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A B S T R A C T

Sheep are used inmany countries as food and for manufacturing bioproducts. However, when these animals
consume animal by-products (ABP), which is widely prohibited, there is a risk of transmitting scrapie –
a fatal prion disease in human beings. Therefore, it is essential to develop sensitive methods to detect
previous ABP intake to select safe animals for producing biopharmaceuticals. We used stable isotope ratio
mass spectrometry (IRMS) for 13C and 15N to trace animal proteins in the serum of three groups of sheep:
1 – received only vegetable protein (VP) for 89 days; 2 – received animal and vegetable protein (AVP);
and 3 – received animal and vegetable protein with animal protein subsequently removed (AVPR). Groups
2 and 3 received diets with 30% bovine meat and bone meal (MBM) added to a vegetable diet (from days
16–89 in the AVP group and until day 49 in the AVPR group, when MBM was removed).

The AVPR group showed 15N equilibrium 5 days after MBM removal (54th day). Conversely, 15N
equilibrium in the AVP group occurred 22 days later (76th day). The half-life differed between these
groups by 3.55 days. In the AVPR group, 15N elimination required 53 days, which was similar to this
isotope’s incorporation time. Turnover was determined based on natural 15N signatures. IRMS followed
by turnover calculations was used to evaluate the time period for the incorporation and elimination of
animal protein in sheep serum. The δ13C and δ15N values were used to track animal protein in the diet.
This method is biologically and economically relevant for the veterinary field because it can track
protein over time or make a point assessment of animal feed with high sensitivity and resolution,
providing a low-cost analysis coupled with fast detection. Isotopic profiles could be measured through-
out the experimental period, demonstrating the potential to use the method for traceability and
certification assessments.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

Globally, ruminants, especially cattle, buffaloes, goats and sheep,
are responsible for the production of 30% of the meat and 100% of
themilk available for human consumption.1 In addition, sheep, cattle
and buffaloes are still used for the production of biopharmaceuticals
(Peres et al., 2006; Barros et al., 2009; Lavonas et al., 2011; Ferreira,
2014; Abbade et al., 2015).

Sheep are an important part of the global agricultural economy
and their biological products are of interest for manufacturing
bioproducts such as antivenoms (Peres et al., 2006; Lavonas et al.,
2011). However, these products may pose risks to human health
because of the possible transmission of spongiform encephalopa-
thies (TSEs), also termed prion diseases (PDs), which can be
transmitted via the intake of animal by-product proteins (ABPs;
Bencsik and Baron, 2011; Marruchella et al., 2012). PDs include
scrapie in sheep, bovine spongiform encephalopathy (BSE) in bovines
and Creutzfeldt-Jakob disease (CJD) in humans (Thackray et al., 2011).
However, in sheep there is more than one form of prion; there are
numerous strains with different pathological and biochemical char-
acteristics that may affect animals differently depending on their
genotypes (Leal et al., 2015).

Significantly, a new CJD variation has been etiologically linked
to exposure to BSE and scrapie agents through the food chain (Bruce
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et al., 1997; Ironside, 1998). Epidemiological studies have failed to
identify specific risk factors for the disease other than the con-
sumption of ABPs. However, experiments have demonstrated the
transmission of BSE and scrapie via blood transfusions (Hunter et al.,
2002; Houston et al., 2008). Cassard et al. (2014) demonstrated that
scrapie prions have a zoonotic potential, raising new questions about
the possible link between animal and human prions in mouse
models.

The addition of ABPs to ruminant feed is prohibited in most
countries due to the risk of PD transmission.2,3,4 Thus, monitoring
PDs in ruminants is crucial and depends on accurate diagnoses.
This unique challenge requires the development of novel assays
to explore prion protein complexes (Sobrova et al., 2012). Cur-
rently diagnostic tests for PDs can only be performed when
animals show symptoms or postmortem (Leal et al., 2015; Cosier
and Daraban, 2016).

In most cases where PDs are detected, the entire herd is sacri-
ficed, causing great harm to the producers and the country by
preventing them from exporting their products. Therefore, the search
for accurate methods to detect previous animal protein intake is es-
sential because it can show how andwhere the animals were raised,
if there is a risk for human consumption and, finally, can select
animals suitable for the pharmaceutical industry.

Stable isotope ratio mass spectrometry (IRMS) has recently been
proposed as a tool for authenticating animal products (Bahar et al.,
2008; Chesson et al., 2008; Heaton et al., 2008), certifying the geo-
graphic origin and types of sheep feed (Piasentier et al., 2003) and
evaluating conventional and organic production systems for beef
(Schmidt et al., 2005). The analysis of biological samples using this
technique may reflect the animal proteins in diets (Denadai et al.,
2008; Cruz et al., 2012). However, there is a gap between the ap-
proach used to trace proteins and assessments of their tissue
turnover rates (Bahar et al., 2009). Ascertaining the assimilation of
stable isotopes in different tissues or biological fluids can define turn-
over rates, which depend on feeding times (Fossato da Silva et al.,
2012; Martinez et al., 2014).

Using naturally occurring stable isotopes as dietary indicators
can provide information about diets over both short- and long-
term periods, depending on the type of tissue evaluated. However,
to obtain such information, studies on the isotopic assimilation of
organic matter in different animal tissues need to be carried out
(Martins et al., 2012). There are few descriptions of turnover in bi-
ological samples and/or tissues from sheep, and they are focused
on turnover involving C3 and C4 plant diets (Zazzo et al., 2008;
Harrison et al., 2011; Martins et al., 2012) and lipid metabolism
studies (Hattori et al., 2010; Richter et al., 2012).

A theoretical model to express the relative isotopic enrichment
(δx) using carbon-13 (δ13C) was proposed by Tieszen et al. (1983).
The hypothesis is based on themetabolism of certain animal tissues,
which depends on the input rate of dietary carbon compounds and
the substitution rate of the preexisting compounds. This model pro-
vides parameters such as the half-life (T) and turnover rate (k),

allowing the substitution time for the incorporation of a diet to be
ascertained.

Therefore, the aim of this study was to detect previous ABP intake
by determining the stable isotope ratios for carbon (13C/12C) and ni-
trogen (15N/14N) in sheep serum.

Materials and methods

Animals

This study was conducted in accordance with the Ethical Principles in Animal
Research of the Brazilian College of Animal Experimentation and was approved by
the Ethics Committee for Animal Experimentation (Protocol N° 78; August 2009)
of the College of Veterinary Medicine and Animal Husbandry (FMVZ), Univ Estadual
Paulista (UNESP), Brazil. The welfare of animals was respected throughout the ex-
perimental period by following the ‘five freedoms’ in accordancewith the FarmAnimal
Welfare Council.

At the end of the experiment, the animals in the animal and vegetable protein
(AVP) and the animal and vegetable protein removal (AVPR) groups were euthan-
ized as described by the Ministry of Agriculture, Livestock and Supply,3 Brazilian
Government Legislation. The control group (vegetable protein, VP) was released for
use in other studies.

Animals and experimental design

Twenty-three Santa Ines sheep, aged 150 days andweighing approximately 35 kg,
were fed a vegetable-based diet for 15 days to measure 13C and 15N isotopic ho-
mogenization values. All the animals were fed themineral supplement CONNAN (Ca++,
140 mg/g; Na+, 133 mg/g; P−−−, 80 mg/g; S−−, 12 mg/g; Mg++, 7 mg/g; Zn++, 4200 mg/
g; Fe++, 1.500mg/g; F− 800, mg/g; Mn++, 800mg/g; Cu++, 300mg/g; I−, 150mg/g; Co++,
100 mg/g; Se++, 15 mg/g; and flavoring 5 mg/g).

Next, the animals were divided into three experimental groups: one control group
(VP; n = 7), which continued with the starter diet (vegetable-based diet only) for the
89 days of the experiment (days 0–89), and two treated groups (AVP and AVPR; n = 8/
group) that were fed diets with 30% bovine meat and bone meal (MBM; Mondelli
commercial feed – humidity, 8%; crude protein, 45% and ether extract, 6%) added
to vegetable diet from the 16th day. The AVP group continued on this diet until the
89th day (16–89 days). The AVPR group was fed this diet until the 49th day (16–49
days), when the MBM was removed.

All the animals were microchipped and received Coast-cross hay (88.96% dry
matter with 92.12% organic matter, 11.45% crude protein, 1.75% ether extract, 30.76%
crude fiber, 48.16% nitrogen-free extract, and 7.88% ash) andwater ad libitum through-
out the experimental period.

Serum preparation and measurement of δ13C and δ15N using stable isotope-ratio mass
spectrometry (IRMS)

Blood samples were taken from the animals’ jugular veins twice per week (at
08:00–10:00 a.m.) and collected in 10 mL Vacutainer® tubes, in which the samples
were centrifuged at 2500 rpm for 30 min at 4 °C. Then, 1 mL of serum was lyophi-
lized and stored in microtubes at −20 °C. Approximately 50–70 μg and 500–600 μg
of lyophilized serum were weighed and placed in tin capsules to analyze 13C and
15N, respectively. Afterwards, the capsules were stored in ELISAmicroplates andmain-
tained at 4 °C until the isotopic analysis.

The 13C/12C and 15N/14N ratios were measured in a Delta V Advantage Isotope
Ratio Mass Spectrometer (Thermo Scientific). The isotopic ratios are expressed as
delta per thousand (δ) relative to the international standards Pee Dee Belemnite (PDB)
for 13C and atmospheric nitrogen for 15N, according to equation (1) (Tieszen et al.,
1983; Martinez et al., 2014).

δ sample standard
sample standard

standard

R R
R,( ) =

−⎛
⎝⎜

⎞
⎠⎟ (1)

R represents the ratio between the least and the most abundant isotope, spe-
cifically 13C/12C and 15N/14N, and δ represents the relative isotopic enrichment.

Turnover evaluation

To quantitatively measure the speed of isotope replacement (turnover) after de-
termining the time interval, the first order exponential functionwas used, as expressed
in equation (2) (Tieszen et al., 1983; Martinez et al., 2014).

δ δ δ δx x x x et f i f( ) ( ) ( ) ( )
−= + −( ) kt (2)

where

2 See: European Commission Food Safety, 2001. Use of processed animal pro-
teins in animal feed. http://ec.europa.eu/food/fs/bse/bse28_en.html (accessed 28
September 2016).

3 See: MAPA (Ministério da Agricultura, Pecuária e Abastecimento), 2004. Instrução
Normativa 8/2004. Diário oficial de 26 de março de 2004 da República Federativa
do Brasil, Brasília, Seção 1, página 5. http://sistemasweb.agricultura.gov.br/sislegis/
action/detalhaAto.do?method=visualizarAtoPortalMapa&chave=178957228 (ac-
cessed 28 September 2016).

4 See: US Government Publishing Office, 2016. Electronic Code of Federal Regu-
lations. Part 589 - Substances prohibited from use in animal food or feed.
http://www.ecfr.gov/cgi-bin/text-idx?SID=d39395bd805dd6dfc837d2a79ae27a18&mc
=true&node=pt21.6.589&rgn=div5 (accessed 28 September 2016).
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δx (t) = isotopic enrichment of the tissue at any time (t);
δx (f) = isotopic enrichment of the tissue under the final condition, isotopic
equilibrium;
δx (i) = isotopic enrichment of the tissue under the initial condition;
k = change constant (turnover) in time;
t = time (in days) since feed was replaced.

To determine the total exchange time for isotope atoms (99%) in the serum, equa-
tion (3) was used (Hobson, 1999; Cerling et al., 2007).

t
k

F= −⎛⎝⎜
⎞
⎠⎟ −( )1

1ln (3)

F is the variable that represents the fraction approaching equilibrium, which ranges
from zero to one (fraction of exchanged atoms), and (t) is the elapsed time for any
value of F, given the parameter (k). For example, if half of the atoms in a tissue have
been exchanged (F = 0.5), the known half-life (T) expression can be determined.

Traceability

The resulting δ13C and δ15N values were plotted in a scatter diagram, which allows
for the evaluation of the relationship of these two isotopes and of differences in this
relationship in the diets with and without the addition of animal protein.

Statistical methods

After the polynomial fit was obtained, the maximum value of the first-order ex-
ponential function was evaluated to define the period for isotopic incorporation in
the sera of the AVPR group, a setting that emphasized the equilibration in the AVPR
group. Data from the AVP and AVPR groups were adjusted base on a nonlinear re-
gression curve (first-order exponential function) according to equation (2). The VP
group was adjusted using a linear regression with Minitab 16 (Minitab16 Statisti-
cal Software). Then, k and T values were determined. The adaptation period (0–15
days) was excluded from this analysis for all groups.

ANOVAs and Tukey’s tests (P < 0.05) were used to evaluate the average δ15N and
δ13C values from different periods.

Results

To determine whether the 12C/13C and 14N/15N ratios in sheep
changed following dietary changes, these ratios were analyzed in
three groups: one that was fed a base diet consisting of vegetable
protein only (VP) for the 89 days of the experiment (days 0–89);
one that was fed a diet with 30% bovine meat and bone meal added
between days 16 and 89 (AVP); and one that was fed 30% bovine
meat and bone meal between days 16 and 49 (AVPR).

There was no variation in 13C isotope levels across all sample col-
lection dates or among the experimental groups (Fig. 1); thus,
turnover rates could not be estimated. In contrast, 15N incorpora-
tion increased following the inclusion of MBM in the diet and to
decrease again following the removal of MBM from the diet, as
shown by the results from the AVPR group (Fig. 2). For this group,
a first-order polynomial fit identified a maximum 15N abundance
at 54 days, 5 days after the MBM has been removed (Fig. 2), result-
ing in a 39-day period of net 15N incorporation in the AVPR group.

Thus, in regard to isotopic equilibrium, 99% of the 15N atoms in
the AVP group and 95% in the AVPR group were exchanged (Fig. 3).
The 39-day period indicated that equilibrium had been reached; i.e.,
97% and 99% of the animal’s cells had substitution of nitrogen atoms
(Fig. 3); therefore the trial period was sufficient for complete in-
corporation of the diets containing animal protein. The values of
97% and 99% for exchanged atoms (F%) were calculated using equa-
tion (3) to determine the F value for each study group individually,
using t = 74 days for the AVPR group and t = 39 days for the AVP group
(Fig. 3).

Using the turnover model for the AVPR and AVP groups pro-
duced the equations δ15N(t) = 9.49 − 1.86 e−0.0878t, with r2 = 0.90, and
T = 7.89 days; and δ15N(t) = 9.80 − 1.81 e−0.0606t, with r2 = 0.62, and
T = 11.44 days, respectively. The half-life values differed between
these groups by only T = 3.55 days, demonstrating that 50% of the
nitrogen atoms had been substituted in the cells. Isotopic equilib-

riumwas confirmed in this experiment, whichminimized the errors
in the half-life calculations.

In the first days after animal protein incorporation in the diet,
serum 15N isotope enrichment in the AVPR and AVP groups was dif-
ferent from that in the control group. There was no 15N enrichment
in the serum samples of the control sheep, demonstrating that their
diet was exclusively vegetable-based (Fig. 3).

Although the experiment evaluated the animals only up to 35
days (Fig. 4) after the removal of animal proteins from the diet, the
total reversibility of the 15N isotopic value in the AVPR group was
mathematically estimated to have occurred at 53 days based on the
equation:

δ15 0 087268 35 1 28N t e t( ) = − −. . ..

Fig. 1. δ13C values determined from serum collected at different time points within
the trial period showing no significant changes for any of the animal groups. Control
animals did not receive any animal by-products in their feed, the AVP group re-
ceived 30% bovine meat and bone meal from day 16 until the end of the trial, and
the AVPR group received 30% bovine and bone meal between days 16 and 49 of the
trial.

Fig. 2. δ15N values determined from the serum of AVPR sheep, which received 30%
bovine meat and bone meal between days 16 and 49 of the trial, collected at various
time points within the trial period. The polynomial curve indicates a maximum of
approximately 54 days for the incorporation of animal protein in the serum.
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Therefore, the estimated time for animal protein elimination in
the AVPR group (95% of exchanged 15N atoms) was 53 days.

From the analysis of the average δ13C and δ15N values (n = 23)
of the different treatments and periods for the experimental groups
it was possible to observe differences from the 22nd day of the ex-
perimental dietary treatment, as shown in Table 1. On days 3–15
there were no differences among the treatment groups for the two
isotopes.

Based on the dispersion of the δ13C and δ15N data for all animals,
there were no distinct differences between the experimental groups
in the first week of the dietary treatment period (Fig. 5a). However,
between days 46 and 54, the control group was quite distinct from
the other groups (Fig. 5b). For the last reporting period, days 81–
89, the isotopic signals of the control group were similar to those
of the AVPR group and were different from those of the AVP group
(Fig. 5c).

Discussion

IRMS analyses of light elements, namely, carbon, hydrogen,
oxygen, nitrogen and sulfur (CHONS), provide reliable results
about traceability and turnover rates when used to determine the
speed of metabolic processes in animals (Manetta and
Benedito-Cecilio, 2003; Denadai et al., 2006; Fisk et al., 2009).
Using IRMS to trace dietary components can begin at the main
power supply as C3 plants (e.g., rice, wheat, barley, alfalfa, peanuts,
and cotton), with an average isotopic enrichment of δ13C = −28‰,
and can be distinguished from C4 plants (e.g., sugarcane, corn, and
tropical grasses) which have an average value of δ13C = −12‰
(Ducatti et al., 2011).

In this study, no change was expected in δ13C values as all the
experimental diets included the same C3 and C4 plants, resulting in
similar carbon isotope values at each sample collection date.

IRMS and calculations of 13C and 15N turnover focused on the time
periods for the incorporation and elimination of animal protein in
sheep serum in response to dietary changes associated with the in-
clusion of bovine meat and bone meal in the periods prior to the
collection of the biological samples. In general, the difference in the
15N enrichment between the AVP and AVPR groups on the first days
after the dietary inclusion of animal protein may be explained by
the following hypotheses: first, the adaptation period (0–15 days)
might not be sufficient for the equilibration of the isotopic signal,
taking into account the original (unknown) diet of the animals;
second, the results may be related to animal choice, as the animals
exhibited a preference for the Coast-Cross hay rather than the new
diet during this period. Further investigations are required to elu-
cidate these findings.

It is well-known that growth rates and rates of weight gain are
rapid in sheep (Sarmento et al., 2006), and that turnover and growth
rates are correlated. Animals that grow rapidly have higher turn-
over rates than those that grow more slowly (Manetta and
Benedito-Cecilio, 2003). This may partially explain the half-life values
of 7.89 and 11.44 days found in the AVPR and AVP groups, respec-
tively, which indicate a fast incorporation of animal protein in the
sheep serum. Moreover, the tissues of young animals demon-
strate faster turnover rates than those of adult animals (Zazzo et al.,
2008; Martinez et al., 2014). For the first time, it has been demon-
strated that growth and age play a role in dietary 13C values that
are recorded in sheep wool. The wool from fast-growing lambs ap-
proaches equilibrium more rapidly than the wool of slow-growing

Fig. 3. Exponential fit for the incorporation of 15N in the serum of sheep from the
VP (vegetable protein, control group), AVP (animal and vegetable protein), and AVPR
(animal and vegetable protein removal) groups.

Fig. 4. Exponential fit for 15N elimination in the serum of sheep in the AVPR (animal
and vegetable protein removal) group.

Table 1
Average δ13C e δ15N values (n = 23) for the different treatments and periods showing
changes in isotopic enrichment.

Days Group δ13Ca δ15Na

22 Control −14,640b 7989b
AVP −14,045a 8586a
AVPR −14,058a 8700a

25 Control −14,398b 7928b
AVP −14,021a 8958a
AVPR −14,172ab 8839a

30 Control −14,476b 7800b
AVP −14,002a 9219a
AVPR −14,165ab 9061a

65 Control −14,519b 7974c
AVP −13,921a 9636a
AVPR −14,224ab 8935b

86 Control −14,444b 8099c
AVP −13,760a 10,034a
AVPR −14,317b 8715b

VP, vegetable protein (control group); AVP, animal and vegetable protein group; AVPR,
animal and vegetable protein removal group.

a Averages followed by different letters in a column and for every day are signifi-
cantly different (Tukey’s test, P < 0.05).
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lambs and young ewes, with old ewes showing the slowest rates
(Zazzo et al., 2008). Interestingly, the data here obtained may be
supported by these previous findings because this study focused
on young sheep.

Our findings could have been affected by tissue type or the bi-
ological fluid evaluated because the macromolecular components
of cells and tissues undergo a constant process of metabolic renewal
(Manetta and Benedito-Cecilio, 2003). Tissues and other bodily com-
ponents with a high level of metabolic activity or fat (e.g., liver,
pancreas, and adipose tissue) exhibit more rapid turnover than less
fatty or less active components, such as bone collagen (Hobson and
Clark, 1992; Denadai et al., 2006). Metabolic turnover studies on
the muscle, liver and blood of captive snakes found that rates were
highly dependent on the type of stable isotope, direction of dietary
switching (uptake versus elimination), species growth rate, and tissue
investigated (Fisk et al., 2009).

Undoubtedly, turnover depends on the absorption, synthesis, and
catabolism rates of each tissue component (Denadai et al., 2006).
Tissues with fast turnover rates reflect the content of more recent
diets, while those with slower rates indicate diets consumed during
previous periods (Hobson and Clark, 1992). For example, in bovine
skeletal muscles, the turnover of 13C, 15N and 34S is a slow process;
therefore, skeletal muscles contain isotopic information on dietary
input integrated over a long period (months to years; Bahar et al.,
2009).

The 13C/12C and 34S/32S ratios in muscles have been found to be
the best tracers for beef authentication and for supplying data rel-
evant to animal production practices integrated over the animal’s
lifetime. Additionally, measuring 13C and 15N in hair provides a pow-
erful tool for reconstructing changes in the feed components offered
to animals over more than a year and thus is useful for verifying
farm production practices (Richter et al., 2012). Recently, sheep were
evaluated in relation to the results of diet–tissue fractionations for
various elements (13C, 15N, 16O and 34S) and tissues, demonstrating
the importance of accurate interpretation of future food authen-
ticity and traceability studies (Harrison et al., 2011). Thus, it is critical
to consider the tissue or biological fluid analyzed and whether it
constitutes a suitable indicator that can be used to provide rele-
vant data on turnover rates. Therefore, IRMS along with calculations
of turnover rates may become more useful depending on the type
of biological sample analyzed.

Animal proteins may differ depending on the type of diet the
animal was fed. Since δ13C values were evaluated and showed no
significant variation, it is believed that the diet of the animals from
which the protein was obtained was similar to the diet used in the
experiment (Martins et al., 2012). δ15N values also indicate the com-
position of animals’ diets, with an enrichment of 2 to 4 per thousand
at each trophic level. Therefore, animal protein is enriched in re-

lation to the vegetable diet due to the isotopic fractionation
associated with catabolic metabolism (Ehleringer et al., 1987). Thus
a polynomial fit was used for the data associated with the AVPR diet
to determine themaximum enrichment, thereby setting the end time
of the initial development and the baseline for the loss of the signal
from the animal protein diet.

Mathematical and statistical tools are fundamental in IRMS
studies to obtain unbiased results because they depend on data that
originate from several chemical elements (CHONS; Sartori et al.,
2012). In the present study, themaximum enrichment resulting from
the exponential fit provided feasible results about the turnover rates
for the AVPR group and showed that the actual time period for in-
corporation of animal protein in sheep serum was 54 days and not
49 days (the experimental period for dietary removal). Addition-
ally, calculations showed that 97% of 15N atoms had been exchanged,
confirming the results from the exponential fit. Moreover, serum
proved to be an effective biological sample for determining 15N turn-
over over the experimental period analyzed.

The estimated time of 53 days for animal protein elimination in
the AVPR group (95% of 15N atoms exchanged) was almost the same
as that observed for protein incorporation from the dietary source,
indicating that traces of the bovine meat and bone meal are still
detectable 53 days after dietary removal, which would require an
experimental period of 107 days to fully assess. Hence, the turn-
over timemay reflect a safe andmore appropriate time periodwithin
which the biological samples should be collected. Finally, turn-
over has become an attractive tool to verify farm production practices
(Osorio et al., 2011) and thus may provide a safe indicator for the
consumption of ABPs.

The range of isotopic values found in serum associated with each
diet needs to be defined to allow for effective traceability and the
detection of ABPs (Mori et al., 2013; Sernagiotto et al., 2013; Madeira
et al., 2014). The δ13C and δ15N values did not distinguish the ex-
perimental groups during the initial period of this study, showing
the isotopic similarity of the groups when subjected to the same
diet. The period between the 46th and 54th days showed the
maximum incorporation of animal protein in the serum, as as-
sessed by calculating turnover. Different responses were observed
among the groups, with the isotopic signals in serum samples from
the PVA and AVPR groups differing from that of the control animals,
demonstrating the ability to track dietary animal protein in the
serum.

It should be emphasized that 40 days after the removal of MBM,
it was not possible to completely differentiate the response teams;
however, the AVPR group signal approached the isotopic signals
found for the control group, showing that the dietary detection of
animal protein was still possible 40 days after switching to a veg-
etable diet.

Fig. 5. 13C and 15N dispersion data for sheep serum samples for the feeding period from (A) 0 to 7 days, (B) 46 to 54 days, and (C) 86 to 89 days.
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Our study demonstrated that IRMS is of biological and econom-
ical importance for the veterinary field because it can be used to
either track intake over a season or assess animal feed intake at a
specific time point with a high sensitivity and resolution. IRMS is
a relatively low-cost analytical tool and provides fast results.

Conclusions

Changes in natural 15N levels were indicative of the incorpora-
tion and elimination of animal-derived feed in sheep, whereas 13C
levels were not found to change significantly. Measurements of turn-
over allowed us to evaluate the exchange rate only for nitrogen
because the diets used had similar carbon isotope signals. Dietary
tracing was possible via the combined analysis of the two iso-
topes in a scatter diagram despite the small differences found in the
analysis of carbon. IRMS analyses of sheep serum allowed the turn-
over of dietary animal protein to be determined and therefore
provided an estimated time period for its incorporation and elim-
ination. Isotopic profiles could be monitored throughout the
experimental period, thus demonstrating the possibility of using this
method for traceability and certification analyses.
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