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Environmental samples make soiled
bedding sentinels dispensable for hygienic
monitoring of IVC-reared mouse colonies

Manuel Miller and Markus Brielmeier

Abstract
Accurate knowledge of the health status of experimental animals is pivotal to high scientific and ethical
standards in biomedical research. Individually ventilated cages (IVCs) are becoming the predominant
system for housing laboratory mice, as they prevent cage-to-cage infections. However, this feature consti-
tutes a major drawback for hygienic monitoring of mouse colonies, as traditional screening programs build on
reliable transmission of infectious agents from experimental animals to sentinel mice commonly tested as
representatives for the mouse colonies. In recent years, the laboratory animal community has realized that
sentinels are ineffectual for screening mouse colonies in IVC systems because infections are often not
transmitted to sentinels and therefore remain undetected. Furthermore, sentinel monitoring results in
high numbers of used animals. In contrast, environmental monitoring provides a more reliable approach to
identify and exclude pathogens in rodent colonies. In recent studies we provided evidence that polymerase
chain reaction analysis of exhaust air particles is superior to soiled bedding sentinels for different agents.
In this study, we show that testing pooled environmental samples generates more meaningful information
compared to soiled bedding sentinels during routine hygienic monitoring in different barriers.
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Introduction

Analysis of environmental samples from individually
ventilated cage (IVC) systems is a relatively new and
promising approach to improve hygienic monitoring in
laboratory animal facilities. Still, most hygienic moni-
toring programs are based on soiled bedding sentinels
(SBS) tested as representatives for colony animals. Sick
animals might be used in addition for direct testing but
many infections are subclinical and infected animals are
inconspicuous.1 After an adequate exposure time senti-
nels are commonly euthanized and tested for pathogens
using different testing methods. This leads to high num-
bers of mice sacrificed for health monitoring. Detection
of unwanted organisms relies on infection of the senti-
nels via soiled bedding, yet it is well investigated that
not all agents are transmitted via soiled bedding.
Viruses, such as lymphocytic choriomeningitis virus,
Sendai virus, or mouse norovirus, bacteria, such as

Pasteurella pneumotropica or CAR bacillus, and para-
sites, such as murine fur mites or pinworms often
remain undetected by SBS.2–7 Recently we demon-
strated that polymerase chain reaction (PCR) analysis
of exhaust air particle (EAP) samples is a reliable and
animal-free alternative technology for the detection of
murine norovirus (MNV), P. pneumotropica, and
Helicobacter hepaticus, even at low prevalence.4,7,8

Other studies investigating the detection of agents
such as fur mites, pinworms, Sendai virus, mouse

Research Unit Comparative Medicine, German Research Center
for Environmental Health GmbH, Neuherberg, Germany

Corresponding author:
Manuel Miller, Research Unit Comparative Medicine, German
Research Center for Environmental Health GmbH, Ingolstädter
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parvovirus (MPV), or mouse hepatitis virus (MHV) in
exhaust air debris came to the same conclusion.2,9,10 In
this study we investigate in different barriers of a
research facility if pooled EAP samples provide more
meaningful information and can therefore replace SBS
in routine hygienic monitoring.

Material and methods

Animals

All SBS used in the study were 8–9 weeks old female
SOPF RjOrl:SWISS obtained from Janvier Labs
(Laval, France) and housed in groups of three animals
per cage. Breeding and research colonies in different
barriers consisted of mice of both sex and of various
strains, immune status, age, and genetic background.
Mice were housed in sex-matched groups of 2–5 ani-
mals per cage or as breeding pairs with or without off-
spring. Exceptionally, single animals were housed
separately for a short time. Animal housing was per-
formed in strict accordance with the Directive 2010/63/
EU. All animals were housed in IVCs (Sealsafe plus,
GM500, Tecniplast, Buggugiate, Italy) under specific
pathogen-free conditions with a maximum cage density
of five adult mice per cage (>100 cm2 floor area per
mouse) and environmental conditions according to
Directive 2010/63/EU (12 h light/12 h dark, 20–24�C,
and 45–65% relative humidity). Autoclaved wood
chips (Lignocel select fine, J. Rettenmaier & Söhne
GmbH, Rosenberg, Germany) and paper strips
(Arbocel crinklets natural, J. Rettenmaier & Söhne
GmbH) were used as bedding and nest material.
Sterile-filtered tap water and an irradiated standard
diet for rodents (Altromin 1314, Altromin
Spezialfutter GmbH, Lage, Germany) were available
ad libitum. Access to the barriers involved air shower
or wet shower and a complete change of clothes and
shoes as well as wearing gloves, surgical masks, and
bonnets the entire time. All cage changes and sample
collections were performed in a HEPA-filtered cage-
changing station.

Soiled bedding sentinel monitoring

Three SOPF SWISS mice were housed per sentinel
cage. Each sentinel cage was assigned to a single
room containing one to five IVC racks, each containing
63 cages. Once per week, 10mL soiled bedding was
collected from each cage of one of the IVC racks
during routine cage changing process in a rotating
system. The sentinel cage was filled with the soiled bed-
ding mixed with an equal amount of fresh bedding.
Sentinels were exposed to soiled bedding of each rack
within the animal room at least two times per

monitoring period of 12 weeks. After 12 weeks exposure
time two sentinels per cage were killed and used for
hygienic monitoring examination performed by an exter-
nal diagnostic laboratory. The third mouse was kept as
back-up in case of unexpected findings or test failure.
Sentinel mice were tested using ELISA, PCR, bacterial
culture, and microscopy for all FELASA listed agents as
well as Hantavirus, CAR bacillus, Klebsiella oxytoca,
K. pneumoniae, Pasteurellaceae (other than P. pneumo-
tropica), Pneumocystis murina, Pseudomonas aeruginosa,
Staphylococcus aureus, and Proteus mirabilis.

IVC air handling units and sample collection

Two different IVC air handling units (SKY FLOW and
SMART FLOW, Tecniplast, Buggugiate, Italy) were
used at 60 air changes per hour in positive pressure
mode (15–22 Pa). For each EAP analysis, two auto-
claved gauze pieces (ES Kompressen, Paul Hartmann
AG, Heidenheim, Germany), each four layers thick and
2� 2 cm in size, were pinned onto the ‘‘dirty side’’ of
the exhaust air prefilter directly above the exhaust air
hose opening and stayed there for three weeks.
Dust loaded gauze samples were collected in 2mL
microcentrifuge tubes using disposable forceps. Up to
10 individual gauze pieces, each representing all cages
connected to one air handling unit, were pooled in a
50mL centrifuge tube and sent to a commercial diag-
nostic laboratory. Samples were tested by PCR for the
same panel of agents as described for the SBS.1 The
second gauze piece from each air handling unit was
stored as a back-up sample for further testing.

Study design

Study A. Health monitoring via SBS was compared to
EAP PCR in an experimental barrier over three con-
secutive monitoring periods each with a sentinel expos-
ure period of 12 weeks. The barrier consisted of 16
rooms with a total of up to 30 air handling units con-
nected to 5004 cages in 78 racks, represented by max-
imal 44 sentinels or 30EAP samples assigned to four
pools. Rooms were assigned to the four pools based on
previous SBS monitoring results, individual investiga-
tor ownership, and whether colonies were sanitized or
not. Gauze pieces were pinned onto the ‘‘dirty’’ side of
the prefilter for three weeks. About half time and at the
end of each monitoring period, gauze pieces were col-
lected and pooled for EAP PCR. Exposure times of
SBS and gauze pieces are shown in Figure 1. In order
to be able to compare which of the monitoring
methods provided the most meaningful outcome for
screening the colonies, results of pooled EAP samples
and the corresponding SBS results were integrated into
Figure 2.
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Study B. The study was then expanded to eight differ-
ent breeding and experimental IVC barriers using the
same experimental outline. The eight barriers consisted
of 54 rooms with a total of 85 air handling units con-
nected to 19,483 cages, represented by 152 sentinels or
85EAP samples assigned to 13 pools. Large barriers
with more than 10 air handling units were divided
into two separate pools to analyze a maximum of 10
gauze pieces per pool. This time, dust samples were
only taken during weeks 9–12 of the 12 week sentinel
exposure period (see Figure 1). Results are shown in
Figure 3.

Results

In study A, the results of conventional soiled bedding
sentinel monitoring and of EAP PCR were compared

over a period of three quarters in an experimental
barrier. For the following pathogens one or both
methods revealed positive results at least once:
MNV, Helicobacter spp., H. hepaticus, H. typhlonius,
Pasteurella pneumotropica, Pasteurellaceae (others than
P. pneumotropica), K. oxytoca, Pneumocystis murina,
S. aureus, Proteus mirabilis, pinworms (Aspiculuris
tetraptera), Tritrichomonas, Entamoeba, and ectopara-
sites (Myocoptes musculinus). Of those, only MNV,
Helicobacter spp., H. hepaticus, S. aureus, and
Tritrichomonas have been detected by SBS. All others,
except S. aureus, which was only detected by one SBS,
have only been detected by EAP PCR. In total, positive
test results for single agents were obtained 88 times by
the combination of all methods, that is, in sentinel mice,
in exhaust air dust samples, or with both (Figure 2). In
34.1% (n¼ 30) of positive findings, EAP PCR and

Figure 2. Results of conventional soiled bedding sentinel monitoring compared to exhaust air dust analyses over a period
of three consecutive quarters in one experimental barrier. Only agents identified by either method are shown in column
one. For the sake of clarity agents with negative test results were skipped from the list. Pool number: rooms of the
experimental barrier were divided into four pools.
aHygienic monitoring strategy: g1/g2¼ results of gauze pieces collected after 6 weeks (g1) and 12 weeks (g2), s¼ results
of soiled bedding sentinel monitoring.
bNumber of gauze pieces assigned to pools 1–4 and sentinels;þ¼ positive test result, �¼negative test result.

Figure 1. Exposure time of soiled bedding sentinels and gauze pieces during studies A and B. Fields highlighted in gray
depict dirty-bedding sampling and installation period of gauze pieces.
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sentinel monitoring results correlated. In 93.3%
(n¼ 28) (of positive results obtained by both strategies)
the positive EAP result of weeks 3–6 was confirmed by
testing weeks 9–12. Only one positive finding from SBS
monitoring (S. aureus/1.1% of positive findings) was
not detected by EAP PCR. In contrast, 57 positive
results (64.8% of all positive findings) generated by
EAP PCR were not detected by SBS monitoring.

Eight experimental and breeding barriers, containing
85 air handling units and represented by 152 SBS were
included in study B. Results of 13 pools of gauze pieces,
consisting of 1–10 gauze samples were compared to
results generated by the corresponding 13 groups of
SBS (2–24 SBS per group) (Figure 3). Agents detected
by either method, sentinel mice or EAP PCR, were
MNV,Helicobacter spp.,H. hepaticus, H. bilis, H. typh-
lonius, P. pneumotropica, Pasteurellaceae (others than
P. pneumotropica), K. oxytoca, Pseudomonas aerugi-
nosa, S. aureus, Tritrichomonas, and Entamoeba. Of
those, only MNV, Helicobacter spp., H. hepaticus,
Pasteurellaceae (others than P. pneumotropica), and
Tritrichomonas have been detected by SBS. All others,
except Pseudomonas aeruginosa and MNV, which were
only detected by SBS in particular cases, have only been
detected by EAP PCR. In total, 50 positive test results
for single agents were obtained by the combination of
all methods, that is, by sentinel monitoring, by exhaust
air dust PCR, or with both (Figure 3). In 38% (n¼ 19),
positive findings of EAP PCR matched with positive
sentinel results. Two times (4% of positive findings)
positive sentinel results could not be confirmed by
EAP PCR; 29 positive findings (58%) were only
detected via EAP PCR analysis.

Discussion

Knowing the accurate microbiological status of
laboratory mice is crucial for their use in biomedical
research. Undetected pathogens represent an uncon-
trolled variable that might interfere with animal experi-
mentation.11 Soiled bedding sentinel based hygienic
monitoring, still state-of-the art in the field, is flawed
by serious drawbacks and many different pathogens
might be overlooked. To bypass these drawbacks,
EAP PCR was investigated for agents that are known
to be badly or not detectable by SBS. The studies
showed a clear superiority of EAP PCR compared to
SBS even at very low prevalence.2,4,7,9 To investigate
if environmental samples might completely make sen-
tinels disposable in our routine hygienic monitoring
program, both monitoring strategies were performed
in parallel in different breeding and experimental
barriers in our facility. In case SBS monitoring would
not provide any additional meaningful information in
comparison to environmental monitoring by EAP
PCR, SBS might be replaced in future. Our routine
microbiological monitoring is based on several layers
of testing and decision making. The first layer aims at
screening for potential infections within the mouse
colonies with sufficient sensitivity at the lowest possible
amount of testing. This is a matter of economics.
Ideally, a single cage of infected animals within an
otherwise negative colony is detectable by that first
layer. In parallel, sick animals from the colonies are
tested individually by classic methods like serology,
bacteriology, parasitology, and postmortem analysis.
Once an infection is detected, a decision is taken if
this might be accepted, for example, because the

Figure 3. Results of conventional soiled bedding sentinel monitoring compared to exhaust air dust analyses in eight
experimental and breeding barriers.
aHygienic monitoring strategy: g¼ result of gauze pieces collected after in week 12, s¼ result of soiled bedding sentinel
monitoring.
bNumber of gauze pieces and sentinels assigned to this pooled sample;þ¼ positive test result, �¼negative test result.
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agent is not on an exclusion list, or if the result warrants
further testing. Further testing is based on a series of
pooled tests where positive pools are broken down to
smaller pools as long as all infected animals can be
identified. During study A, EAP samples unexpectedly
detected Aspiculuris tetraptera and Myocoptes musculi-
nus (Figure 2). SBS did not detect the infestations in the
current monitoring period (Figure 2) nor during the last
four years. The A. tetraptera positive mice were identi-
fied by testing the 16 individual back-up prefilter sam-
ples followed by 105 pools consisting of fecal pellets
from each nine cages. Of these, nine pools (81 cages)
in two rooms were found positive by A. tetraptera PCR.
By using fecal flotation followed by microscopy of all
mice within the 81 suspicious cages we could confirm
the positive EAP result and trace the infection back to
several cages. Since different strains in various racks
were infected all colonies reared in these racks were
treated with fenbendazole. The IVC rack systems
were washed and autoclaved. Subsequent exhaust air
dust sample pools were negative. Individual PCR of
the six back-up prefilter samples did not confirm the
initial positive M. musculinus result. Infested animals
were identified by testing six further individual prefilter
samples installed in the animal handling units two
weeks later with one sample being positive. Ten pools
consisting of fur swabs each representing a mouse
line housed in this room were tested. Finally, a single
mouse line was found to be M. musculinus positive.
Cryopreservation is ongoing for the affected line. All
other positive findings confirmed historical results.
These agents have repeatedly tested positive in the
respective barriers and were not excluded. Therefore,
additional testing by an alternative method was not
ordered.

Residual nucleic acids pose a risk of false posi-
tive results in future monitoring periods even if the
infected animals have been removed from the colony.
Discriminating between previous and current infections
might not be possible then. Therefore, after an elimin-
ation attempt, careful sanitization of the equipment
is necessary to remove all living or dead infectious
agents, including all contaminating residual nucleic
acids. We recommend washing and autoclaving the
contaminated rack and all tubing, washing and spray-
ing the prefilter case with disinfectant and exchange
of the exhaust prefilter and to perform baseline testing
for the agent in question before adding any new cages
with animals to the rack system. We installed and
sampled always two EAP samples on each prefilter.
Individual retesting of the back-ups allowed not
only to trace down infections quickly, it also allowed
us to save money, because testing for single agents is
much less expensive than testing for a whole panel of
agents.

Pooling of samples is cost effective and suitable to
monitor different barriers by using reasonable sample
numbers. Nevertheless, false-negative results due to the
dilution of nucleic acids cannot be ruled out, especially
for infections with low prevalence. In this study the
focus was on the comparison of EAP-PCR and SBS
monitoring. The clear result was, even at a high level
of pooling, that EAP PCR detected nearly all infections
found by the SBS monitoring plus more agents not
detected by SBS. Further studies are necessary to
define the maximum level of pooling that combines eco-
nomic aspects and an acceptable low probability of
false negative results.

During our studies positive SBS results could not be
confirmed by exhaust air dust PCR in three instances.
In study A, one sentinel was positive for S. aureus
(Figure 2) and in study B two or four sentinels were
found positive for MNV and Pseudomonas aeruginosa,
respectively. None of these were detected by the EAP
samples. There are several possible reasons for this. The
negative EAP PCR result might be an effect of over
pooling the PCR samples. Gauze pieces were installed
for three weeks and did not cover the complete sentinels’
exposure time of 12 weeks (Figure 1). In the experimen-
tal barriers used for the studies the import and export
frequency and therefore the turnover of animals is high
and mice are often housed in the IVC systems for short
time only. It might be possible that infected mice were
removed before gauze pieces were installed. To avoid
this health monitoring gap, the duration for gauze
pieces pinned onto the prefilter could be extended. The
S. aureus finding might be a false positive due to a con-
tamination of the bacterial culture plates or bacterial
infection may be transient and the mouse may not
have actually become colonized and therefore did not
shed this organism sufficiently to be detected by PCR.

In our studies, 8–9 weeks old female SOPF SWISS
mice were used as dirty-bedding sentinels. Optimal age
of sentinels is discussed controversial. Besselsen et al.
showed with two serologic assays that ICR mice inocu-
lated at four and eight weeks of age seroconverted, but
were generally unable to seroconvert when infected at
12 weeks of age.12 In contrast, a recent study demon-
strated that transmission of agents such as MPV,
MHV, MNV, Theiler’s murine encephalomyelitis
virus (TMEV), and pinworms did not differ in regard
to the age of Swiss Webster sentinels.13 Each sentinel
cage consisting of three mice was assigned to a single
room containing one to five IVC racks within different
barriers. The number of colony cages (63 to a max-
imum of 315 cages per room) was higher in some
rooms than recommended by the FELASA.1 Sentinels
were exposed to dirty bedding from individual racks at
least twice during the quarterly screening. Insufficient
transfer of infectious agents is a general drawback of
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dirty-bedding sentinel monitoring. Regardless of the
amount and frequency of dirty-bedding transfer, there
are various reasons for a reduced transmission of
agents via soiled bedding, like low viability of bacteria
such as Pasteurellaceae on wood bedding.14 EAP PCR
is not handicapped by drawbacks such as sentinel age
or survival of agents in the bedding since it does not
rely on infection. It relies solely on transfer and accu-
mulation of nucleic acids to the sampling media.
FELASA recommendations leave it at the decision of
a person of sufficient understanding to shape the hygie-
nic monitoring program according to local conditions.
Among other reasons, the number of sentinels is a
matter of budget and optimal numbers of sentinels
are often unaffordable. The aim of this study was to
compare, based on local circumstances, the perform-
ance of EAP PCR and used-bedding sentinels.

As shown here sentinel-free monitoring based on
EAP PCR analysis in IVC reared mouse colonies is
feasible. We provided evidence that our sentinel mice
are completely replaceable by environmental samples.
In addition to routine environmental monitoring,
examination of sick mice showing clinical signs of ill-
ness should be a fixed component of health monitoring
programs. This change of paradigm in rodent micro-
biological monitoring highly contributes to the 3R prin-
ciple. First of all it allows replacing laboratory mice, in
our facility about 1000 sentinel mice per year. The new
technology provides much better information regarding
the microbiological status of rodent colonies. This
information allows us to better react on new infections
and reduce the number of sick animals, which is refine-
ment. Better knowledge of the microbiological status
allows better standardization and therefore contributes
to the reduction of animals by providing more statis-
tical power.
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Résumé

En recherche biomédicale, la connaissance précise de l’état de santé des animaux est essentielle au respect
des normes scientifiques et éthiques. Les cages individuellement ventilées (IVC) sont en train de devenir le
système d’habitation prédominant des souris de laboratoire, car elles préviennent les infections de cage à
cage. Cependant, cette fonctionnalité constitue un inconvénient majeur pour surveiller l’hygiène des colonies
de souris, les programmes de dépistage traditionnels s’appuyant sur la fiabilité de la transmission des agents
infectieux des animaux de laboratoire aux souris sentinelles généralement testées comme représentants des
colonies de souris. Ces dernières années, les professionnels utilisant des animaux de laboratoire ont réalisé
que les sentinelles étaient inefficaces pour les colonies de souris hébergées en IVC car les infections ne sont
souvent pas transmises aux sentinelles et passent donc inaperçues. En outre, la surveillance par sentinelles
nécessite l’utilisation d’un grand nombre d’animaux tandis que la surveillance de l’environnement fournit une
approche plus fiable pour identifier et exclure la présence d’agents pathogènes dans les colonies de ron-
geurs. Des études récentes ont démontré que l’analyse PCR des particules d’air d’échappement constituait
une méthode supérieure à l’analyse de la literie souillée des sentinelles pour détecter différents agents. Dans
cette étude, nous montrons que les tests menés sur des échantillons environnementaux mis en commun
génèrent des renseignements plus significatifs par rapport à l’analyse de la litière souillée des sentinelles
lors des activités courantes de surveillance d’hygiène de différentes barrières.

Abstract

Die genaue Kenntnis des Gesundheitsstatus von Versuchstieren ist zur Gewährleistung hoher wissenschaf-
tlicher und ethischer Normen in biomedizinischer Forschung ausschlaggebend. Einzelbelüftete Käfige (IVC)
entwickeln sich inzwischen zum vorherrschenden System zur Haltung von Labormäusen, da mit diesen die
Übertragung von Infektionen zwischen Käfigen vermieden wird. Allerdings stellt diese Form der Haltung
einen wesentlichen Nachteil beim Hygiene-Monitoring von Mäusekolonien dar, da herkömmliche
Screeningprogramme sich auf verlässliche Übertragung von Infektionserregern von Versuchstieren auf
Sentinelmäuse stützen, die allgemein als Vertreter der Mäusekolonien getestet werden. In den letzten
Jahren hat man in der Versuchstierforschung erkannt, dass Sentinels zur Überwachung von
Mäusekolonien in IVC-Systemen untauglich sind, da Infektionen oft nicht auf Sentinels übertragen werden
und damit unerkannt bleiben. Zudem resultiert Sentinel-Überwachung in einer größeren Zahl verwendeter
Tiere. Demgegenüber erweist sich Umgebungs-Monitoring als ein verlässlicheres Konzept zur Identifizierung
und zum Ausschluss von Pathogenen in Nagerkolonien. In kürzlichen Studien erbrachten wir den Nachweis
für die Überlegenheit der PCR-Analyse von Abluftpartikeln bezüglich verschiedener Erreger gegenüber
Sentinels in verschmutzter Einstreu. In der vorliegenden Studie zeigen wir, dass Tests von
Umweltmischproben aussagekräftigere Informationen als Sentinels in verschmutzter Einstreu bei der
routinemäßigen Hygieneüberwachung in verschiedenen Barrieren erbringen.

Resumen

Un conocimiento preciso del estado de salud de los animales de experimentación es clave para mantener
unos estándares éticos y cientı́ficos altos en la investigación biomédica. Las jaulas ventiladas individualmente
se están convirtiendo en el sistema predominante para los ratones de laboratorio ya que evitan las contam-
inaciones entre jaulas. No obstante, esta caracterı́stica constituye un gran problema para el control higiénico
de las colonias de ratones, ya que los programas de análisis tradicionales basados en las transmisiones
fiables de agentes contagiosos de animales de experimentación a ratones centinelas solı́an ser representa-
tivos de las colonias de ratones. Recientemente, la comunidad de animales de laboratorio se ha dado cuenta
de que los centinelas son inefectivos para el análisis de las colonias de ratones en sistemas de jaulas
ventiladas individualmente porque las infecciones no suelen transmitirse a los centinelas y por tanto no
son detectables. Asimismo, el control de centinelas hace que se utilicen unos números elevados de animales.
Por contraste, el control ambiental ofrece un método más fiable para identificar y excluir patógenos de las
colonias de roedores. En estudios recientes hemos aportado pruebas que indican que los análisis PCR de
partı́culas de aire agotadas es superior en los centinelas con nidos de tierra por distintos agentes. En este
estudio, mostramos que al analizar muestras ambientales agrupadas genera información más útil en com-
paración a centinelas en nidos de tierra durante un control higiénico rutinario en distintas barreras.
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