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Survey on shedding of selected patho-
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stidamerikanischen Kameliden in Mitteldeutschland
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South American camelids (SAC) are increasingly popular in Germany. Although
frequently in close contact to livestock and humans, data on the prevalence of
epizootic and zoonotic bacteria and of bacteria exhibiting antimicrobial resist-
ance (AMR) in SAC is sparse. Therefore, 94 composite faecal samples collected

in 43 private SAC holdings in the German states Saxony, Thuringia and Saxony-
Anhalt were tested for the presence of Clostridium difficile, Mycobacterium avium
subsp. paratuberculosis (MAP), Salmonella spp. and Chlamydia spp. Escherichia coli
served as an AMR-indicator and for detecting Shiga toxin (Stx)-producers (STEC).
Chlamydial presence was also probed with 136 vaginal swabs and twelve placen-
tal tissue samples. Most owners (n = 41/43) replied to a questionnaire providing
information on animals and husbandry conditions. The questionnaire covered
974 animals, among them 20 llamas, mostly kept in smallholdings with less than
20 animals (75%). Frequently (n = 30/41), SAC were co-housed with other animal
species. Most holdings (76%, n = 31/41) welcomed visitors regularly. Clostridium
difficile was detected in 8.5% (n = 8/94) of the faecal samples, Chlamydia spp.

in 7.4% (n = 7/94) of the faecal samples, 4.4% (n = 6/136) of the vaginal swabs
and 8.3% (n = 1/12) of the placental samples. MAP and Salmonella spp. were not
detected. Samples from 28% of the holdings were stx-positive. STEC strains iso-
lated belonged to ege-negative, non-O157 serovars. All £. coli isolates were resist-
ant to at least five antibiotics with 46% possible ESBL-producers. Even though
shedding of bacteria of public health concern by SAC at livestock-livestock and
livestock-human interfaces was found to be less common, positive results indi-
cate the need for establishing continuous surveillance measures.

Keywords: South American camelids, antimicrobial resistance, zoonosis, bacterial
pathogens, Germany

Neuweltkameliden (NWK) werden in Deutschland immer beliebter. Obwohl sie
haufig in engem Kontakt zu Nutztieren und Menschen gehalten werden, ist
wenig Uber die Pravalenz von bakteriellen Tierseuchen- und Zoonoseerregern
oder von Bakterien mit antimikrobiellen Resistenzen (AMR) bei diesen Tieren
bekannt. Daher wurden 94 Sammelkotproben von NWK aus 43 Privatbetrieben
in Sachsen, Thiringen und Sachsen-Anhalt gesammelt und auf Clostridium
difficile, Mycobacterium avium subsp. paratuberculosis (MAP), Salmonella spp. und
Chlamydia spp. untersucht. Escherichia coli diente als Indikator fir AMR und zum
Nachweis von Shigatoxin (Stx)-Produzenten (STEC). Nach Chlamydien wurde
auch in 136 Vaginalabstrichen und zwolf Plazentagewebeproben gesucht. Die
meisten Besitzer (n = 41/43) beantworteten einen Fragebogen zu den Tieren und
deren Haltungsbedingungen. Uber den Fragebogen wurden 974 Tiere erfasst,
darunter 20 Lamas, die meist in kleinen Betrieben mit weniger als 20 Tieren (75 %)
gehalten wurden. Haufig (n = 30/41) wurden SAC zusammen mit anderen Tier-
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arten gehalten. Die meisten Betriebe (76 %, n = 31/41) empfangen regelmafig
Besucher. Clostridium difficile wurde in 8,5 % (n = 8/94) der Kotproben, Chlamydia
spp.in 7,4 % (n = 7/94) der Kotproben, 4,4 % (n = 6/136) der Vaginalabstriche und
8,3 % (n = 1/12) der Plazenta-Proben nachgewiesen. MAP und Salmonella spp.
wurden nicht nachgewiesen. Siebzehn Kotproben aus 28 % der Betriebe waren
stx-positiv. Aus diesen isolierte STEC-Stdmme waren eage-negativ und gehorten zu
Nicht-O157-Serovaren. Auf Antibiotikaresistenz untersuchte E. coli-Isolate waren
gegen mindestens finf Antibiotikaklassen resistent. Von diesen waren 46 %
potenzielle ESBL-Produzenten. Auch wenn die Ergebnisse eine fehlende oder
maRige Verbreitung von bakteriellen Tierseuchen- und Zoonoseerregern bei NWK
in Deutschland implizieren, sprechen die positiven Nachweise fir die Notwendig-
keit, nachhaltige Uberwachungsmafnahmen zu etablieren.

Schliisselworter: Neuweltkameliden, antimikrobielle Resistenz, Zoonose, patho-
gene Bakterien, Deutschland

Introduction

South American camelids (SAC) are classified as four dif-
ferent species: alpacas (Vicugna pacos), vicufias (Vicugna
vicugna), llamas (Lama glama) and guanacos (Lama guan-
icoe) (Zarrin et al. 2020). In recent years, these animals
have been introduced more and more to North America
and Europe (Zarrin et al. 2020), including Germany
(Neubert et al. 2021). SAC are held in full- or part-
time commercial farming for their wool or for breeding
(Halsby et al. 2017), but also for landscape management,
for use in animal assisted therapy, for exhibition or as
pets (Neubert et al. 2021). Their number in Germany was
estimated to be roughly 15,000 animals in 2018 (Gauly
2019). However, it is certainly higher today, consider-
ing that the SAC count listed on the website of a Ger-
man breeding organization, the Alpaka Zucht Verband
Deutschland, increased by 16% from 12,458 in August
2020 (Neubert et al. 2021) to 14,458 in December 2021
(azvd.de; 10.12.2021).

SAC are recognized as carriers of different epizo-
otic agents, including those causing notifiable diseases
according to Commission Implementing Regulation
(EU) 2018/1882, such as infection with epizootic hem-
orrhagic disease virus, with members of the Mycobac-
terium tuberculosis complex or with paratuberculosis,
as well as zoonotic agents with the potential to harm
humans. However, the current animal health status
of SAC in Germany has not yet been systematically
recorded (Neubert et al. 2021). Experience has shown
that there are knowledge gaps among both animal own-
ers and veterinarians, because there is still uncertainty
concerning disease diagnosis and treatment (D"Alterio
et al. 2006).

Camelids (suborder Tylopoda) differ taxonomically,
physiologically and behaviorally from ruminants (subor-
der Ruminantia) (Fowler 2009). Moreover, camelids and
ruminants diverge in their predisposition to infectious
and parasitic diseases. For example, camelids are quite
resistant to many ruminant diseases, such as Foot-and-
mouth disease and bovine tuberculosis (IB) caused by
Mycobacterium bovis (Halsby et al. 2017). However, infec-
tions with Mycobacterium avium subsp. paratuberculosis
(MAP) or with Campylobacter fetus subsp. fetus, Chla-
mydia spp., Salmonella spp. and Brucella abortus can lead
to disease, for example by causing abortions (Gidlewski

et al. 2000, Tibary et al. 2006, Staples 2016, Halsby
et al. 2017). Other important bacterial agents report-
edly infecting SAC are Clostridium perfringens (types A
and C enterotoxaemia), Clostridium septicum, Streptococ-
cus equi subsp. zooepidemicus (Whitehead and Bedenice
2009, Staples 2016), and Mycoplasma haemolamae (Vies-
selmann et al. 2019). So far, alpacas kept in Germany
have been investigated for the presence of zoonotic
viruses, such us Cowpox (Prkno et al. 2017), Schmal-
lenberg orthobunyavirus (Schulz et al. 2015) and Borna
disease virus 1 (BoDV-1) (Schulze et al. 2020). BoDV-1
produces a highly variable spectrum of symptoms in
NWK (Schulze et al. 2020) and can also serve as a senti-
nel species (Malbon et al. 2021).

Shiga toxin (Stx)-producing Escherichia coli (STEC),
harboring stx1 and/or stx2 (Blankenship et al. 2021), are
zoonotic bacteria that can cause mild to bloody diarrhea,
hemorrhagic colitis, or even hemolytic uremic syndrome
in humans (Gyles 2007). Ruminants are the major STEC
reservoir, especially cattle (Gyles 2007). However, STEC
was also detected in non-ruminant animals (Persad and
LeJeune 2014) including alpacas and llamas (Mercado et
al. 2004, Silvera et al. 2012, Halsby et al. 2017, Maturrano
et al. 2018). In Peru, alpaca crias suffering from diarrhea
infrequently carried stx2-encoding STEC with a low level
of verocytotoxic activity, while the large majority (94.7%)
shed enteropathogenic (EPEC) strains (Luna et al. 2012).
Other studies did not report the presence of enterotoxi-
genic E. coli (ETEC) and EPEC (Whitehead and Bedenice
2009, Staples 2016). In SAC, E. coli has usually been
reported as causing diarrhea, metritis, mastitis or as a
pathogen commonly associated with dental abscessation
(Whitehead and Bedenice 2009, Staples 2016, Gestrich et
al. 2018). In neonatal and older crias, meningitis, menin-
goencephalitis and septicemia also occur (Staples 2016).
Septicemia was the second most frequently diagnosed
non-parasitic problem in the United Kingdom and E. coli
caused 43.3% of these cases (Twomey et al. 2014). Com-
mensal and pathogenic E. coli in faeces and sewage
serve as indicator organisms for AMR in Gram-negative
bacteria in human and veterinary public health as they
can contain genetic elements with resistance deter-
minants transferable to other enteric bacteria (EFSA
and ECDC 2020). In one study from Peru, alpaca crias,
with or without diarrhea, carried E. coli susceptible to
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most antibiotics, with the exception of nitrofurantoin, to
which only few strains (8.3%) had retained susceptibility
(Barrios-Arpi et al. 2016). However, other studies found
80% of the E. coli strains resistant to neomycin and 25%
to oxytetracycline (Luna et al. 2012) or detected gen-
tamicin resistance in 17 of 98 bacterial isolates (Gestrich
et al. 2018).

SAC have been included as livestock species in the
profoundly revised European Animal Health Law. Even
though they represent potential sources of transmis-
sion of infectious agents to other livestock species and
humans, because they are frequently kept on the same
premises and humans are often in close contact with
the animals, knowledge on the prevalence of infec-
tious agents in SAC in Germany is sparse. We surveyed
SAC in Central Germany for selected pathogenic and
zoonotic bacteria, as well as for antimicrobial resistance
in indicator E. coli, but also for population structure and
husbandry conditions, to foster future zoonosis monitor-
ing and preventive medicine measures.

Material and Methods

Sampling and questionnaire

94 composite faecal samples from fresh droppings
from alpaca and llama animal groups were collected on
43 farms or zoos located in the three German federal
states (Saxony, Thuringia and Saxony-Anhalt) compris-
ing the region Central Germany (Fig. 1, Supplementary
Material 1). Faecal material was collected from pastures
or pen floors in 100 ml containers and transported to the
laboratory on ice. Vaginal swabs (FLOQSwabs, Copan,
Brescia, Italy) were collected from 136 mares by a vet-
erinarian, the tips cut off and placed in tubes contain-
ing 300 pl DNA stabilizing buffer (6 M Guanidin-HC],
10 mM urea, 10 mM Tris-HCl, 20% v/v Triton X-100;
pH 4.4). Placenta samples from twelve normal deliveries
were processed on the day of arrival in the lab or stored
at 5 °C for processing on the next day.

The study was carried out in strict accordance with
German law for the care and use of experimental ani-
mals. Sampling of vaginal swabs was approved by
the Thuringian State Office for Food Safety and Con-
sumer Protection, Bad Langensalza, Germany (permit
no. 22-2684-04-BFI-19-101), by the State Administra-
tive Office of Saxony-Anhalt, Halle, Germany (per-
mit no. 203.m-42502-3-865 FLI_G_U) and by the
Saxony State Directorate, Chemnitz, Germany (permit
no. 25-5131/475/8), respectively, depending on the loca-
tions of the holdings.

The owners received a cover letter explaining the
purpose of the investigation and signed a declaration of
consent according to Directive 95/46/EC (General Data
Protection Regulation) for taking samples and analyzing
them for scientific reasons and to ensure confidentiality.
Owners also received a multiple-choice questionnaire
with 50 questions divided in five sections: general infor-
mation (farm and husbandry), animal transfer, breeding,
health status and movement of people (Supplementary
Material 2).

Screening for Clostridium difficile

Faecal samples were processed for the isolation of
Clostridium difficile (C. difficile) as described previously
(Schneeberg et al. 2012) using C. difficile moxalactam/

norfloxacin agar plates (CDMN; Oxoid, Thermo Fisher
Scientific, Waltham, MA, USA) and ChromID C. difficile
agar (bioMérieux, Nirtingen, Germany) for direct plat-
ing (2-3 days) and TCDMN broth (CDMN broth supple-
mented with 0.1% sodium taurocholate) for enrichment
(7-10 days). The culturing method after enrichment
involved an ethanol shock (1 mL culture : 1 mL absolute
ethanol; 30 min) for spore selection as described else-
where (Schneeberg et al. 2012) followed by plating on
CDMN and ChromID agar. Potential C. difficile colonies
were selected based on their branched morphology and
growth on CDMN (Oxoid) and ChromlID C. difficile agar
(bioMérieux). Strain isolation included three successive
subcultures of single colonies. Bacterial DNA was pre-
pared using the DNeasy Blood and Tissue kit (Qiagen,
Hilden, Germany). Isolates were confirmed as C. difficile
using cdd3-PCR as described (Zidaric et al. 2008).

Screening for Chlamydia

Homogenized pooled faecal samples, placenta tissue
(50 mg each) and vaginal swabs were extracted using
the High Pure PCR Template Preparation Kit (Roche Life
Science, Penzberg, Germany) according to the manu-
facturer’s protocol with an elution volume of 200 pL.
All samples were examined using a 235-rRNA gene-
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FIGURE 1: Map containing the holdings studied
with positive pathogen presence detected in Central
Germany. The circles correspond to the locations of the
43 holdings, from which samples were collected. Geome-
tric figures represent the three different German Federal
States: Thuringia (square) Saxony-Anhalt (diamond)
and Saxony (circle). Colours correspond to the patho-
gens detected in the holdings: no pathogen (blue), E. coli
encoding stx (red), C. difficile (black), C. difficile and
Chlamydia (green), E. coli enconding stx and Chlamydia
(yellow) and C. difficile and E. coli encoding stx (pur-
ple). The map was compiled using Google Maps (https://
www.google.com/maps).
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based Chlamydiaceae-specific real-time PCR with a
limit of detection of 5 copies/reaction (Ehricht et al.
2006). QuantiTect Multiplex PCR Master Mix (Qiagen)
was used in a total volume of 15 pLL with 300 nM of each
primer, 200 nM probe and 2 pL template DNA. To test for
PCR inhibition in DNA preparations, an internal amplifi-
cation control was integrated in duplex PCR runs. Prim-
ers EGFP-1F (5'-GACCACTACCAGCAGAACAC-3)
and EGFP-10R (5'-CTTGTACAGCTCGTCCATGC-3') at
final concentrations of 400 nM each and probe EGFP-
HEX (HEX-AGCACCCAGTCCGCCCTGAGCA-BHQ1)
at a final concentration of 200 nM were used together
with 500 copies of a plasmid template per reaction
(Intype IC-DNA, Indical Bioscience, Leipzig, Germany)
to generate and detect a 177 bp amplicon (Hoffmann
et al. 2006). The samples were tested in duplicate on a
Bio-Rad CFX96 PCR instrument (Bio-Rad, Feldkirchen,
Germany) with the following cycling conditions: 95 °C
for 10 min and 45 cycles with 95 °C for 15 s and 60 °C
for 1 min. A mean threshold cycle (Ct) value of <38 was
considered positive. A 100 ifu/pl equivalent of Chla-
mydia psittaci (C. psittaci) strain DC15 DNA was used as
positive control and water instead of template DNA as
negative control. 235-PCR-positive samples were fur-
ther characterized by species-specific (Chlamydia abortus
[C. abortus], Chlamydia pecorum [C. pecorum], C. psittaci)
real-time PCR assays (Pantchev et al. 2010) with primer
concentrations of 800 nM each and probe concentrations
of 200 nM. Mastermix and PCR cycling conditions were
as described above.

Screening for Mycobacterium avium subsp. paratuber-
culosis (MAP)

Pooled faecal samples were thoroughly homogenised by
manual stirring. Three grams of faeces were transferred
to a plastic bag containing 30 mL 0.75% hexadecyl
pyridinium chloride. The samples were homogenised
in a stomacher for 6 min, transferred to a 50 mL tube,
allowed to settle for 5 min and the supernatant trans-
ferred to a fresh tube. The samples were agitated on a
shaker for 30 min and then incubated in an upright posi-
tion for 48 h at room temperature in the dark. The super-
natants were discarded and 200 pL of the pellet were
transferred on each of four slopes of Herrold’s Egg Yolk
Medium with Mycobactin ] and Amphotericin, Nalidixic
Acid and Vancomycin (HEYM, Becton Dickinson, Hei-
delberg, Germany). The cultures were incubated for up
to six months at 37 + 2 °C, and checked every two weeks
for contamination and the occurrence of visible colonies.

Screening for Salmonella spp.

Analysis of pooled faecal samples was carried out
according to ISO 6579-1:2017+A1:2020 (https://www.
iso.org/standard/56712.html) after arriving in the labora-
tory. Buffered peptone water (BPW), modified semi-solid
Rappaport-Vassiliadis (MSRV), xylose lysine deoxycho-
late agar (XLD) and Rambach agar (RB) were applied for
the analysis (all from sifin diagnostics, Berlin, Germany).

Screening for Escherichia coli and characterization of
isolates

One gram of pooled faecal material was resuspended
in 9 mL of BPW (VWR International, Darmstadt, Ger-
many). Aliquots (100 pL) of the supernatant were spread
by plating onto three different solid media in Petri dishes
[Gassner agar (sifin diagnostics) lacking antibiotics or

supplemented with ceftiofur (4 pg/mL) or enrofloxacin
(4 pg/mL)]. The plates were incubated at 37 °C for 24 h.

Antimicrobial resistant isolates

Isolates were picked from the Gassner agar plates con-
taining ceftiofur or enrofloxacin. One colony was chosen
per plate and restreaked on selective media. Species
identification was performed with MALDI-TOF (Bruker,
Billerica, USA) using the MALDI Biotyper Reference
Library (version 3.0, Bruker). Pure cultures identified as
E. coli were washed off with 2 mL LB-Miller medium
containing 10% dimethyl sulfoxide (Merck, Darmstadt,
Germany). One mL was stored at —80 °C and 1 mL used
for preparing crude lysates by incubation at 99 °C for 15
min.

Antimicrobial sensibility testing (AST)

Isolates identified as E. coli were cultivated on Colum-
bia-blood agar plates at 37 °C for 24 h. They were
tested for antibiotic susceptibility using the Micronaut
AST-system plate Micronaut-S Large Animal (MERLIN
Diagnostika, Bornheim-Hersel, Germany) following the
manufacturer’s instructions. In total, twelve antibiotics
were tested: amoxicillin/clavulanic acid, ampicillin, cefti-
ofur, colistin, cephalothin, enrofloxacin, florfenicol, gen-
tamicin, spectinomycin, trimethoprim/sulfamethoxazol,
tetracycline and tulathromycin. Penicillin, erythromycin,
tiamulin and tilmicosin were also present in the AST-
system plate but the results were not further interpreted
as E. coli are considered intrinsically resistant to these
antibiotics (Moennighoff et al. 2020). Automated tur-
bidity reading and interpretation were done according
to the manufacturer’s specifications (MERLIN Diag-
nostika).

Detection of blactx.y.; group members

Members of the blacrx.n.1 group were identified by
standard PCR using previously published primers (Kim
et al. 2005). The target sequence was amplified with
OneTaq DNA polymerase (New England Biolabs) and
2 pL of a boiled lysate. Thermocycling conditions were
as follows: 94 °C for 120 s, 25 cycles of 94 °C for 30 s,
61 °C for 60 s, and 68 °C for 45 s; and a final extension
at 68 °C for 5 min. The PCR products were separated by
electrophoresis for 2 h at 130 V in a 1.5% agarose gel
stained with GelRed (Merck) and visualized under UV
light. For Sanger sequencing, the PCR products were
purified using the NucleoSpin gel and PCR clean-up
kit (Macherey & Nagel, Diiren, Germany) and then
processed by a commercial provider (Eurofins Genom-
ics, Ebersberg, Germany). The PCR primers were also
used for sequencing and do not cover the entire reading
frame of the blacrx.n1 group gene, so that one can-
not distinguish between the blacrx_nm-1, blacTx m-g1 and
blactx-13g alleles. We therefore designated the genes

as blactx-M-1-like-

MLVA typing

Multiple-locus variable-number tandem-repeat (VNTR)
analysis (MLVA) was used for typing the E. coli isolates
tested for AST (Camelena et al. 2019). It was done in two
multiplex PCRs because of differences in amplification
efficiency of the seven VNTR loci. The first single-tube
multiplex PCR amplified five genes (rhaD, rsxC, ftsK,
tolA, ytfL) using primers described previously (Camelena
et al. 2019). The regions were amplified using a Taqg PCR
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Kit (New England Biolabs, Frankfurt a. M., Germany),
2 pL of a boiled lysate, and all primers at a 10 nmol/mL
concentration. Thermocycling conditions were as fol-
lows: 94 °C for 15 min, 30 cycles of 94 °C for 30 s, 58 °C
for 90 s, and 68 °C for 90 s; and a final extension at 68 °C
for 10 min. The second PCR amplified variable regions
in the loci tRNA-Arg and hemY using primers described
previously (Camelena et al. 2019). The regions were
amplified by a single-tube duplex PCR using a Taq PCR
Master Mix Kit (Qiagen), 2 pL of a boiled lysate, and
all primers at concentrations of 10 nmol/mL. The ther-
mocycling conditions were as follows: 95 °C for 15 min,
30 cycles of 94 °C for 30 s, 55 °C for 90 s, and 72 °C for
90 s; and a final extension at 72 °C for 10 min. The PCR-
amplified fragments of both multiplex PCRs (10 pL)
were separated by electrophoresis for 2 h at 130 V in a
2.5% agarose gel pre-stained with Gel red (Merck) and
visualized under UV light. Each gel contained two flank-
ing lanes loaded for normalization with a 100 bp DNA
ladder (New England Biolabs).

Phylogenetic analysis using MLVA

PCR fingerprints of the agarose gel electrophoresis were
visualized using SnapGene Viewer (GSL Biotech LLC,
Chicago, USA). TIFF image files of the gels were loaded
in BioNumerics software v. 7.6.3 (Applied Maths, Sint-
Martens-Latem, Belgium). The molecular weight marker
contained within each gel (100-bp DNA ladder) enabled
normalization between different gel runs. Two experi-
ment types were done, one for the gels with five ampli-
fied genes (MLVA_5) and the other for the gels with two
amplified genes (MLVA_2). The same parameters were
applied to both analyses. The unweighted pair group
method using average linkages (UPGMA) was used for
the dendrogram analysis. The similarity coefficient pair-
wise Dice was performed and the MLVA patterns were
compared using an optimization parameter of 2% and a
tolerance parameter of 1%. Both experiment types were
integrated in a composite data set and the weight of the
MLVA_5 was set double the weight of the MLVA_2. The
similarity coefficient of the comparison was the average
from both experiments and the clustering method used
was UPGMA.

Detection of stx1 and stx2

The Gassner agar plates with bacterial growth were used
to isolate bacterial pools to detect E. coli via the uidA
gene and to screen for the Shiga toxin encoding genes
stx] and stx2. The target sequences were amplified in a
multiplex PCR with primers described previously (Mul-
ler et al. 2007, Shimpoh et al. 2017) at a concentration
of 10 nmol/mL each in a single-tube multiplex PCR
using a Taq PCR Kit (New England Biolabs) and 2 pL of
a boiled lysate. Thermocycling conditions were as fol-
lows: 94 °C for 30 s, 30 cycles of 94 °C for 30 s, 56 °C for
40 s, and 68 °C for 40 s; and a final extension at 68 °C
for 5 min. The PCR-amplified fragments (in a volume of
10 pL) were separated by electrophoresis for 55 min at
100 Vin a 1.5% agarose gel stained with Gel red (Merck)
and visualized under UV light. Aliquots of the bacterial
pools positive for uidA and at least one of the stx genes
were cultivated on Gassner agar plates at 37 °C for 24 h.
Between 60-80 colonies per plate were screened for the
presence of stx] and/or stx2 using the multiplex PCR
protocol for stx1/stx2/uidA gene detection described in
this paragraph.

Whole genome sequencing

Strains were grown overnight at 37 °C in 5 mL of Luria-
Bertani broth (Carl Roth GmbH, Karlsruhe, Germany).
The genomic DNA was purified using the DNeasy®
UltraClean® Microbial Kit (Qiagen). The concentration
of the DNA was determined using a NanoDrop™ One/
OneC Microvolume UV-Vis Spectrophotometer (Ther-
mofisher, Dreieich, Germany). DNA sequencing libraries
were prepared and paired-end sequencing was per-
formed by Eurofins Genomics Europe Sequencing (Con-
stance, Germany).

We performed bioinformatics analysis of the strains
using the WGSBAC ,in-house” pipeline (https://git-
lab.com/FLI_Bioinfo/WGSBAC). Illumina raw reads
were subjected to quality control using FastQC v. 0.11.7
(available at http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and coverage was calculated using an
adapted script (https://github.com/raymondkiu/fastq-
info/blob/master/fastq_info_3.sh). Reads were de novo
assembled using SPAdes (v. 3.15) (Bankevich et al. 2012)
and evaluated with QUAST v. 5.0.2 (Gurevich et al.
2013) with standard settings. Annotation was performed
with Prokka (v. 1.14.5) (Seemann 2014). The pipeline
used Kraken 2 (v. 1.1) to identify contamination and the
database Kraken2DB to classify both reads and contigs
(Wood et al. 2019). Genes coding for resistance and
punctual chromosomal mutations were detected using
the software AMRFinderPlus (v. 3.10) (Feldgarden et al.
2020). Additionally, Abricate v. 1.0.1 (available at https://
github.com/tseemann/abricate) with the databases Res-
Finder (v. 3.2) (Zankari et al. 2013), CARD (v. 3.0.8) (Jia
et al. 2017) and NCBI were used for resistance gene
detection. Abricate was also used in conjunction with the
Virulence Factor Database (VFDB) (Liu et al. 2019) for
the prediction of virulence-associated genes.

For genotyping, classic seven gene multilocus sequence
typing (MLST) (v. 2.16.1) (Wirth et al. 2006) was used on
assembled genomes with automatic scheme detection.
In addition, cgMLSTs were assigned by submitting raw
reads to the Center for Genomic Epidemiology website
(http://www.genomicepidemiology.org/) using cgMLST-
Finder 1.1 which runs KMA (Clausen et al. 2018) against
a chosen core genome MLST (cgMLST) database, here
for E. coli (Zhou et al. 2020).

Results

Detection of Clostridium difficile

C. difficile was isolated from composite faecal matter by
enrichment cultures only. In total, eight isolates proved
to be C. difficile positive by cdd3-targeted PCR (Table 1),
resulting in 8.5% (n = 8/94, 95% CI 2.8-14.1%) positive
samples and a prevalence of 16.3% (n = 7/43, 95% CI
5.2-27.3%) at farm-level.

Detection of Chlamydia

Chlamydia DNA was present in all three types of samples
(Supplementary Material 3). Of the 94 faecal samples
collected in 43 holdings, seven samples (7.4%, 95% CI
2.1-12.7%) from six holdings (14.0%, 95% CI 3.6-24.3%)
presented as Chlamydiaceae-positive (Table 1). Two of
these samples tested positive for C. pecorum by species-
specific qPCR, while differentiation of the other sam-
ples was not possible due to low Chlamydia DNA copy
numbers. Six out of 136 vaginal swabs (4.4%, 95% CI
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TABLE 1: Detection of Escherichia coli encoding a stx1 and/or stx2 gene, a putative ESBL phenotype and a
blacrx-pm-1-like family gene, and of Clostridium difficile and Chlamydia spp. in 45 of the 94 faecal samples repre-
senting a total of 974 South American camelids from 43 holdings in Central Germany.

E. coli C{os't:"idium
;a(;m Faecal sample e ::Z‘::,emem Chiamydia spp. [Ct valuel?
stx1! stx2! putative ESBL? fan::iTl))(';M-1 culture*

5 195C0264 - - +6 - - —
195C0266 - - ¥ o - -
195C0267 + - - +[37.4]
195C0268 + + - - -

6 195C0269 - - ¥ -~ - -
195C0270 - - n Y - -
195C0271 + + ¥ y - -
195C0272 - - ¥ = - -

7 195C0273 - - ¥ = - -

8 195C0274 - - - n P
195C0275 - - ¥ ~ - ~

9 195C0283 + - - - +[37.6]

10 195C0284 + - - - e
195C0285 + - - - +[33.0]

" 195C0289 - - ¥ -~ - -

15 195C0306 - - + + - +[33.2]
195C0307 + - - - -

16 195C0309 - - - n -

17 195C0359 + - ¥ ™ - -
195C0360 + + - - -

18 195C0361 - - ¥ + n -
195C0362 + - ¥ = + -

19 195C0370 - - ¥ y - -

20 195C0372 - - " = -

21 195C0374 - - ¥ _ - -

22 195C0375 + - - - -

23 195C0377 - - ¥ ™ - -

195C0378 + - I y - -

24 195C0379 - + - - -

2 195C0380 + - ¥ y - -

195C0381 + - - - -

% 195C0401 - - ¥ n - -

195C0402 - - ¥ y - -

29 195C0408 - - N y - -

30 195C0409 - - ¥ _ - -

31 195C0411 + - - z -

195C0414 - - ¥ ¥ - -

32 195C0415 - - - - -

195C0416 - - ¥ ¥ - -

39 195C0441 - - - n -

40 195C0443 + + ¥ ¥ n -

195C0444 - - ¥ ¥ - -

41 195C0445 - - n -
42 195C0447 - - + + + +[35.9]

43 195C0448 - - ¥ ¥ - -

Total 45 16 5 29 2% p .

" Muller et al. 2007, Shimpoh et al. 2017
2 ESBL: Extended-spectrum B-lactamase
3 Kim et al. 2005

“Schneeberg et al. 2012

° Ehricht et al. 2006; Ct: cycle threshold

° +: positive, —: negative
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0.9-7.8%) from four of 24 holdings (16.7%, 95% CI
1.7-31.6%) were Chlamydia-positive (Supplementary
Material 3). Species identification was not successful due
to low DNA concentrations. In one of twelve placental
samples (8.3%) from one of nine holdings (11.1%),
Chlamydiaceae were detected and identified as C. peco-
rum (Supplementary Material 3). There were no cor-
relations between positive faecal samples and positive
vaginal swab samples in terms of farm origin. However,
the positive placenta sample originated from a farm
with Chlamydia-positive faecal sample results (farm 10)
(Supplementary Material 3). The overall concentration
of Chlamydia DNA was low with Ct values ranging
between 33.0 and 37.9 (Table 1).

Detection of Mycobacterium avium subsp. paratuber-
culosis (MAP) and Salmonella spp.

Neither cultural growth of MAP nor of Salmonella organ-
isms was detected in any of the faecal samples examined
(Supplementary Material 3).

Detection and characterization of Shiga toxin-pro-
ducing Escherichia coli
In total, 18% of the faecal samples (n = 17/94) (95% CI
10.3-25.9%) originating from twelve holdings (28%;
95% CI 14.5%—41.3%), were positive for stxI and/or stx2
(Table 1 and 2). The stx genes were usually detected in
the pool washed off the Gassner agar plate without anti-
biotics. Only one stx1 positive sample was derived from
a Gassner agar plate containing enrofloxacin (195C0267)
(Table 2). In total, twelve of the samples contained stx1
and one stx2, and both genes were found in four faecal
samples (Table 1 and 2).

Six strains were isolated from these samples, three
carried stxI, two stx2 and one both genes. The sam-

ples originated from four holdings, and in two of them
(holdings #6 and #31) two isolates with different stx
genes were detected (Table 2). The six STEC isolates
were assigned to different serogroups and the O anti-
gen of one isolate (19BP0191-3-D-8) (Table 3) was not
typeable with the SerotypeFinder tool, but could be
assigned to OX18 (DebRoy et al. 2016) (C. Lang and A.
Fruth, personal communication). None of the strains
belonged to the O157 or the “Big Six” non-O157 sero-
groups (Table 3). Four isolates belonged to phylogroup
B1 and two (19BP0127-1-A and 19BP0332-13-56) were
classified as phylogroup A. These two strains belonged
to the same ST (2101) and cgMLST (15459), and the
other isolates were assigned different STs (Table 3).
Antimicrobial resistance genes (ARGs) were found in
only one isolate, 19BP0191-3-D-8, which carried six
ARGs (aadAb, blateni 1, dfrAl7, fosA7, mph.A, sull) and
three chromosomal mutations mediating high-level
fluoroquinolone resistance (gyrA_D87N, gyrA_S83L,
parC_S80I) (Table 3). The stxI and/or stx2 gene presence
corresponded to the PCR-amplified fragments detected;
however, in one isolate’s genome sequence (19BP0399-
5-25), no stx gene was found (Table 3). The adherence
factor gene ompA was detected in all isolates and the
cluster encoding fimbrial adhesins (AFA) was found in
one isolate (19BP0271). The intimin encoding gene eae
was not detected in any strain (Table 3).

Detection and characterization of antimicrobial-
resistant Escherichia coli

Primary screening for the presence of E. coli was done
with the bacterial culture isolated from the Gassner
plate without antibiotics using primers for the E. coli-
specific gene uidA (Shimpoh et al. 2017). Positive signals
indicating E. coli were present in 93 of 94 faecal samples

TABLE 2: Results of the multiplex PCR for detecting the presence of Shiga toxin encoding genes in bacterial pools
and E. coli isolates obtained from 94 faecal samples taken from South American camelids on 43 holdings in Central

Germany.
Farm No. Faecal sample ID Bacterial pool Isolate
Gassner agar plate’ stx1 stx2 stx1 stx2

6 195C0268 NA +2 -2 +
195C0271 NA + - -

195C0267 Enrofloxacin 4 pg/mL + - + -

195C0283 NA + - - _

10 195C0284 NA + - - _
195C0285 NA + - - -

15 195C0307 NA + - + -
17 195C0359 NA + - - -
195C0360 NA + + - —

18 195C0362 NA + - - -
22 19SC0375 NA + - - -
23 19SC0378 NA + - - -
24 195C0379 NA - + - +
25 19SC0380 NA + - - -
195C0381 NA + - - -

31 195C0411 NA + - + +
+ -

40 195C0443 NA + + - -

' NA: Gassner media with no antibiotics

2 +: positive, —: negative



Berliner und MUnchener Tierarztliche Wochenschrift 2022 (135) 8

TABLE 3: Whole genome sequence analysis of six STEC strains isolated from five faecal samples of South Ameri-

can camelids from four holdings in Central Germany.

Isolate ID' Sampling | Farm | Stx subtype | Sero- | Phylo- | Phylogenetic Virulence Antimicrobial | Chromosomal
Location ID type group typing Factors resistance mutations
predic- genes
tion
stx1 | stx2 MLST | cgMLST | No.2| Genes |No.?| Genes |No.2| Genes®
19BP0127-1-A North 6 | none | stx2b | O87:H16 A 2101 | 15459 | 62 ompA 0 . 0
Saxony,
Saxony
19BP0191-3-D-8 North 6 stx7a | none | OX18:H2 B1 2599 2501 62 ompA 6 aadA>5, 3 gyrA_
Saxony, blatem-1s D87N,
Saxony dfrA17, gyrA_
fosA7, S83L,
mph.A, parC_
sull S80l
19BP0271-1-1 Central 15 | stx7a | none | O55:H12 B1 101 | 138346 | 50 ompA, 0 . 0
Saxony afaA.Vill,
Saxony afaB.VIlI,
afaC.Vill,
afaD.VIII,
afaEVill,
afaF.Vil
19BP0332-13-56 | Leipzig, 24 | none | stx2b | 087:H16 A 2101 | 15459 | 62 ompA 0 . 0
Saxony
19BP0399-5-25* Erzge- 31 | none | none | 086:H8 B1 297 | 72787 | 50 ompA 0 . 0
birgskreis
Saxony
19BP0399-14-67* Erzge- 31 |stxic | stx2b [ O76:H19 | B1 675 | 122010 | 62 ompA 0 . 0
birgskreis
Saxony

' The NCBI BioSample accession numbers for the isolates are: SAMN22600309 (19BP0127-1-A), SAMN22600310 (19BP0191-3-D-8), SAMN22600311 (19BP0271-1-1),

SAMN22600312 (19BP0332-13-56), SAMN22600313 (19BP0399-5-25), and SAMN22600314 (19BP0399-14-67)

2 No.: number of genes detected per strain for the respective trait

3The amino acid substitutions identified are presented in one-letter-abbreviations at their respective position in the protein

“Isolated from the same faecal sample, 195C0411 (also see Table 2)

(98.9%) representing all farms (100%) (Supplementary
Material 3). A total of 148 colonies was isolated, 85
colonies from Gassner agar plates with ceftiofur and 63
from Gassner agar plates with enrofloxacin (4 pg/mL).
One bacterial colony was taken per plate; colonies were
chosen primarily based on their blue colour (lactose
positive), but green to yellow colonies were also picked
in the absence of lactose-positive colonies. MALDI-TOF
identified 42.7% of these isolates (63/148) as E. coli. The
remaining belonged to other genera; the most frequently
identified were Acinetobacter spp., Pseudomonas spp. and
Providencia spp. (Supplementary Material 4).

All 63 E. coli isolates, obtained from faecal samples
from 25 holdings (58.1%), were resistant to at least five
antibiotics and three different antibiotic classes (Table
4). High levels of non-susceptibility (i.e., classified as
resistant or of intermediate susceptibility) were found
against ampicillin (85.7%) and cephalothin (95%). More
than half of the isolates (57%) were non-susceptible to
enrofloxacin, 43% to ceftiofur, which almost corresponds
to the numbers of strains obtained from the respective
selective media, except for five isolates, which were non-
susceptible to both antibiotics. Possible ESBL producers
were found in 31% (n = 29/94) (95% CI 21.7%—40.3%)
of the faecal samples and in 46% (n = 29/63) of the
total isolates (Table 4). ESBL enzymes of the CTX-M-1
group (Bonnet 2004) are frequently found in humans,
companion animals and livestock from Europe (Ewers et

al. 2012). The ceftiofur-resistant strains were, therefore,
probed for CTX-M f-lactamase presence using a blacrx-
M-1 group specific PCR (Kim et al. 2005). Twenty-six out
of 30 strains were PCR-positive and ten strains arbitrar-
ily selected for Sanger sequencing classified as CTX-M-
1-like, confirming the ESBL phenotype (Supplementary
Material 5). In contrast, a high percentage of the isolates
retained susceptibility to gentamicin (97%), amoxicillin/
clavulanic acid (97%), tulathromycin (89%) and colistin
(83%) (Table 2).

Among the E. coli isolates, 43 different MLVA profiles
were recorded (Fig. 2). The profiles found formed two big
clusters with the first containing 34 MLVA profiles and
the second nine MLVA profiles. Thirty isolates produced
a unique pattern and thirteen MLVA types were shared
between more than one isolate (Fig. 2). Seven of the lat-
ter were detected in isolates belonging to different hold-
ings. Five strains with identical MLVA type differed in
their antimicrobial resistance patterns (Supplementary
Material 6).

Questionnaire metadata

Of the 43 holdings sampled, most were located in Saxony
(63%, n = 27/43), followed by Thuringia (21%, n = 9/43)
and Saxony-Anhalt (16%, n = 7/43) (Supplementary
Material 1). The questionnaire was partially or fully com-
pleted by 41 holdings, representing a total of 974 ani-
mals. The majority of the animals were alpacas and only
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TABLE 4: Antimicrobial susceptibility test results of the 63 enrofloxacin- or ceftiofur-resistant E. coli strains isola-
ted from 94 faecal samples taken from South American camelids on 43 holdings in Central Germany.

Non-susceptible? Susceptible?
Antibiotic class Antibiotic' Resistant Intermediate Susceptible
No.? % No.? % No.? %
Penicillins (aminopenicillin) AMP 54 86 0 0 9 14
Penicillins (aminopenicillin with B-lactamase AMC 0 0 2 3 61 97
inhibitor)
Cephalosporins CTN 39 62 21 33 3 5
(1st and 3rd generations) CET 29 46 0 0 34 54
Quinolone ENR 36 57 3 5 24 38
Polymyxin coL 0 0 1 17 52 83
Florfenicol FLL 14 22 19 30 30 48
Aminoglycoside GEN 2 3 0 0 61 97
Aminocyclitol SPT 14 22 16 25 33 52
Tetracycline TET 30 48 0 0 33 52
Trimethoprim/Sulfamethoxazole T/S 25 40 0 0 38 60
Macrolide TUL 5 8 2 3 56 89
Possible ESBL-encoding isolates 29 46

1 AMP: ampicillin, AMC: amoxicillin/clavulanic acid, CTN: cephalothin, CET: ceftiofur, ENR: enrofloxacin, COL: colistin, FLL: florfenicol, GEN: gentamicin, SPT: spectinomycin,

TET: tetracycline, T/S: trimethoprim/sulfamethoxazole, TUL: tulathromycin, ESBL: Extended-spectrum beta-lactamase

2 test interpretation according to manufacturer’s specifications for Micronaut-S Large Animal, see materials and methods

3 No.: number of positive results

2.1% (n = 20/974) were llamas. Most of the farms were
smallholdings (Fig. 3a). Almost half housed fewer than
ten animals (46%, n = 19/41) and 27% of the farms
(n = 11/41) kept between ten and 20 animals. A further
20% of the farms (n = 8/41) kept between 20 and 100
animals and only 7% (n = 3/41) were large holdings with
more than 100 animals (Fig. 3a). Approximately one third
(37%, n = 15/41) of the holdings kept SAC as their prin-
cipal occupation and 42% (n = 17/41) as source of addi-
tional income (Fig. 3b). Only 17% (n = 7/41) raised the
animals without generating income and two farms did
not respond to this particular question (Fig. 3b). The most
common type of usage on farms was wool-production
followed by therapy, trekking, landscape conservation
and breeding (Fig. 3c). Usually, the farms mentioned
more than one activity, only 17% (n = 7/41) kept SAC for
one specific type of usage only (Fig. 3d). Of all herds, 22%
(n = 9/41) were supplemented in the recent past by pur-
chase of animals from other sources while the remaining
owners claimed to follow a closed herd concept. It must
be noted, though, that only 61% (n = 25/41) of the own-
ers replied to that question in the questionnaire. In most
instances, 51% (n = 21/41) of the holdings, the animals
purchased were raised in Germany. Five out of 41 own-
ers each (12%) bought animals from the EU member
states and/or from other parts of the world, such as Aus-
tralia and North and South America. Frequently, animals
belonging to other species than SAC were housed on
the same premises; 49% (n = 20/41) of the farms also
kept ruminants and other domestic animals and 24%
(n = 10/41) were zoos with multiple animal species. Of
all owners, 15% (n = 6/41) indicated that the SAC are
in direct contact with other animals (ducks, pony, and
sheep). Persons in contact with SAC were usually the
owners, the veterinarian, and the working staff. However,
76% (n = 31/41) of the farms frequently welcomed visi-
tors. Staff and/or visitors had contact with SAC and other
animals on 83% (n = 34/41) of the holdings.

Discussion

The number of SAC kept in Germany has increased dur-
ing the last decades. They are frequently in close contact
with other animals and humans. This study aimed at
improving our knowledge on their health status and the
potential to act as a source of transmission of infectious
agents. In fact, zoonotic and pathogenic bacteria and
multiresistant indicator E. coli were detected in SAC in
Central Germany.

C. difficile is widely distributed in the environment,
is found occasionally in faecal samples of multiple spe-
cies, and is known for its zoonotic potential (Diaz et al.
2018). The fact that isolates were obtained only after
enrichment culture suggests a relatively low abundance
of C. difficile organisms in the SAC faeces (Table 1). A
detailed characterization of the isolates obtained will be
presented in a follow-up study. To our knowledge, there
are no reports of C. difficile as a cause of enteritis in 1la-
mas and alpacas. However, C. difficile can cause enteritis
in some animal species, e.g. horses and pigs, while its
role in disease in other species, like e.g. cattle, dogs
and poultry, is not known (Diab et al. 2016). Therefore,
testing for C. difficile should be considered as a possible
differential diagnosis for intestinal disease in llamas and
alpacas. Further studies on the prevalence of C. difficile
and the types present in llamas and alpacas should be
conducted to assess the risk of zoonotic transmission.

Veterinarians frequently associate keratoconjunctivitis,
arthritis and reproductive disorders in SAC (abortions,
stillbirths, and births of weak crias) with chlamydial
agents. Considering the high loss rate of crias in domes-
ticated alpaca and llama herds (Neubert et al. 2021), and
the fact that C. abortus is held responsible for about 45%
of infectious abortions and dead/weak lambs in small
ruminants (Essig and Longbottom 2015), it is surpris-
ing that no systematic epidemiological or experimental
investigations involving this pathogen have been con-
ducted in SAC so far. There are only a few reports on the
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FIGURE 2: Phylogeny of E. coli strains isolated from faecal samples of South American camelids based on their

MLVA 5+2 profile. Strain ID (Key), farm number, and the respective resistance phenotype (putative ESBL, Ceftio-

fur-, Enrofloxacin-resistant) are indicated on the right.
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FIGURE 3: Pie charts (a, b) and bar charts (c, d) depicting the answers of the 43 owners of 974 South American
camelids to the questionnaire. (a) Animal numbers per holding (% of holdings in the study); (b) Type of income
generated with the animals (% of holdings in the study); (c) Type of usage with the SAC (numbers of holdings in the
study stating that the respective type of usage applies, fully or in part; more than one positive answer was possible);
(d) Total number of type of usage the animals are used for per holding. (NI = none indicated).

presence of chlamydiae or Chlamydia-specific antibodies
in SAC (Probst 2008, Li et al. 2020) and no proof of an
etiological role. Interestingly, vaccination against C. abor-
tus with vaccines approved for small ruminants is recom-
mended even though no studies on the effectiveness in
SAC are available (Neubert et al. 2021). In sheep, both
C. abortus and C. pecorum are endemic in Europe and
are transmitted via the oronasal route. While C. pecorum
establishes an asymptomatic infection in the gastrointes-
tinal tract or rarely causes arthritis, C. abortus is latent in
rams and non-pregnant ewes, but recrudesces and initi-
ates placentitis and late abortion in pregnant ewes (Essig
and Longbottom 2015). The most important source of
transmission to naive ewes and to humans, where the
infection with C. abortus can cause severe systemic dis-
ease and abortion, results from the products of abortion.
Extremely large numbers of chlamydiae can be detected
in the vaginal discharges, placentas and on the coats of
fetuses after abortion or parturition (Essig and Longbot-
tom 2015). Intermittent weak shedding occurs in faeces
and vaginal discharges independent of the reproductive
processes, which can indicate the presence of the infec-
tious agents in a herd (Lenzko et al. 2011). The find-
ings of this study imply that chlamydiae are present in
German SAC herds, but the low chlamydial load in the
samples hindered genotyping to the species level in most
instances. Although only C. pecorum was identified in
faecal and placental samples, the presence of C. abortus
cannot be excluded (Table 1, Supplementary Material 3).

No cases of acute chlamydiosis were detected in this
study. To unequivocally unveil the role of chlamydiae in
reproductive disorders of SAC and to assess a potential
zoonotic risk, tissue samples from abortion material and
vaginal swab samples from mares should be collected
shortly after abortion or parturition. In addition, serologi-
cal examination would be helpful to estimate the preva-
lence of chlamydial infection, especially for C. abortus at
the herd level. However, such surveys are hampered by
the lack of validated serological tests.

Few studies have been conducted to investigate the
occurrence of Mycobacterium avium subsp. paratuberculo-
sis (MAP) in SAC, either in their natural habitats in the
Andes of South America, or in the countries where they
have been exported to. MAP infections do affect SAC, but
in general, the prevalence of Paratuberculosis seems to be
rather low in these animal species. MAP was isolated
from the faeces of 4.2% of wild guanacos on Tierra del
Fuego Island and from 15/85 free-ranging alpacas inhab-
iting the Chilean Altiplano (Salgado et al. 2009, 2016). No
antibodies against MAP were found in 207 free-ranging
and captive vicufias and 614 domestic camelids (alpacas
and llamas) in a natural reserve in Peru (Risco-Castillo et
al. 2014). Outside of South America, mainly individual
case reports of Paratuberculosis in llamas and alpacas
have been published (Belknap et al. 1994, Fecteau et al.
2009, Munster et al. 2013). This corresponds with the low
prevalence observed, but may also be due to the fact,
that the disease will only hardly be suspected following
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clinical observation. Like cattle, SAC infected with MAP
develop a granulomatous enteritis in the small intestines,
leading to protein-losing enteropathy and severe weight
loss. However, SAC often do not develop the intractable
diarrhoea that accompanies the weight loss in cattle. Any
weight loss is often obscured by their fleece (Fecteau
et al. 2013) and the disease might, therefore, be easily
missed by veterinarians. The present study is the first
to address the prevalence of MAP infection in domestic
SAC in Germany. The negative results indicate that MAP
is not present or only present at a very low prevalence
in the SAC herds in Central Germany. These findings
are in line with data from Austria, where MAP could not
be culturally isolated from the faeces of 184 individual
llamas and 261 alpacas on 78 farms, while 7.2% of the
llama samples and 1.6% of the alpaca samples were posi-
tive using qPCR (Stanitznig et al. 2017) which was not
applied in our study. A survey on MAP faecal shedding
in alpacas presented to veterinary hospitals in the United
States revealed a prevalence of 6% faecal shedders (Fec-
teau et al. 2013). This prevalence must be treated with
caution because the study population was pre-selected
for health issues and, therefore, not entirely representa-
tive for the national alpaca herd in general.

Salmonella (S.) organisms represent one of the most
important zoonotic agents as well as a cause of subclinical
and clinical disease in numerous animal species. Com-
pared to ruminants, little is known about the significance
or prevalence of Salmonella spp. in SAC (Staples 2016).
The detection of twenty-three infections caused by seven
Salmonella serovars, including two abortions by S. Dublin
and S. Typhimurium between 2000-2015 in England and
Wales (Halsby et al. 2017) indicate both, the basic occur-
rence of different Salmonella serovars in SAC with or
without clinical manifestation but also a rather low preva-
lence in these species. Examination of 94 composite faecal
samples from 43 holdings located in three federal states
in this study did not yield any Salmonella detection, point-
ing to a very low prevalence in the region under study.

STEC cause severe human food- and waterborne infec-
tions worldwide. The major STEC reservoir is the gastro-
intestinal tract of ruminants (Gyles 2007), but STEC
were found to be shed by many other animal species
(Persad and LeJeune 2014) including SAC, e.g., in Peru
and the United Kingdom (Mercado et al. 2004, Silvera et
al. 2012, Halsby et al. 2017, Maturrano et al. 2018, Siuce
et al. 2020). This study has isolated the first STEC from
German alpacas. Composite faecal samples taken from
17 groups of animals on twelve farms were positive for
stx1 and/or stx2, representing 18.1% of all 94 faecal sam-
ples taken (Table 1 and 2). The strains isolated belonged
to different non-O157 serogroups (Table 3), but the
serogroups identified have been associated with human
clinical cases of diarrhoea (O55) (Valilis et al. 2018), or
were also isolated from other animals, such as horses
(087) (Golomidova et al. 2021), sheep (O76) (Michelacci
et al. 2013) and wild birds (O86) (Feng et al. 2005). For
one of the isolates, an O antigen was not assigned bioin-
formatically (Table 3) by the SerotypeFinder tool, which
is not unusual, because 8% of E. coli isolates have no O
antigen (Gyles 2007). The presence of the stx1 and stx2
genes was confirmed in the WGS analysis (Table 3). Four
strains carried stxI or stx2, and one carried both genes.
In one of the isolates, no stx gene was found, despite its
presence in prior PCR analysis (Table 2 and 3). The loss
of an stx-encoding gene or the stx-encoding phage is

not uncommon in E. coli (Barth et al. 2016). An intimin-
encoding eae gene, believed to be indicative of a higher
risk of the respective strain to cause severe human illness
(Gyles 2007, Scheutz 2014, FAO 2019), was absent in the
strains obtained. However, the adhesin gene ompA was
found in all isolates and one isolate encoded the Afa/Dr
cluster of fimbrial adhesins, expressed by uropathogenic
and diffusely adhering E. coli (Table 3). Much enforced
by the occurrence of a large STEC outbreak in Germany
in 2011, caused by an unusual O104:H4 strain, which
was eae-negative but possessed other means of bacterial
intestinal adherence, EFSA (EFSA et al. 2020) nowadays
classifies all STEC strains as potential human pathogens.
Detection of STEC in German SAC, therefore, needs to
be regarded as a potential zoonotic threat.

SAC are subjected to antibiotic treatment, which is
a major driver of antimicrobial resistance in bacteria
(Shallcross and Davies 2014). Increasing spread of AMR
bacteria documented for several animal species in recent
times has raised much concern, both from a veterinary
clinical standpoint but also from a One Health perspec-
tive. Different from other livestock species, neither anti-
microbial usage nor occurrence and prevalence of AMR
bacteria in SAC are currently systematically assessed and
recorded in Germany. Analysis of the E. coli population in
the faecal matter from SAC was therefore used as a sur-
rogate to estimate the presence of AMR in these animals.
Our results showed that all isolates were at least resist-
ant against five antibiotics and three different antibiotic
classes (Table 4, Supplementary Material 6). In addition,
43% (n = 29/63) of the isolates were proposed to be ESBL
producers and 26 of these isolates were PCR-positive for
members of the blacrx.y1 group (Supplementary Mate-
rial 3, Supplementary Material 5). Since there are many
different ESBL B-lactamases (Bush 2018), the remaining
PCR-negative, ceftiofur-resistant strains will be charac-
terized later by WGS. The high percentage of CTX-M-1
group enzymes agrees with their frequent identification
in resistant strains isolated from animals in Europe (Ewers
et al. 2012) (Table 3, Supplementary Material 6). A high
degree of non-susceptibility was found against ampicillin
and cephalothin. Resistance to enrofloxacin and ceftiofur
was high, reflecting the initial selection step, but several
of the isolates were also resistant to both antibiotics
(Table 3, Supplementary Material 6). Some information
about resistance against anthelmintic drugs (Galvan et al.
2012) and about bacteria involved in dental abscessation
in SAC (Niehaus and Anderson 2007), where different
Gram-negative bacteria, including E. coli, were present, is
available. As a group, the bacterial species were resistant
against neomycin (33%, n = 32/98), enrofloxacin (19%,
n = 19/98), gentamicin (17%, n = 17/98), sulfisoxazole
(13%, n = 13/98), but all remained susceptible to cefti-
ofur (Niehaus and Anderson 2007). In Peru, two stud-
ies demonstrated for E. coli strains intermediate to high
levels of resistance against antibiotics. Most of the E. coli
strains were resistant to neomycin (n = 41/51) and some
of them to oxytetracycline (n = 13/51) (Luna et al. 2012).
In another study, most of the isolates from alpacas with
or without diarrhea displayed resistance to nitrofurantoin
(n = 69/82), and a low number of isolates were resistant to
amikacin (n = 10/82), ceftazidime (n = 9/82) or enrofloxa-
cin (n = 9/82) (Barrios-Arpi et al. 2016). In Germany, the
prevalence of ESBL/AmpC E. coli from selective sampling
determined for fattening calves and for young cattle at
the slaughterhouse was 70.8% (n = 288/407) in 2019 (BVL
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2020). In fattening pigs and in pigs at the slaughterhouse,
39.6% (n = 152/384) and 49.1% (n = 192/391) of the
colonic selective samples carried ESBL/AmpC expressing
isolates, respectively (BVL 2020). CTX-M-1 positive E. coli
are usually found in animals, mostly in horses, chicken
and swine (Cormier et al. 2019); our study shows the first
detection of blactx.v-1 in SAC. The results imply that the
AMR situation in Central German SAC appears to be
similar to that in other livestock animal species, suggest-
ing that the same set of rules and regulations should be
adopted for AMR management in SAC.

The SAC head counts have increased in Europe and
other continents during the last decade (D’Alterio et al.
2006, Bauerstatter et al. 2018, Zarrin et al. 2020, Neubert
et al. 2021) and appear to continue to increase. It is, there-
fore, not only important to obtain information about the
diseases affecting these animals but also their breeding
and holding conditions, as the latter may affect the for-
mer. Several studies with questionnaires have been done
in the UK (farms n = 86, SAC n = 462) (D’Alterio et al.
2006), Austria (farms n = 218, SAC n = 3520) (Bauerstatter
et al. 2018) and Germany (farms n = 220, SAC n = 3803)
(Neubert et al. 2021) for gathering information, among
others, on SAC, their breeding, husbandry, and medical
treatment. In our study, 974 animals were kept in the
41 holdings that returned the questionnaire. Most kept
alpacas, only 2% (n = 20/974) of the animals were llamas.
In the Austrian study, 39% (n = 34/86) of the farms kept
llamas (Bauerstatter et al. 2018). Lower numbers of llamas
were reported for the UK (D’Alterio et al. 2006) and Ger-
many (Neubert et al. 2021) with 20.6% (n = 726/2719) and
10.6% (n = 27/255), respectively. Most of the owners have
smallholdings (75%, n = 30/41) with less than 20 ani-
mals (Fig. 3a), similar to the UK with 65% (n = 142/218)
(D’Alterio et al. 2006) and Austria with 77% (n = 66/86)
(Bauerstatter et al. 2018). Most of the SAC farms previ-
ously surveyed in Germany were located in North Rhine-
Westphalia, Lower Saxony and Bavaria (Neubert et al.
2021). Our study approached farms in Central-Germany
and adds to the dataset, although data from several parts
of Germany is still missing. One third of the owners keep
SAC as their main occupation (Fig. 3b), in contrast to 8.2%
(n = 21/255) as determined by Neubert et al. (2021), indi-
cating regional differences. Wool-production is the most
common intended use followed by therapy, trekking,
landscape conservation and breeding (Fig. 3c). Other
studies reported similarly, although the hobby aspect
was more prominent (D’Alterio et al. 2006, Bauerstatter
et al. 2018, Neubert et al. 2021). Almost half of the own-
ers keep other animal species, such as domestic animals
and ruminants, in addition; again, like the other studies
(D’Alterio et al. 2006, Bauerstatter et al. 2018, Neubert
et al. 2021). However, only 15% (n = 6/41) of the hold-
ings in this study mentioned direct contact of their SAC
with other animals mirroring the low percentage (6.7%,
n = 17/255) described by Neubert et al. (2021) but clearly
different from the 28% (n = 59/218) reported for the UK
(D’Alterio et al. 2006). In our study, the SAC usually are in
contact with the owners, the staff and the veterinarians.
Remarkably, 75% (n = 31/41) of the holdings frequently
receive visitors and 83% (n = 34/41) of the staff and/
or the visitors have contact with the SAC and the other
animals. Unfortunately, the other studies did not provide
this type of information, despite its importance because
contact can act as a vector from SAC to other animals or
to humans, thereby promoting the transmission of AMR

and zoonotic bacteria. Only approximately one quarter of
the owners (22%, n = 9/41) stated that they had bought
SAC in recent years, 61% (n = 25/41) disclosed the source
for recruiting animals to be Germany. Animals originating
from the EU and other parts of the world, such as Aus-
tralia and Nord and South America were purchased by
similar percentages of owners (12.2%, n = 5/41 each). The
data from Neubert et al. (2021) shows a similar tendency
with 12% of the owners (n = 30/255) having animals
originating from diffent flocks in Germany and only 3.5%
(n = 9/255) with animals from other EU or non-European
countries. In 2006, it was published for the UK that 45%
(n = 97/216) of the owners imported animals from one
or more South American countries, most frequently from
Chile (D’Alterio et al. 2006). Taking into account all the
data and the fact that the number of animals in the EU
has increased strongly during the last decade, a frequent
trade of animals between holdings and across borders
within and from outside the EU must occur and should
not be underrated from an epidemiological viewpoint. Of
note, these animal movements presumably occurred with
little or no testing for infectious diseases prior to the novel
European Animal Health law coming into effect.

Conclusion

Our study results indicate that zoonotic and pathogenic
bacteria and multiresistant indicator E. coli are present in
SAC in Central Germany. Because of possible regional
differences in SAC farming conditions, further studies are
required for conclusions on the real prevalence or on risk
factors for the occurrence of the pathogens detected and
not detected in the present study. Results from this study
do not exclude that close contact to other farm animals
(sheep, cattle, goats) or sharing of pastures with other
animals might be a source of Salmonella or MAP infec-
tions in SAC. The potential risk of SAC-derived transmis-
sion of epizootic and zoonotic pathogens to other ani-
mals including livestock and to humans seems to be low.
However, future studies have to systematially complete
the dataset to cover all parts of Germany and include
additional bacterial (e.g. Mycobacterium tuberculosis, Cox-
iella burnetii) and viral (e.g. Orthopox Virus) agents before
a comprehensive picture of the heath status of and the
zoonotic risk potential associated with SAC in Germany
is gained which will be needed for establishing monitor-
ing and preventive medicine programs to address health
threats to and from SAC in Germany.
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