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Abstract
Bovine tuberculosis (bTB) is an infectious disease with signi�cant impact on animal health, public health
and international trade. Standard bTB screening in live cattle consists in injecting tuberculin and
measuring the swelling at the place of injection few days later. This procedure is expensive, time-
consuming, logistically challenging, and is not conclusive before performing con�rmatory tests and
additional analysis. The analysis of the volatile organic compounds (VOCs) emitted by non-invasive
biological samples can provide an alternative diagnostic approach suitable for bTB screening. In the
present study, we analyzed VOC samples emitted through the breath, feces and skin of 18 cows
diagnosed with bTB from three farms from Romania, as well as of 27 negative cows for bTB from the
same farms. Analytical studies employing gas chromatography coupled to mass spectrometry revealed
80 VOCs emitted through the breath, 200 VOCs released by feces, and 80 VOCs emitted through the skin.
Statistical analysis of these compounds allowed the identi�cation of 3 tentative breath VOC biomarkers,
9 tentative feces VOC biomarkers, and 3 tentative skin VOC biomarkers. The possible pathway of these
volatile biomarkers is discussed.

Introduction
Bovine tuberculosis (bTB), caused by Mycobacterium bovis (M. bovis) and other members of the M.
tuberculosis complex, is an infectious disease with signi�cant impact on animal health, public health and
international trade [1]. bTB can be transmitted to humans by drinking unpasteurized milk or eating raw or
undercooked meat from an infected cow. Therefore, accurate and e�cient detection of bTB in animal
populations remains of paramount importance for bTB control programs.

Currently, standard tuberculosis testing in live cattle consists of single intradermal tuberculin test for
screening, with a comparative cervical test (CCT) or interferon gamma release assay (IGRA) as
supplemental or con�rmatory tests [2–4]. Although these combined tests have good speci�city and
sensitivity (over 80% and over 90%, respectively, which varies depending on the stage of infection),
conducting these tests is expensive, time-consuming, logistically challenging, and must be performed by
certi�ed veterinarians [5].

The analysis of volatile organic compounds (VOCs) emitted by body �uids is a promising approach for
identifying disease biomarkers in a non-invasive way and at an early stage of the disease. The rationale
for the early diagnosis of a disease is that metabolomic changes occur in the body from the �rst stage of
the disease. They re�ect changes in the blood chemistry produced by the disease, and can be found
among the VOCs released by various body �uids including, but not limited to: exhaled breath, skin, feces,
urine, saliva, etc. [6]. As a consequence, some VOCs appear in the body �uids in modi�ed concentrations
as compared to the normal state and/or new metabolites are generated. These metabolites represent
biomarkers linked with the disease condition [7].
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Previous studies reported the identi�cation of VOC biomarkers in cattle breath [8, 9], swine breath and
feces [10], and white-tailed deer feces [11]. Putative VOC biomarkers were also identi�ed in M. bovis
cultures grown in vitro [12]. In the present study, we focus on the analysis of the VOCs emitted by three
different biological samples of cows, namely breath, skin and feces, in order to broaden the volatolomics
map of bTB in cattle.

Material And Methods

Animals
The animals included in the study were selected from dairy farms from Romania that presented bTB
outbreaks in 2018, upon direct noti�cation received from the National Agency for Veterinary Medicine and
Food Safety from Romania (ANVSA).

bTB diagnosis was done by ANVSA specialists in homologated laboratories, within the Romanian
national program for tuberculosis eradication. The animals that responded positively to the single
intradermal tuberculin test with mammalian tuberculin (M. bovis) were monitored and treated with
antiparasitic agents. After 60 days, a comparative simultaneous test with mammalian tuberculin (M.
bovis) and avian tuberculin (M. avium) was performed. The animals that reacted to both mammalian and
avian tuberculin were slaughtered in the slaughterhouse. From all slaughtered animals, blood samples
without anticoagulant and with EDTA K anticoagulant were taken for Real Time – Polymerase Chain
Reaction (RT-PCR) analysis, and lymph node samples for bacterioscopic and histopathologic
examination. bTB was diagnosed based on isolation on selective media of Mycobacterium spp. from the
lymph node and the characterization of the isolate by RT-PCR.

VOC Samples
VOC samples were collected from 28 animals suspected for bTB. 10 animals whose �nal diagnosis for
bTB after all investigations performed was not conclusive were disregarded from the study. Therefore,
�nally there were included in the study 18 bTB positive animals, from the following farms: 13 animals
from Pct URS - Caciandone Hristu’s farm located in Targusor, Constanta county, 4 animals from Olteanu
Bogdan’s farm located in Livezi, Valcea county, and 1 animal from SC Gemir Serv SRL located in Bistrita,
Bistrita-Nasaud county. Moreover, 27 bTB negative animals that didn’t react to the single intradermal
tuberculin test were selected from the same farms, as follows: 22 animals in Constanta county, 4 animals
in Valcea county, and 1 animal in Bistrita-Nasaud county.

VOCs emitted by animals through breath, skin and feces were collected in glass cartridges containing
Tenax TA matrix (Sigma Aldrich, St. Louis, MO, USA), an inert hydrophobic sorbent material suitable for
VOC pre-concentration and storage [10]. Samples collection is graphically presented in Fig. 1.

A mask for delivering medication to horses (Aeromask, Trudell Medical International, London, ON,
Canada), provided with three charcoal �lter cartridges (Honeywell, Charlotte, NC, USA) mounted on its
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external walls for cleaning the air inhaled by the animals, was employed for breath VOC collection [8]. The
air exhaled by the animals in the mask was pumped through a Tenax TA sorbent tube, placed with the
empty side towards the mask, by means of a handheld pump (AirChek XR5000, SKC Inc., Eighty Four, PA,
USA). A 0.22 µm polytetra�uoroethylene (PTFE) �lter (Tisch Scienti�c, North Bend, OH, USA) was placed
between the mask and the Tenax TA tube for retaining any possible bacteria. The �ow rate of the pump
was set to 1 L/min for 1 min, optimized in a previous study [10].

Fecal VOC collection was performed following the protocol established in our previous study [10].
Approximately 5 g of feces were placed into a 250 mL glass jar with a two-port stopper, and the
headspace formed by the volatiles released from feces was pumped through a 0.22 µm PTFE �lter into
the Tenax TA sorbent tube by direct pumping. The �ow rate for the transfer of the VOCs released by feces
to the sorbent material was set at the optimal value of 100 mL/min for 10 min determined in our previous
study [10].

For the collection of the VOCs emitted through animal’s skin, a portion of the lateral cervical area of the
animal was clipped and allowed to naturally dry. A 7.5 cm diameter funnel placed over the clipped skin of
the animal was used to collect the VOCs emitted through skin by direct pumping. The �ow rate for the
transfer of the VOCs emitted through skin to the sorbent tubes was set to an optimal value of 1 L/min for
8 min, selected based on different trials.

After samples collection, the Tenax TA tubes were stored in a fridge at 4 ºC before analysis. The masks,
jars, funnels and tubing connecting the elements of the collection system were cleaned with methanol
after each use, then rinsed very well with water and left to naturally dry.

Gas Chromatography - Mass Spectrometry (GC-MS)
Analysis
The VOC samples were analyzed with a GC-MS equipment (Agilent 6890N-5975 InertXL, USA). For this
aim, the Tenax TA sorbent tubes were introduced into an empty glass tube (15 cm length, 1 cm inner
diameter), which was sealed at both ends with GC inlet septum and introduced into the empty core of a
home-made vertical electrical furnace (6.5 cm length). The side of the Tenax tube with the sorbent
material was completely placed inside the furnace, whereas the upper part of the tube was kept outside.

The air inside the tube was partially removed with a water vacuum tap (Carlos Arboles S.A., Barcelona,
Spain). The furnace was heated for 10 min at 150°C, which produced the release of the VOCs retained by
Tenax. A Solid Phase Micro-Extraction (SPME) Divinilbenzene/Carboxene/Polydimethylsiloxane
(DVB/CAR/PDMS) �ber was inserted into the empty region of the Tenax tube outside the furnace to
adsorb and concentrate the thermally released VOCs. The schematic representation of VOC desorption
from Tenax and adsorption onto the SPME �ber is shown in Fig. 2.

The VOCs were desorbed inside the GC inlet port of the GC-MS system for the chromatographic analysis
of the compounds. The GC-MS was operated in the splitless mode, using the following extraction and
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chromatographic conditions: desorption time: 30 s; desorption temperature: 230 ºC; oven temperature
pro�le: 1 min at 40 ºC, followed by a ramp of 10 ºC/min up to 220 ºC, then by a ramp of 20 ºC/min up to
320 ºC.

The deconvolution of the chromatograms acquired by GC-MS was realized with the Unknown Analysis
software operated in the automatic mode, with the match factor set to 60. Compounds identi�cation was
achieved employing the NIST 08 mass spectral library. Comparison was made between the calculated
Kovacs retention index for each chromatographic peak (referring to a mixture of normal para�ns from C6
up to C20) and the one from NIST 08 database for the corresponding MS suggested compound.

Statistical Analysis
In order to identify the volatile biomarkers of bTB, both statistical student t-test and Wilcoxon test, with
the standard cut-off value α = 0.05, were applied on the deconvoluted peak area of the compounds
extracted by the Unknown Analysis software. Animals location (Constanta or Valcea counties) was
considered for disregarding from the initial list of possible biomarkers those compounds that could be
affected by external confounding factors related to climatic and food differences; because of the low
number of animals sampled in Bistrita-Nasaud (two animals only), those animals were not included in
the study of external confounding factors. The compounds that resulted statistically different in both
statistical tests, after disregarding the confounding factors and the compounds that could come from the
chromatographic column or the SPME �ber, were identi�ed as tentative biomarkers of bTB.

Results
The GC-MS analysis revealed 80 compounds in the volatile samples collected from breath, 200
compounds in the volatile samples collected from feces, and 80 compounds in the volatile samples
collected from skin. The compounds with the quality of recognition above 80 (30 for breath, 66 for feces,
and 28 for skin) were selected for the statistical analysis. These compounds are presented in the
Supplementary Information.

After performing the statistical analysis, 3 tentative bTB biomarkers were identi�ed among the VOCs
emitted through breath, 9 biomarkers among the VOCs released by feces, and 3 biomarkers among the
VOCs emitted through skin. These compounds are presented in Table 1.

Table 1 Volatile biomarkers of bovine tuberculosis identi�ed among the VOCs emitted through the breath,
feces and skin of cows.
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Sample Compound CAS
number

m/z Retention time interval
(min)

Breath Acetone 67-64-1 43 1.65–1.67

4-Methyldecane 2847-72-5 43 7.49–7.50

D-Limonene 5989-27-5 68 7.63–7.64

Feces Toluene 108-88-3 91 3.55–3.60

[(1,1-Dimethylethyl)thio]acetic acid 24310-22-
3

57 5.61–5.66

alpha-Thujene 2867-05-2 93 6.07–6.10

Camphene 79-92-5 93 6.33.6.37

Phenol 108-95-2 94 6.78–6.81

o-Cymene 527-84-4 119 7.57–7.59

3-(1,1-Dimethylethyl)-2,2,4,4-tetramethyl-3-
pentanol

41902-42-
5

57 10.09–10.12

2,5-Dimethylhexane-2,5-dihydroperoxide 3025-88-5 43 12.45–12.48

2,4-Di-tert-butylphenol 96-76-4 191 14.38–14.41

Skin Ammonia 7664-41-7 17 1.46–1.47

1-Methoxy-2-propanol, 107-98-2 45 2.56–2.59

Toluene 108-88-3 91 3.55–3.56

Discussion
VOCs detected in biological matrixes (breath, feces, skin, etc.) contain metabolites of the infectious
pathogen or compounds resulting from the interaction of the host organism with the pathogen
(pathophysiological metabolism products), other metabolic products resulting from physiological
processes, as well as combinations of both [13].

The VOCs exhaled through breath re�ect a part of the body’s metabolome, and generally come from the
blood [14, 15]. Their pro�le is dependent on the physiological status of the animal, food consumption and
internal metabolism, including gastrointestinal microbiota metabolism where substances absorbed
through the intestinal mucosa pass into the blood, reach the circulation and some of them are expired
through the lungs [16]. In addition to VOCs endogenously generated inside the body, VOCs of exogenous
origin can also be excreted through the lungs after inhalation and distribution in the body [15].

Fecal VOCs are predominantly produced during bacterial fermentation in the gut and re�ect both the
microbial composition of the gastrointestinal tract and the microbiota-host interaction [17]. Feces are a
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mixture of food residues, compounds resulting from digestive and excretory processes, epithelial cells,
and fragments and metabolites of the gastrointestinal microbiota. The gastrointestinal microbiota of
ruminants adapts to the physiological status of animals, food changes and environmental conditions [18,
19].

Animals’ skin releases a large number of VOCs known to be derived from skin glands, bacterial
metabolites and endogenous metabolites originated during disease pathogenesis. Bacteria present on
the skin of cows can metabolize compounds into volatiles, and thus bTB infected cattle aerosol residing
on their skin can release potential volatile biomarkers characteristic to bTB pathogens.

Animals’ location was assessed as a confounding factor in the present study in order to counteract
differences in animals’ alimentation and environmental conditions between the different farms, for
focusing only on the physiological status of the animals.

Although the composition of the VOCs from different samples can be closely related, their cumulative
analysis provides complementary and more complete information about the health status [20]. Actually,
in the present study, toluene was the only biomarker found in two different samples (breath and skin).
The possible origin of the biomarkers found in the present study is next discussed.

Breath Biomarkers
Acetone was identi�ed in a previous study as a biomarker of bovine tuberculosis in fecal samples of
swine, which might be attributed to increased metabolic activity during mycobacterial infection [10]. As
acetone represents the byproduct of fat catabolism, the presence of acetone in breath samples indicates
enhanced polyunsaturated fatty acids (PUFAs) β-oxidation during bacterial pathogenesis [21].

The methylated alkanes, such as 4-methyldecane, are generally byproducts of lipid peroxidations and
subsequent degradation of long chain PUFAs by highly reactive radicals under highly oxidative stress
conditions resulted from cell in�ammatory reactions towards pathogens. [22]. In bovine tuberculosis
infection, the oxidative stress is caused by reactive oxygen and nitrogen species (ROS-RNS), which are
important defense substances involved in the immune response against pathogens [23].

The presence of D-limonene in the breath of the infected animals is unclear. This aliphatic hydrocarbon
of exogenous origin can be found in nature as a fragrance of oranges, but it is also used as a �avoring
agent in the food industry, or as a solvent in cleaning products. In previous studies it was reported as
breath biomarker for liver diseases, such as cirrhosis and non-alcoholic fatty liver disease [24, 25].

Feces Biomarkers
Toluene is an aromatic hydrocarbon and a common environmental pollutant. Due to the fact that the
acetate metabolic pathways are sources of production of phenolic derivatives and fatty acids, the
presence of toluene in feces might be also related to endogenous origins derived from enzymatic
reduction of phenolic derivatives [26].
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Phenolic compounds were shown to have positive antimycobacterial activity, producing effects such as
inhibition of mycolic acid synthesis, transcription, translation and arabinogalactan synthesis [27]. They
can be produced by gut bacteria from the metabolism of aromatic amino acids [28]. In the present study,
two phenolic compounds, i.e. phenol and 2,4-di-tert-butylphenol, were identi�ed as possible bTB
biomarkers excreted through animals feces.

[(1,1-dimethylethyl)thio]acetic acid might be produced during the acid-catalyzed reaction of acetic acid
with primary alkanols, and could be a potential indicator of altered activity and metabolic changes after
the binding of a pathogen to an epithelial cell [10].

Alpha-thujene is a phytochemical that bounds well to target N protein by exhibiting high binding a�nity
toward its catalytic pocket [29]. Bacteria regulates ribosomal RNA transcription and employs the phage λ
N protein as a host factor [30], which could justify the identi�cation of this compound as possible bTB
biomarker.

Camphene is a monoterpene used in the preparation of fragrances and as a food additive for �avoring.
Camphene plays a biological reactive oxygen species (ROS) scavenging role, regulating oxidative stress
and lipid metabolism [31]. It was also reported as a volatile of pulmonary tuberculosis in the breath of
human patients [32].

O-cymene, previously reported as biomarker of bovine tuberculosis in swine breath, may be related to
endogenous oxidation during aromatic metabolism, where aromatic hydrocarbons are readily adsorbed
onto cell membranes after exogenous ingestion though skin and/or from food [10].

3-(1,1-dimethylethyl)-2,2,4,4-tetramethyl-3-pentanol is a branched alkyl alcohol. It was demonstrated that
the alkyl alcohols induce changes of mitochondria at cellular level [33]. Mitochondria appears to be
among the important targets for bacterial pathogens such as Mycobacterium tuberculosis, which
secretes various proteins that initiate structural changes in mitochondria to modulate its function [34].

2,5-dimethylhexane-2,5-dihydroperoxide is a branched alkane peroxide that was also previously reported
as breath biomarker of bovine tuberculosis in swine. It could be associated with infection-induced
in�ammation and the occurrence of lesions in the intestinal epithelia [10].

Skin Biomarkers
Ammonia is produced by amino acids obtained from the catabolism of glutamine or from peripheral
tissues, as well as from food intake. During high protein intake in animals, the catalysis of glutamine
metabolism releases energy and produces a high amount of ammonia, which is then transported and
stored in the liver. During disease pathogenesis, bTB pathogens induce high oxidative stress,
in�ammation, and enhance mitochondrial energy production from glucose and protein substrates.
Thereby, glutamine catabolism tends to increase, producing excess amount of ammonia, which also
indicates altered cellular metabolism [35].
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1-methoxy-2-propanol is an alcohol derivative and its presence in the skin samples can be attributed to
both exogenous origins and endogenous carbon metabolism. It might be an overlap between VOCs
produced from the body cells during complex physiological processes and those available from the
environment such as ketones, aldehydes and alcohols, some of which could be related to metabolites
from skin microbiome. Nevertheless, most of the VOCs excreted from skin are derived from physiological
processes and drastic metabolic changes due to pathogenic infection inducing high oxidative stress, lipid
peroxidation and cytochrome P450 alcohol metabolism.

Finally, toluene has also been found in this study as bTB biomarker among the VOCs released by feces. In
skin it was previously reported as a biomarker for tuberculosis in humans [36].

Conclusions
The present study focused on the GC-MS analysis of the VOCs emitted by three different biological
samples collected from cows, namely breath, feces and skin, in order to advance in drawing of the
volatolomics map of bTB in cattle. Three tentative volatile biomarkers were identi�ed in animals’ breath,
nine tentative volatile biomarkers in animals’ feces, and three tentative volatile biomarkers in animals’
skin. Among them, only toluene, a known volatile compound associated with the oxidative stress, was
identi�ed in more than one sample (breath and skin), suggesting the importance of the analysis of
various biological samples in order to obtain complementary information about the health status. Overall,
this research demonstrates the importance of the study of the VOCs emitted by biological samples as an
alternative non-invasive screening method for bTB diagnosis, and complements other similar studies
performed on cattle’s breath, swine’s breath and feces, and white-tailed deer’s feces.
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Figure 1

Sample collection procedure. Elements of sample collection system: 1 – Mask; 2 – Funnel; 3 – Glass jar;
4 – Charcoal �lter; 5 – PTFE �lter; 6 – Tenax TA tube; 7 – Tygon tube; 8 – Pump; 9 – Needle.

Figure 2
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VOC desorption from Tenax TA matrix and adsorption onto SPME �ber. Elements of the thermal
desorption system: 1 – Oven; 2 – Glass vial; 3 – GC septum; 4 – Tenax TA tube; 5 – SPME �ber; 6 – Fiber
holder; 7 – VOCs.
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