection status of the animal. From the analytical perspective the detection

of biomarkers for the presence of MAP from feces is not straightforward.

Levels are low and the matrix is complex.
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Recently we have successfully developed a reliable, fully automated method

for the detection of M. tuberculosis in humans using Thermally assisted Hy-

drolysis and Methylation (THM) followed by Gas Chromatography-Mass

Spectrometry (GC-MS) in combination with chemometrics [9–11]. This

method allows detecting M. tuberculosis in early cultures with better than

95% accuracy based on a combination of 20 specific biomarkers. The detec-

tion limit of our THM-GC-MS method for M. tuberculosis in early cultures

is approximately 1 x 104 mycobacteria/mL. In the current work the method

will be extended for detection of biomarkers of MAP in cultures. We also

describe a new sample treatment procedure for the detection of MAP in cow

feces samples using THM-GC-MS.

7.2 Materials and Methods

7.2.1 Culture of mycobacteria

Seven MAP strains grown in the Mycobacteria Growth Indicator Tube (MGIT)

culture system (MGIT, BD Diagnostics, Detroit, MI, USA) were obtained

from NIZO food research in Ede, The Netherlands (Table 7.1). A selec-

tion of 20 mycobacterial strains found in dairy farms (named "surrounding

mycobacteria") were obtained from the National Institute for Public Health

and the Environment (RIVM) in The Netherlands (Table 7.1). These strains

were cultured on Löwenstein-Jensen medium. Six MAP strains grown in dif-

ferent media were obtained from Central Veterinary Institute (Lelystad, The

Netherlands) (Table 7.2). Furthermore this study also included five other

MAP strains cultured in Watson-Reid medium [6] then freeze dried at the

Central Veterinary Institute (Table 7.3 see below).
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Table 7.1: Mycobacterial cultures used for THM-GC-MS analysis
including 7 M. avium ssp. paratuberculosis isolates and 20 "sur-
rounding mycobacteria"samples

M. avium ssp. paratuberculosis
(MAP) Surrounding mycbacteria

M. avium ssp. paratuberculosis 1 M. abcessus 1-1 M. celatum 1-1
M. avium ssp. paratuberculosis 2 M. abcessus 2-1 M. celatum 2-1
M. avium ssp. paratuberculosis 3 M. abcessus 3-1 M. intracellulare 2-1
M. avium ssp. paratuberculosis 4 M. asiaticum 1-1 M. kansasii 3-1
M. avium ssp. paratuberculosis 5 M. asiaticum 2-1 M. scrofulaceum 2-1
M. avium ssp. paratuberculosis 9 M. avium sp avium 1-1 M. scrofulaceum 3-1
M. avium ssp. paratuberculosis 10 M. avium sp avium 2-1 M. mucogenicum 1-1

M. avium sp avium 3-1 M. mucogenicum 2-1
M. bovis 2-1 M. mucogenicum 1-1
M. bovis 3-1 M. nonchromogenium 2-1

M. avium ssp paratuberculosis 1, NIZO Niebuell strain
M. avium ssp paratuberculosis 2, NIZO Isolate cow 1355
M. avium ssp paratuberculosis 3, NIZO NCTC 8578 strain
M. avium ssp paratuberculosis 4, NIZO code 6
M. avium ssp paratuberculosis 5, NIZO Isolate cow 1363
M. avium ssp paratuberculosis 9, NIZO strain B2962
M. avium ss paratuberculosis 10, NIZO Isolate cow 1364
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Table 7.2: Growth of six MAP in different media obtained from
Central Veterinary Institute.
Strain nr Shaking / Film Culture Start Culture Harvest day Culture days Medium
441449 Shaking 5-11-2004 16-2-2005 103 Sauton
441449 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
441449 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
441449 Shaking 5-11-2004 16-2-2005 103 DH + Myc
441449 Shaking 5-11-2004 16-2-2005 103 W+R pH..
441449 Shaking 5-11-2004 16-2-2005 103 DH
441449 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
441449 Film 26-6-2013 W+R pH..
2148 Shaking 5-11-2004 16-2-2005 103 DH
2148 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
2148 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
2148 Shaking 5-11-2004 16-2-2005 103 DH + Myc
2148 Shaking 5-11-2004 16-2-2005 103 W+R pH..
2148 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
2148 Shaking 5-11-2004 16-2-2005 103 Sauton
2148 Film 26-6-2013 W+R pH..
8579 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
8579 Shaking 5-11-2004 16-2-2005 103 W+R pH..
8579 Shaking 5-11-2004 16-2-2005 103 DH + Myc
8579 Shaking 5-11-2004 16-2-2005 103 DH
8579 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
8579 Shaking 5-11-2004 16-2-2005 103 Sauton
8579 Film 26-6-2013 W+R pH..
3869 Shaking 5-11-2004 16-2-2005 103 Sauton
3869 Shaking 5-11-2004 16-2-2005 103 DH + Myc
3869 Shaking 5-11-2004 16-2-2005 103 W+R pH..
3869 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
3869 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
3869 Shaking 5-11-2004 16-2-2005 103 DH
3869 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
3869 Film 26-6-2013 W+R pH..
403359 Shaking 5-11-2004 16-2-2005 103 W+R + Myc pH..
403359 Shaking 5-11-2004 16-2-2005 103 DH
403359 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
403359 Shaking 5-11-2004 16-2-2005 103 Sauton + Myc
403359 Shaking 5-11-2004 16-2-2005 103 Sauton
403359 Shaking 5-11-2004 16-2-2005 103 DH + Myc
403359 Shaking 5-11-2004 16-2-2005 103 W+R pH..
403359 Shaking 5-11-2004 16-2-2005 103 W+R pH 5.5
D4 4) Shaking 6-6-2013 W+R pH..
D4 4) Shaking 30-7-2013 Sauton
D4 4) Film 30-7-2013 W+R pH..
D4 4) Film 13-8-2013 Sauton
D4 Film
AN5 Film

20-5-2013  30-7-2013        71 
30-5-2013  5-8-2013        67

freeze dried
freeze dried

Abbreviation used: W+R, Watson Reid medium; Myc, Mycobactin J; Sauton, Sauton medium [12].
231) freeze dried 0.5 g; 441) and 451) freeze dried
692) same as number 17
753) same as number 31. This is extra, because the amount of 31 was less
D44) These bacteria (Nr 36, 37, 38 and 39. Not 71) are killed 30 min 105◦C
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7.2.2 Bovine fecal samples

A convenience sample of nine Dutch dairy herds with at least two milk-

ELISA positive cattle in the last herd screen of the Milk Quality Assurance

Programme for paratuberculosis was selected [13, 14]. From each herd, one

or two cattle were randomly selected from the list of milk-ELISA positive

cattle. Furthermore, seven or eight cattle were randomly selected from each

of two Dutch dairy herds that were certified as ’MAP-free’ in the Intensive

Paratuberculosis Programme [15].

From each selected animal, a rectal fecal sample of at least 120 gram was

collected into a plastic container. No lubricant was used at rectal sampling.

Furthermore, a milk sample of at least 100 mL was collected manually from

a single quarter of the udder after thorough cleaning and disinfection of the

teat.

All samples were refrigerated during transport to the laboratory and pro-

cessed at the laboratory within 48h after collection. Each fecal sample was

thoroughly mixed in a Stomacher bag, and divided into three aliquots. A

first aliquot was tested by PCR assay as previously described [16]. A second

aliquot was stored at -18◦C for up to 7 weeks and, after thawing, cultured

on Löwenstein Jensen (LJ) medium using a modified Jørgensen method [17].

In short, for each sample, four culture tubes were inoculated and inspected

for MAP colonies and contamination at 4, 8, 12, and 16 weeks of incubation.

Natamycine (1.18 g/L) was added to the LJ-culture media to reduce the risk

of fungal contamination. Suspect colonies were examined by PCR. A sample

was regarded positive if one or more MAP colonies were detected. A sample

was regarded contaminated if three or more tubes were contaminated at 8

weeks of incubation or earlier. A sample was regarded negative if it was

neither regarded positive nor regarded contaminated.

7.2.3 Reagents and Standards

A 25% tetramethyl ammonium hydroxide (TMAH) solution in methanol was

obtained from Sigma–Aldrich (Zwijndrecht, The Netherlands). Before use

the solution was diluted ten times with deionized water obtained from a Sar-

torius Arium 611 UV water purification device (Sartorius, Nieuwegein, The

Netherlands). The solution was stable for two weeks at room temperature.
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Tuberculostearic acid (TBSA) and galactocerobroside from bovine brain were

obtained from Sigma–Aldrich. The galactocerobroside from bovine brain

standard was dissolved in chloroform/methanol, (2.0/1.0, v/v). Methanol,

chloroform, diethyl ether, hexane and dichloromethane were purchased from

Biosolve (Valkenswaard, The Netherlands).

7.2.4 Sample preparation for thermochemolysis GC-MS

7.2.4.1 Sample preparation for bacterial cultures

The pellets in the liquid culture media were collected using a sterile Pasteur

pipette, and transferred to a 2 mL Sarstedt screw cap vial. The mycobacteria

were killed by heating for 20 min at 80oC and the tube was centrifuged at

12,000 x g for 10 min. The bacterial pellets were washed with deionized

water under the same conditions. The washed pellets were resuspended in

deionized water to a concentration of approximately 1 x 108 bacteria/mL [9].

Fifteen microliters of the sample were used for the THM-GC-MS analysis (see

below).

7.2.4.2 Hexane/methanol/water extraction of freeze dried MAP

Forty mg of each freeze dried MAP strain (dry weight) was weighed in a 15

mL glass vial with Teflon-lined screw cap. Next 400 µL of methanol, 500

µL hexane and 100 µL deionized water were added to the sample for ex-

traction. The mixture was shaken overnight. Subsequently the mixture was

centrifuged for 10 min at 2,700 x g, the hexane phase (upper layer) was har-

vested and another 500 µL of hexane was added to the methanol/water phase

for a second extraction. Both hexane extracts were combined, evaporated to

dryness and re-dissolved in 1 mL hexane. The concentrated hexane extract

was subjected to a solid phase extraction (SPE) procedure (See 7.2.4.4).
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7.2.4.3 Preparation of bovine fecal samples

Three grams of the bovine fecal sample were diluted with 12 mL phosphate

buffered saline (PBS) and shaken on a horizontal Vortex shaker for 5 min-

utes and sonicated in a water bath for 10 min. The suspension was filtered

through an Adiagen filter (Adiagene, a bioMérieux company, l’Etoile, France)

by placing the filter on a perforated cap of a 50 mL Greiner tube and sub-

sequently centrifuged for 10 min at 180 x g. The retentate was resuspended

in 5 mL PBS and filtered again by centrifugation for 5 min at 180 x g. The

filtrates were combined and centrifuged 1h at 4000 rpm in a Universal 16

Centrifuge (Hettich, Tuttlingen, Germany) to precipitate the mycobacteria

and the supernatant was removed. The amount of pellet (between 0.8-1.5 g)

was calculated by subtracting the weight of the empty tube.

The pellet was resuspended using a Vortex shaker till a volume of 1 mL then

5 mL each of methanol and hexane was added. The mixture was transferred

to a 50 mL disposable Pyrex centrifugation tube (Corning B.V. Life Sciences,

Amsterdam, The Netherlands), which had been cleaned by heating overnight

at 300 ◦C to remove traces of lipids. This mixture was shaken overnight on

a horizontal Vortex shaker. The mixture was then centrifuged in a Servall

SS 34 rotor for 10 min at 3000 rpm. The upper hexane phase was collected

without taking the interphase. The hexane extract was evaporated to dry-

ness using a stream of air and the heat of a warm hair dryer and re-dissolved

in 2.5 mL hexane.

7.2.4.4 Normal phase solid phase extraction

Normal phase SPE cartridges Strata Si-1 were purchased from Phenomenex

(Utrecht, The Netherlands). Cartridges with a volume of 6 mL containing

1 g silica were used. Washing solution, sample and eluting solvents, were

passed through the SPE cartridge by gravity. The pass-through solution was

collected (fraction 1). Each cartridge was preconditioned by two washings

with 2.5 mL of hexane. Then 2.5 mL of the hexane extract sample was

applied onto the SPE cartridge. The cartridge was then washed with 2.5

mL of hexane. The first eluate (fraction 2) containing the non-polar lipids

was collected as two 2.5 mL portions of elution solvent 2 (diethyl ether,

hexane mixture, 50/50, v/v). The second eluate (fraction 3) containing
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the slightly polar-lipids was obtained by passing two 2.5 mL portions of

elution solvent 3 (100% methanol) through the cartridge. The last eluate

(fraction 4) containing the highly polar lipids was obtained by passing two 2.5

mL portions of elution solvent 4 (chloroform/methanol/water, 1.0/2.0/0.8,

v/v/v) through the cartridge. All samples were concentrated by a stream

of air to a volume of 100-200 µL. Twenty microliters of each fraction was

injected for the THM-GC-MS analysis.

7.2.5 Instrumentation

All THM–GC–MS experiments were carried out on a Shimadzu GCMS-

QP2010 Plus (Shimadzu, Den Bosch, The Netherlands). The GC system

was equipped with a "Focus" XYZ robotic auto sampler and an Optic 3 Pro-

grammed Temperature Vaporizing (PTV) injector (ATAS GL, Eindhoven,

The Netherlands).

7.2.6 Automated THM-GC-MS procedure

The automated THM-GC-MS procedure has been described previously [9,

10]. Briefly, 15 µL of each mycobacterial suspension or 20 µL of each extract

fraction was first injected into the PTV injector at 40◦C. The injector was

then rapidly heated to 120◦C to eliminate water while retaining the sam-

ple in the sintered-bed liner inside the injector. After cooling the injector

to 40◦C, 20 µL (if 15 µL of sample was injected) or 25 µL (if 20 µL of

sample was injected) of the 2.5% TMAH reagent was injected to cover the

whole bacterial/extract sample. Next the injector was heated to 120◦C to

remove the solvent and incubate the residue present in the sintered-bed of

the liner. The injector temperature was then increased to 450◦C to perform

thermochemolysis. After 5 min the injector temperature was decreased and

maintained at 320◦C until the end of the GC run. All GC analyses were per-

formed on a TC 5MS column (GL Sciences, Tokyo, Japan) of 30 m x 0.25 mm

internal diameter, coated with 0.25 µm of a 5% phenyl-methylpolysiloxane

stationary phase. Helium was used as the carrier gas. The separation was

performed by starting the GC oven at 40◦C for 3 min, followed by a first

ramp of 20◦C/min to 100◦C with a hold of 7 min, and then a second ramp
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of 5◦C/min to 320◦C with a final hold of 6 min. The MS was operated in

the full scan mode collecting spectra at a rate of 5 Hz over the mass window

from 60 to 500 amu. All samples were randomly and blindly tested.

7.2.7 Data analysis

The data set contained 27 THM-GC-MS chromatograms including 7 cultured

MAP strains and 20 "surrounding mycobacteria" strains. Using manual

chromatographic evaluation, the biomarkers for distinguishing MAP from

other mycobacteria were detected by overlaying chromatograms of these two

mycobacterial groups. Next we used the univariate data analysis method

described by Fisher to find the compounds that best discriminated MAP

from "surrounding mycobacteria" [10].

Before univariate data analysis could be performed, corresponding retention

time/mass pairs from the raw chromatograms had to be aligned. To do so

the GC-MS chromatograms were exported to *.cdf format and submitted

to MetAlign for data pretreatment (alignment and feature extraction) [18].

Parameter selection for the MetAlign software was based on the guidelines

described by Peters and coworkers [19]. The outcome of MetAlign was a

table containing 32,010 pairs of retention times and m/z values with their

abundances for the 27 mycobacterial strains. The intensities were finally

transferred into percentages using row normalisation (values of each cell were

divided by the sum of all values in the row). For the calculation of the Fisher

ratio (F value) the following equation was used:

F =
MeanMAP −Meansurroundingmycobacteria

0.5(SDMAP + SDsurroundingmycobacteria

(7.1)

Where:

• MeanMAP=Mean percentage retention time/mass pair abundances for

MAP

• Meansurroundingmycobacteria =Mean percentage retention time/mass pair

abundances for "surrounding mycobacteria"

)
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• SDMAP , SDsurroundingmycobacteria = Standard deviations of MAP and

the "surrounding mycobacteria", respectively, for that retention time

m/z combination

We chose 250 retention time/mass pairs giving the highest positive Fisher

ratios (potential biomarkers for MAP) and 250 retention time/mass pairs giv-

ing the highest negative Fisher ratios (potential biomarkers for "surrounding

mycobacteria"). The compounds corresponding to these 500 retention time/-

mass pairs were identified by going back to the GC-MS chromatograms and

performing an MS library search.

7.3 Results and Discussion

Total ion current chromatograms (TIC) of 27 strains of mycobacterial cul-

tures representing 7 MAP strains and 20 "surrounding mycobacteria" strains,

were recorded. The seven MAP strains shared similar THM-GC-MS pat-

terns, but differed notably from those of all the "surrounding mycobacteria"

strains. The THM-GC-MS patterns of different species of "surrounding my-

cobacteria" were different from each other. Figure 7.1 shows a number of

representative examples of the THM-GC-MS chromatograms for (A): M.

avium ssp. paratuberculosis 2, (B): M. avium ssp. paratuberculosis 3, (C):

M. avium ssp. avium 1 and (D): M. avium ssp. avium 2. The two M.

avium strains resemble each other more closely than the two paratubercu-

losis strains resemble each other and there are clear differences between the

species.

Initially, using manual chromatographic evaluation and overlaying the chro-

matograms of MAP strains and the different "surrounding mycobacteria",

we found compounds at three different retention times (39.02 min, 42.23

min and 45.22 min) that could be potential biomarkers for MAP strains.

These compounds were only present in the MAP strains. A search of the MS

library and spectrum evaluation suggested that these potential biomarkers

were all N, N dimethyldodecanamides (NNDMD). The exact origin of these

compounds is unclear, but we speculate they could be formed from cell wall

ceramides. There is scant literature on the ceramide compounds in the lipids

of MAP/mycobacteria. It could be possible that these NNDMD eluting at
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different retention times belong to a homologous series of ceramide derived

analogous or they could originate from different ceramides but give very sim-

ilar fragmentation products in the THM-GC-MS procedure.

To evaluate the applicability of our approach we have looked at the influ-

ence of the growth medium on the THM-GC-MS patterns, for 9 strains

of surrounding mycobacteria (3 M. avium ss avium, 2 M. intracellulare,

1 M. kansasii and 3 M. mucogenicum). These nine mycobacterial strains

originally grown in the Löwenstein-Jensen medium were isolated and sub-

cultured in Middlebrook (M7H9-OADC) medium. In eight of the strains the

THM-GC-MS chromatograms were similar, although there was a slight vari-

ation in the THM-GC-MS intensities of the compounds depending on the

medium. No NNDMD peaks were detected in these eight strains. We have

tested six strains of MAP grown in eight different growth media (Table 7.2).

Three NNDMD markers were found in three MAP strains grown in all eight

conditions, while the first and last eluting peaks were missing in the three

remaining MAP strains in all growth media. This result shows that even

though the growth media influence the amount of the NNDMD compounds,

the concentrations of these compounds vary much more significantly among

different strains than between different growth conditions. This leads us

to conclude that the lipid patterns of mycobacteria vary depending on the

growth medium. The exact trend is complex, unpredictable and needs to be

examined further in more MAP strains.

Our previous work on the identification of biomarkers for M. tuberculo-

sis showed that a number of biomarkers were needed to derive an accu-
rate diagnostic assay; no single biomarker provided sufficient sensitivity and 
specificity. Therefore, in our search for new biomarkers for MAP we used 
univariate data analysis [10]. Mass interpretation of 500 selected retention 
time/mass pairs using the GC-MS library provided four markers consisting 
of three MAP markers and one "surrounding mycobacteria" marker. The 
MAP biomarkers were tetracosanoic acid (C24), and two structurally very 
similar compounds that we also found in the manual interpretation and that 
were tentatively identified as N,N-dimethyldodecanamide (NNDMD) at re-
tention times of 39.02 min and 42.22 min. Moreover, based on our previous 
study [10], hexacosanoic acid (C26) and tuberculostearic acid (TBSA) are 
the known markers for mycobacteria. These markers are of very limited use
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Figure 7.1. Representative examples of the THM-GC-MS chro-
matograms for (A): MAP 2, (B): MAP 3, (C): M. avium ss avium

1 and (D): M. avium ssp avium 2.
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on their own, but can be highly relevant if combined with information on other 
compounds. Thus we have six biomarkers that can differentiate cultures of 
MAP from "surrounding mycobacteria": TBSA, C26, C24 and three NNDMD 
compounds. 
The high levels of high molecular weight material and solids in the complex 
fecal matrix hamper the search for biomarkers directly in bovine fecal samples. 
We analyzed by THM-GC-MS the supernatant obtained by dilut-ing the feces 
three times with phosphate buffered saline (PBS) followed by filtration 
through a metal sieve and a double hairnet filter, but the parti-cles in the 
sample frequently blocked the injection needle. We tested fecal samples from 
one cow with paratuberculosis infection and one non-infected cow for the 
presence of the six proposed biomarkers. We found that C24 and C26 markers 
were present in both fecal samples but no N,N-dimethyl dodecanamide could 
be detected. In an attempt to obtain a cleaner sam-ple, we have used magnetic 
beads (Microsense Medtech, London, UK) to enrich mycobacteria from the 
feces, without success. Dirt from the manure matrix as well as the 
mycobacteria were captured by the beads, giving low sensitivity and 
selectivity. The simple method described by Kaal and co-workers [9] using 
decontamination and centrifugation could not be used: the chromatogram was 
completely overloaded and the sintered glass liner was contaminated after just 
a few injections. No NNDMD could be detected in the feces of a heavily 
infected cow. A comparison of a chromatogram of 10 x diluted infected bovine 
feces with that of a MAP culture is shown in Figure 7.2. These results pose a 
question: is NNDMD indeed absent from the feces of infected cows or is it 
present at such low levels that it cannot be detected with this THM-GC-MS 
method?

As a step towards improved fecal sample preparation and enrichment for

the proposed markers for MAP, we started work with MAP strains directly

rather than complex bovine fecal samples. We used five MAP strains cultured

at the Central Veterinary Institute extracted with hexane/methanol/water

and fractionated by solid phase extraction. Different strengths of eluting

solvents were used to extract the mycobacterial lipids from the normal phase

SPE cartridge. A total of seven potential markers were found as shown in

Table 7.3. These included the six potential compounds mentioned above and

one new NNDMD isomer. For most strains the 50% diethyl ether in hexane

extract contained the TBSA, C24 and C26 first three markers whereas the
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Figure 7.2. The THM-GC-MS chromatograms of a MAP 2 culture
[10] (Figure 7.2A) and a fecal sample from a cow infected with MAP
(Figure 7.2B). The feces were diluted 3x and filtered through a metal
sieve and a double hairnet. The 1 x g supernatant was tested after 10

times dilution and 15 µL was injected.

methanol fraction contained the four NNDMD markers. In the extraction 
experiments the MAP strain 441449 showed a different behavior where it 
seems that all the compounds were eluted one solvent fraction later. This 
result was confirmed by repeating the extraction of this strain. The results 
suggest that the lipid composition of this strain is different from that of the 
other strains.
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Table 7.3: Distribution of 7 biomarkers over the SPE fractions
from 5 MAP cultured in Watson-Reid medium then freeze dried.

Sample 2.5 ml 2.5 ml
2.5 ml and 50% 50% 2.5 ml 2.5 ml 2.5 ml 2.5 ml
hexane hexane 2.5 ml 2.5 ml DEE in DEE in 100% 100% C:M:H= C:M:H=
wash of till 2.5 hexane hexane hexane hexane methanol methanol 1:2:0.8 1:2:0.8

Compund cartridge ml wash wash elution elution elution elution elution elution
M. avium ssp paratuberculosis 316F

1 0 0 0 0 11 84 4 1 0 0
2 0 0 0 0 18 81 1 0 0 0
3 0 0 0 0 7 92 1 0 0 0
4 0 0 0 0 0 0 100 0 0 0
5 0 0 0 0 0 0 94 6 0 0
6 0 0 0 0 0 0 84 16 0 0
7 0 0 0 0 0 0 100 0 0 0

M. avium ssp paratuberculosis 14854
1 0 0 0 0 7 74 16 2 1 0
2 0 0 0 0 20 64 4 0 12 0
3 0 0 0 0 13 87 0 0 0 0
4 0 0 0 0 0 0 96 4 0 0
5 0 0 0 0 0 0 94 6 0 0
6 0 0 0 0 0 0 94 6 0 0
7 0 0 0 0 0 0 94 6 0 0

M. avium ssp paratuberculosis 441449
1 0 0 0 0 2 4 46 18 31 0
2 0 0 0 0 14 39 2 0 45 0
3 0 0 0 0 0 43 0 0 57 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 69 0 31 0
7 0 0 0 0 0 0 0 0 100 0

M. avium ssp paratuberculosis 403359
1 0 0 0 0 8 66 19 3 5 0
2 0 0 0 0 11 82 1 0 4 1
3 0 0 0 0 19 81 0 0 0 0
4 0 0 0 0 0 0 96 4 0 0
5 0 0 0 0 0 0 95 5 0 0
6 0 0 0 0 0 12 84 4 0 0
7 0 0 0 0 0 5 91 5 0 0

M. avium ssp paratuberculosis 24148
1 0 0 0 0 12 66 9 3 9 1
2 0 0 0 0 43 56 0 0 0 1
3 0 0 0 0 38 62 0 0 0 0
4 0 0 0 0 100 0 0 0 0 0
5 0 0 0 0 100 0 0 0 0 0
6 0 0 0 0 12 43 45 0 0 0
7 0 0 0 0 0 100 0 0 0 0
Compound: 1, TBSA; 2, C24; 3, C26; 4-7, N,N-dimethyldodecanamide;
Abbreviations: C: M: H, chloroform, methanol, water, 1: 2: 0.8
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Figure 7.3. Sample preparation procedure for bovine fecal samples.

We then developed a method for the analysis of fecal samples from cows as

shown in Figure 7.3. Little is known about the physicochemical properties of

the lipids in bovine fecal samples, so all fractions after SPE extraction were

collected and analyzed separately by THM-GC-MS. Pass-through solutions

obtained after applying the sample onto the SPE cartridge were analyzed

to determine the capacity of the SPE cartridge used. No lipid was found in

our pass-through solution showing that the SPE cartridge did indeed cap-

ture all the lipids. C26, C24 and TBSA were again detected mostly in the

fraction eluted with 50% diethyl-ether in hexane whereas all NNDMD com-

pounds were mainly found in the 100% methanol fraction. Regarding the

biomarkers of MAP, when analyzing fecal samples from infected cows we
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Figure 7.4. The THM-GC-MS chromatograms of purified galactocer-
obroside from bovine brain (black curve), MAP 3 culture (pink curve)
and Methanol eluate of infected cow 526 after the SPE procedure (blue

curve).

found four new positions where a compound structurally very similar to

NNDMD eluted. We checked our previous data and found NNDMD related

compounds at these retention times in the chromatograms of the cultivated

MAP, albeit at much lower levels. It could well be that MAP produces a

different set of NNDMDs when grown in vivo than when grown in artifi-

cial media such as Middlebrook or Löwenstein-Jensen. We have identified

a total of 10 biomarkers that could be useful to differentiate infected from

non-infected cows. Seven of these markers are NNDMD analogues at differ-

ent positions. As mentioned above, we speculate NNDMD compounds could

be formed from cell wall ceramides of mycobacteria. We analyzed by THM-

GC-MS the galactocerobroside from bovine brain to proof that NNDMD

could originate from a ceramide after THM procedure. Figure 7.4 shows

the THM-GC-MS chromatograms of galactocerobroside (black curve), MAP

(pink curve) and methanol eluate infected cow 526 after the SPE proce-

dure (blue curve). Three NNDMD compounds were found at three positions

with similar mass spectra in these three chromatograms. This indicates that

NNDMD compounds maybe originate from cell wall ceramides of MAP.

We used these 10 potential biomarkers to detect MAP in the bovine fecal 
samples using THM-GC-MS. A total of 31 samples from NIZO were tested 
of which 15 were obtained from healthy cattle and 16 from MAP culture and 
PCR positive cattle. The results are summarised in Table 7.4. Unfortunately 
the markers identified as N,N-dimethyldodecanamides (the most important
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markers) were also found in feces from healthy cows. The exact origin of

these N,N-dimethyl dodecanamides is unclear. Are they from the food or

from other bacteria? Or do all cows carry MAP, but only a few develop

infection? Also TBSA and the fatty acids C24 and C26 were found in feces

from healthy cows. Based on the results of SPE-THM-GC-MS analysis of

the 31 samples it seemed that the two last NNDMD peaks at retention times

of 44.36 min and 47.05 min were the most important. NNDMD at these two

positions was absent, or present in much lower amounts in the non-infected

cows compared with infected cows. Therefore it is possible to differentiate

between infected cows and non-infected cows by setting a threshold value for

these two NNDMD markers. We built a decision tree using data from all

31 bovine fecal samples. The tree was based on the normalized areas of 10

potential biomarkers, ranking them in the order of importance with regard

to their ability to distinguish infected feces from non-infected feces. The

derived tree diagram is shown in Figure 7.5. Basically the algorithm uses

the normalized areas of three compounds (tetracosanoic acid methyl ester

at retention time 42.51 min and two NNDMD positions at retention time of

44.36 min and 47.05 min). The algorithm gives a sensitivity of 75% and a

specificity of 80% for the detection of MAP in the 31 bovine fecal samples

tested. Four false negatives were found for cows 501, 502, 503 and 517. Three

false positives were found, cows 519, 530 and 540.

Other types of multivariate classification methods were also tried in a man-

ner similar to our previous study on human tuberculosis [10]. First, a partial

least square discriminant analysis (PLSDA) model was fitted with the whole

data set, resulting in very poor predictive performance.

We attempted a variable reduction prior to PLS. This variable selection was

performed attempting to select only the variables that delivered low p-values

when a (univariate) test of comparison of means was performed. To avoid

overfitting, a double-loop 5-fold cross-validation strategy was performed [20].

In short, the double-loop cross-validation works as follows. First, the 5th part

of the data is withdrawn and kept for validation (validation set 1). The other

(4/5) subset of the data is submitted to variable selection (using the univari-

ate methods), resulting in a data set containing only the 10% most relevant

variables. This reduced data set is then submitted to PLSDA, and a full

cross-validation (again, 5-fold) is used to select the correct model parsimony.
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Figure 7.5. The decision tree for differentiation between cows infected
with MAP and non-infected cow

Finally, the optimal PLSDA (with the variable selection) is applied to pre-

dict the validation set 1, to measure the prediction capability. The (outer)

cross-validation loop is completed by selecting other subsets of the total data

set as "validation set 1". One should note that, in each validation loop, dif-

ferent variables can be selected as relevant variables, since the data subset

used for variable selection is not fixed. The outer cross-validation loop is

repeated several times in a Monte-Carlo validation fashion. This method de-

livered similar prediction capability (∼75% selectivity and sensitivity) to the

tree model described in Figure 7.5. Finally, a tree model was also fitted, us-

ing the same double-loop cross-validation strategy for the variable selection,

resulting in similar prediction capabilities.



176 Chapter 7

Table 7.4: THM-GC-MS results in 31 bovine fecal samples pro-
cessed by filtration and SPE, normalized peak areas for each
biomarker

Compounds1

Nizo code Culture Microscopy 1 2 3 4 5 6 7 8 9 10 9 and 10 THM-GC-MS
manure/pellet2 total% Result

511 Negative nt 0 91.3 7.4 1.3 0 0 0 0 0 0 0 neg
523 Negative nt 0 5.6 93.5 0.2 0.2 0 0.1 0 0.2 0.1 0.3 neg
525 Negative nt 0 9 26.2 28.9 25.2 0 0 0 10.7 0 10.7 neg
538 Negative nt 0 7.5 92.3 0.1 0.1 0 0 0 0 0 0 neg
505 Negative nt 0 23.4 74.3 1.4 0.7 0 0 0 0.1 0 0.1 neg
506 Negative nt 0 24.9 68.6 3.5 2.8 0 0 0 0.1 0.1 0.2 neg
518 Negative nt 0 23.9 71.4 2.6 2.1 0 0 0 0 0 0 neg
519 Negative nt 0 19.5 75.1 2.3 2.2 0 0 0 0.7 0.3 1.0 pos
521 Negative nt 0 24.5 75.2 0.3 0 0 0 0 0 0 0 0 neg
530 Negative nt 0 21.3 75.7 1.3 1.3 0 0.2 0 0.2 0.1 0.3 pos
540 Negative nt 0 19.7 71 2.2 2.9 0 1 0 1.9 1.3 3.2 pos
536 Negative nt 0 20.5 79.1 0.2 0.1 0 0 0 0 0 0 neg
534 Negative nt 0 16.9 82.8 0.2 0.1 0 0 0 0 0 0 neg
512 Negative nt 0 18.2 81.1 0.3 0.3 0 0.1 0 0.1 0 0.1 neg
508 Negative nt 0 18.6 80.2 0.7 0.5 0 0 0 0 0 0 neg
509 10-100 colonies nt 0 24.9 72.7 1.4 0.8 0 0 0 0.2 0 0.2 pos
541 10-100 colonies 11/12 0 15.4 81.4 1.3 0.9 0 0 0 0.5 0.3 0.8 pos
539 10-100 colonies 0/9 0 76.6 16.9 5.2 0 0 0 0 1.3 0 1.3 pos
504 10-100 colonies nt 0 23.8 74.7 0.5 0.3 0 0 0 0.6 0 0.6 pos
507 10-100 colonies nt/200 0 17.9 79.7 0.4 1.6 0 0.1 0 0.1 0.1 0.2 pos
501 10-100 colonies 0/10 0 1.6 98.1 0 0 0 0 0 0.1 0.1 0.2 neg
510 10-100 colonies 0/19 0 26.4 71.1 1.6 0 0 0 0 0.5 0.4 0.9 pos
502 >100 colonies nt/0 0 17.8 80.5 0.3 1.4 0 0 0 0 0 0 neg
517 >100 colonies nt/0 0 18.8 81 0.1 0 0 0 0 0 0 0 neg
529 >100 colonies 7/0 0 26.6 72.2 0.7 0.5 0 0.1 0 0.1 0 0.1 pos
526 >100 colonies 12/300 0 30.1 62.7 2.4 1.7 0 1 0 1.3 0.8 2.1 pos
524 >100 colonies 0/35 0 24.5 66.9 2.9 3 0 0.6 0 1.6 0.5 2.1 pos
32921439 >100 colonies 31/145 0 24 69.8 3.1 1.9 0 0 0 1.2 0 1.2 pos
515 >100 colonies 130/1000 0 16 66.5 6.4 3.4 0 0 0 7.7 0 7.7 pos
513 >10 colonies 73/400 0 22.5 71.5 2.8 2 0 0.4 0 0.5 0.4 0.9 pos
503 >100 colonies 0/0 0 10.4 89.1 0.2 0.2 0 0 0 0 0.1 0.1 neg
1,Compound code 1, TBSA; 2, C24; 3, C26; 4-10 different N,N-Dimethyldodecanamides
2,Acid fast bacteria / 10 fields in fecal sample after dilution 3 gram in 20 ml
PBS /pellet 1h 4000 rpm of the filtered sample nt, not tested
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7.4 Future aspects

The proposed SPE-THM-GC-MS method holds considerable promise for the

detection of MAP in bovine fecal samples. However, the performance of

the method needs to be improved by identifying additional biomarkers that

are more specific for MAP using multivariate statistics. Another promis-

ing approach could be to develop liquid chromatography (LC) coupled with

THM-GC-MS (LC-THM-GC-MS) to analyze in more detail the origin of the

biomarkers and in this way separate the MAP markers from the other fecal

components. LC fractionation is much faster and provides better defined

fractions than SPE fractionation. Additionally, with this knowledge SPE

could be improved and co-elution avoided. When new methods are devel-

oped, they should be validated in a blind study with an independent set of

fecal samples from healthy and infected cows.

7.5 Conclusions

A set of seven N,N-dimethyldodecanamide compounds, together with tu-
berculostearic acid, tetracosanoic acid and hexacosanoic acid show potential 
as markers for differentiation between cultures of MAP and "surrounding 
mycobacteria" using THM-GC-MS. Unfortunately, the detection of MAP di-
rectly in bovine feces is more challenging because of the complex background 
and the lack of specific markers for MAP. N,N-dimethyldodecanamide was 
also found in the feces of some healthy cows. A decision tree model was 
developed to set the threshold values for N,N-dimethyldodecanamide that 
allow distinction between feces from infected cows and healthy cows. This 
algorithm gave a sensitivity of 75% and a specificity of 80% when samples 
from 16 infected and 15 non-infected cows were tested. This initial result is 
promising, but more work needs to be done to improve the accuracy of the 
test. Selective isolation of precursors of the biomarkers using e.g. LC prior 
to THM-GC-MS is likely to lead to an improved performance.
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