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Animal tuberculosis, caused by Mycobacterium bovis, presents a significant
threat to both livestock industries and public health. Mycobacterium bovis tests
rely on detecting antigen specific immune responses, which can be influenced
by exposure to non-tuberculous mycobacteria, test technique, and duration
and severity of infection. Despite advancements in direct M. bovis detection,
mycobacterial culture remains the primary diagnostic standard. Recent efforts
have explored culture-independent PCR-based methods for identifying
mycobacterial DNA in respiratory samples. This study aimed to detect M. bovis
in nasal swabs from goats (Capra hircus) cohabiting with M. bovis-infected cattle
in KwaZulu-Natal, South Africa. Nasal swabs were collected from 137 communal
goats exposed to M. bovis-positive cattle and 20 goats from a commercial
dairy herd without M. bovis history. Swabs were divided into three aliquots for
analysis. The first underwent GeneXpert® MTB/RIF Ultra assay (Ultra) screening.
DNA from the second underwent mycobacterial genus-specific PCR and
Sanger sequencing, while the third underwent mycobacterial culture followed
by PCR and sequencing. Deep sequencing identified M. bovis DNA in selected
Ultra-positive swabs, confirmed by region-of-difference (RD) PCR. Despite no
other evidence of M. bovis infection, viable M. bovis was cultured from three
communal goat swabs, confirmed by PCR and sequencing. Deep sequencing of
DNA directly from swabs identified M. bovis in the same culture-positive swabs
and eight additional communal goats. No M. bovis was found in commercial
dairy goats, but various NTM species were detected. This highlights the risk of M.
bovis exposure or infection in goats sharing pastures with infected cattle. Rapid
Ultra screening shows promise for selecting goats for further M. bovis testing.
These techniques may enhance M. bovis detection in paucibacillary samples
and serve as valuable research tools.

KEYWORDS

animal tuberculosis, culture-independent detection, GeneXpert® MTB/RIF Ultra,
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1 Introduction

Mycobacterium bovis (M. bovis), a member of the Mycobacterium
tuberculosis complex (MTBC), is the causative agent of animal
tuberculosis (Borham et al., 2022). Although cattle are considered the
primary host, M. bovis is known to have the widest host range of all
members of the MTBC, with the ability to cause disease in domestic
animals, wildlife, and humans (Mostowy et al., 2005; Palmer et al.,
2012). The World Organization for Animal Health (WOAH) lists
animal tuberculosis (bTB) as a notifiable disease (World Organization
for Animal Health, 2023) and many developed countries have
programs to manage and control this disease in livestock, primarily to
prevent spread to humans (Reviriego Gordejo and Vermeersch, 2006;
Palmer and Waters, 2011; World Health Organization, 2017;
More, 2019).

Tuberculosis in domestic goats (Capra hircus) is mostly attributed
to Mycobacterium bovis (M. bovis) and M. caprae, which are capable
of infecting other animals, including humans (Rodriguez et al., 2009;
Pesciaroli et al., 2014; Bezos et al., 2015). Zoonotic TB remains a
considerable global challenge; in 2019, an estimated 140,000 new cases
and 11,400 deaths were reported (World Health Organization, 2020).
In South Africa, M. bovis is endemic in communal cattle and some
wildlife populations with TB control programs predominantly
focusing on cattle (Renwick et al., 2007; Arnot and Michel, 2020). The
epidemiology and diagnosis of goat TB are similar to cattle, which are
both natural hosts (Quintas et al., 2010; Pesciaroli et al., 2014).
Although there are published reports of M. bovis testing of goats in
other countries (Quintas et al., 2010), M. bovis in domestic goats has
not been thoroughly investigated in South Africa (Nyoni, 2019). The
traditional approach to keeping livestock in South African
communities involves goats sharing communal pastures and water
sources with cattle, and occasionally with wildlife; therefore, the lack
of surveillance may lead to under-recognition of goats as a potential
source of M. bovis spread to cattle or other livestock as well as humans
and wildlife.

Tests that accurately identify M. bovis infected individuals and
herds are the foundation of bTB control programs. Most M. bovis
diagnostic tests for livestock rely on detecting host antigen-specific
cell-mediated immune (CMI) responses to mycobacterial antigens,
typically the in vivo tuberculin skin test (Welsh et al., 2005; Bernitz
etal., 2021). Currently, the official South African (SA) guidelines for
TB testing in livestock and African buffaloes (Syncerus caffer) advocate
the use of the single intradermal comparative tuberculin test (SICTT;
Department of Agriculture, Forestry and Fisheries of SA, 2016;
Department of Agriculture, Forestry and Fisheries of SA, 2017;
Department of Agriculture, Land Reform and Rural Development,
2018; Arnot and Michel, 2020). However, the interpretation of the
SICTT can be confounded by several factors including exposure to
environmental non-tuberculous mycobacteria (NTM), which may
cause cross-reactivity (Michel et al., 2011). Since NTMs are ubiquitous
in the environment (Falkinham, 2021), with a high diversity occurring
in SA (Geebe et al., 2013), their presence may lead to M. bovis false-
positive reactions in tested animals. This, in turn, may cause
unnecessary expenses due to additional testing, loss of income, and
loss of animals (Vordermeier et al., 2007; Bolafios et al., 2017). This is
especially problematic for rural farmers in SA, who depend on small-
scale livestock farming as a source of income (Sichewo et al., 2020).
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While the SICTT is routinely used for antemortem screening,
definitive diagnosis of bTB is based on the direct detection of M. bovis
from animal tissue samples using mycobacterial culture, followed by
speciation using region-of-difference (RD) PCRs (Warren et al., 2006;
Bernitz et al., 2021). However, conventional mycobacterial culture has
suboptimal performance, is slow, laborious (Ghodbane et al., 2014),
introduces in vitro bacterial selection pressure, and may lead to false
negative results (especially with paucibacillary samples) due to harsh
sample decontamination steps (de Boer et al., 2002). Although
technical advances have improved direct detection of pathogenic
Mycobacteria spp., most applications still heavily rely on culture to
obtain sufficient organisms to confirm infection (Bernitz et al., 2021).
Therefore, it is important to continuously explore new methods, in
addition to culture, for the direct detection of M. bovis
infected livestock.

Recently, culture-independent PCR-based sequencing methods
have been investigated for direct detection and identification of
important mycobacterial organisms in antemortem respiratory
samples and postmortem tissues (Clarke et al., 2022a; Goosen et al.,
2022a). Studies have shown that the GeneXpert® MTB/RIF Ultra assay
(Ultra) can detect MTBC DNA in animal samples and provides a
rapid sensitive screening test (Goosen et al., 2020; Clarke et al., 2021).
Furthermore, conventional, and real-time PCR assays, followed by
amplicon sequencing, have also shown promise for detecting and
characterizing both MTBC and NTM species present in cultures, as
well as directly from raw specimens (Warren et al., 2006; Deggim-
Messmer et al., 2016; Jung et al., 2016; Goosen et al., 2020, 2022a;
Clarke et al., 2022a,b). Amplicons from these PCRs can be used for
targeted next generation sequencing, which facilitates the accurate
detection and characterization of multiple mycobacterial species
present, especially in paucibacillary oronasal swabs, other respiratory
samples, as well as fecal samples (Adékambi et al., 2003; Lee et al,,
2020; Goosen et al., 2022a). Combining culture with these techniques
will enable confirmation of infection in animals with positive host
CMI test results.

Culture-independent detection of pathogenic mycobacterial
species using extracted DNA can enhance individual diagnosis,
identify infected herds, and improve disease management, especially
when samples for culture cannot be transported due to sample
movement restrictions, or where there is no laboratory capacity for
mycobacterial culture. In SA, this is especially relevant when testing
rural livestock in areas where the presence of controlled diseases, such
as Foot and Mouth Disease (FMD), restrict movement of animals and
samples, unless they are heat-inactivated (Briickner et al., 2002).
Therefore, the aim of this study was to perform MTBC- and
Mycobacterium genus-specific PCRs and sequencing, using DNA
extracted directly from swabs and from swab cultures, to determine
the presence and species of MTBC in goat respiratory samples.

2 Materials and methods

2.1 Ethics

The Stellenbosch University Animal Care and Use Committee
granted ethical approval for this project (ACU-2020-14560) and
Section 20 approval was issued by the Department of Agriculture,
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Land Reform, and Rural Development (DALRRD) (12/11/1/7/2
(16045S)). Consent was obtained from all goat owners prior to testing.

2.2 Goat nasal swab collection, processing,
and mycobacterial culture

In 2019, nasal swabs were collected from 157 goats (Capra hircus)
from the KwaZulu-Natal midlands, SA. This included opportunistic
sampling from 137 communal domestic goats in an area with
confirmed M. bovis infected cattle (Umkhanyakude district of
Northern Zululand, KwaZulu-Natal) and sampling from 20 goats in a
closed commercial dairy herd consisting of stud Saanen goats with no
known exposure to M. bovis, a 20-year long history of negative annual
SICCT tests, and a high level of management and biosecurity practices,
as previously described (Cooke et al.,, 2023; Figure 1). Nasal swabs
were taken using sterile OmniSwabs (Whatman® Qiagen,
Germantown, MD, United States). Swab heads were placed directly
into cryovials containing ~1.5mL sterile saline solution, transported
with ice bricks in a cooler box, and subsequently frozen at —80°C
within 8h of collection, before being transported to Stellenbosch
University for further downstream processing.

10.3389/fmicb.2024.1349163

After transport of frozen nasal swabs, all samples (1= 157) were split
into three aliquots of ~500 pL each in a biosafety level 3 (BSL-3) facility
(Figure 2). One aliquot was processed directly for MTBC DNA detection
using the GeneXpert® MTB/RIF Ultra assay (Cepheid, Sunnyvale, CA,
United States), as previously described (Goosen et al., 2020). A second
aliquot underwent DNA extraction, using the DNeasy Blood and Tissue
kit (Qiagen, Hilden, Germany) as instructed by the manufacturer. The
extracted DNA was used for Mycobacterium genus-specific PCRs (hsp65
and rpoB), subsequent Mycobacteria spp. identification by amplicon
sequencing using Sanger and a NGS platform as well as RD-PCR
speciation of all MTBC DNA positive samples, as described below
(Goosen et al., 2022a). The third aliquot was decontaminated by using a
1:1 volume of MycoPrep to sample volume, incubated for 15min and
then neutralized with sterile PO4 buffer (at the same volume of sample
plus MycoPrep). The sample was then shaken to produce a homogeneous
solution and then centrifuged for 15min at 2,000x g for MGIT
inoculation, after which, the supernatant was aspirated off, down to a
remaining 1 mL buffer volume just above the pellet. The pellet was then
thoroughly reconstituted and transferred to Mycobacterial Growth
Indicator Tubes (MGIT) and incubated in the BACTECTM MGITTM
960 TB system (Becton Dickinson, Franklin Lakes, NJ, United States), as
previously described, with a minor modification (Goosen et al., 2022b).
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FIGURE 1

Black circles show the location of the commercial dairy goat herd.
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Map of South Africa with province of KwaZulu-Natal shown in insert. Sampling area of communal domestic goat herds are indicated by a black square.
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Nasal swabs in 1.5 ml
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Genus-specific PCR Mycobacterial species in their swabs
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Sanger sequencing :
(n=123) IDeep sequencing (rpoB and hsp65) and|
RD-PCR performed on
| 20/53 GeneXpert® MTB/RIF Ultra | <
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( M. 317)0‘”3 Eosm(‘i’% positive swab cultures)
n = 3) confirmed by
RD-PCR 1
M. bovis positive (n = 11) goats
identified and confirmed by RD-PCR
(includes 3 M. bovis positive swab
cultures)
FIGURE 2

(C139, F91, and N112).

Flow chart for goat nasal swab (n = 157) sample processing for PCR testing and mycobacterial identification. The red section (left) shows the process of
aliquot 3 for mycobacterial culture and PCR; the purple section (middle) shows the process followed for the raw swab samples (aliquot 2); and the blue
section (right) shows how aliquot 1 was processed directly for MTBC DNA detection using the GeneXpert® MTB/RIF Ultra assay. *Three

Mycobacterium bovis culture-positive goats also had M. bovis DNA detected using culture-independent processes for the raw swabs; these were goats

Briefly, all MGIT tubes, including two uninoculated MGIT tubes
designated as negative controls, underwent aseptic replenishment
with 1.5 mL fresh media sourced from new MGIT tubes (Becton
Dickinson, United States). This procedure was conducted in batches
of 5 MGITs at a time within a Class II Biological Safety Cabinet located
in a BSL-3 facility every 56 days, spanning up to 365 days of incubation.
At each 56-day interval, RD-PCRs were performed on 1.5 mL boiled
MGIT homogenates (20 min at 98°C followed by centrifugation at
2,000x g for 20 min to ensure maximum release of DNA and to reduce
the possibility of discarding some paucibacillary bacilli) from all
MGIT tubes to check for the presence of MTBC DNA. Only at the
final 365-day time point, DNA was extracted from 1.5 mL aliquots
from all MGIT cultures, followed by a genus-specific PCR, subsequent
Sanger amplicon sequencing and MTBC speciation by RD-PCR of all
samples identified as containing MTBC DNA following amplicon
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sequencing, as described below. Furthermore, spoligotyping were
performed on all M. bovis-positive MGIT samples (confirmed by
RD-PCR) following an established protocol as described by
Kamerbeek et al. (1997). It is noteworthy that the MGIT negative
control tubes consistently maintained a culture-negative status
throughout the entire duration of this process.

2.3 Culture-independent screening of raw
goat nasal swab samples for MTBC DNA
using GeneXpert® MTB/RIF Ultra

The Ultra assay (Cepheid) was performed on all raw nasal swab
aliquots (n=157; Goosen et al., 2020). Briefly, Ultra sample lysis
reagent was added to the swab sample aliquot at a ratio of 2:1,
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thoroughly vortexed for 10s, incubated at room temperature for
10 min, vortexed for 10s, and incubated for a final 5min at room
temperature in a BSL-3 laboratory. Thereafter, the solution was
transferred into the sample chamber of the Ultra cartridge. Samples
were analyzed for the presence of MTBC DNA using the automated
GeneXpert module PCR system (Cepheid). The read-out of the Ultra
assay was recorded as MTB detected high, medium, low, very low,
MTB trace detected, or MTB not detected (Goosen et al., 2020). The
“MTB not detected” read-out was regarded as an Ultra negative result
(no MTBC DNA present) and all other read-outs were considered a
positive Ultra result.

2.4 Nucleic acid amplification tests and
amplicon sequencing for mycobacteria
spp. detection and identification

Mycobacterium genus-specific rpoB (764bp) and hsp65 (436 bp)
Q5 HiFi Taq (New England Biolabs, Ipswich, MA, United States)
PCRs were performed to detect the presence of any Mycobacteria spp.
These PCRs used DNA extracted from (a) 1.5 mL boiled aliquots from
MGIT cultures (n=157) after 365days and (b) a 500puL aliquot
directly from raw nasal swabs (n=157), as previously described
(Clarke et al., 2022b). The PCR amplicons for rpoB and hsp65 (referred
to as genus-specific PCR) from cultures were pooled for each goat and
sent to the Central Analytical Facility (CAF, Stellenbosch University,
Stellenbosch, SA) for Sanger sequencing. Similarly, genus-specific
PCR amplicons (hsp65 and rpoB) using DNA extracted from raw
swabs (b) were also pooled for each goat and further deep sequenced
as a separate sample for a select few animals using the Ton S5™ next
generation sequencing platform (Thermo Fisher, Waltham, MA,
United States) at CAF.

Briefly, genus-specific amplicon pools (hsp65 and rpoB) of each
animal’s raw swabs were selected to undergo deep sequencing if they
had Ultra positive results and if they had concordant Mycobacteria
spp. results identified through Sanger sequencing between raw swabs
and swab cultures. Furthermore, all MTBC positive results, as
indicated by Sanger and/or deep sequencing, were further speciated
using RD-PCR to confirm the presence or absence of M. bovis, as
previously described (Warren et al., 2006). Controls included: (1)
DNA extraction controls, and (2) PCR amplification controls (positive
and negative). All controls were included during each PCR and
subsequent sequencing events.

For all Sanger sequences generated, mycobacterial species
identification was performed by NCBI BLAST analysis using a species
identity match threshold >99 and 100% coverage as previously
described (Clarke et al., 2022b). For Ion Torrent sequencing, Flow
space calibration and BaseCaller analyses were performed using
default analysis parameters in the Torrent Suite Version 5.16.1
software (Thermo Fisher). Deep sequences generated by the Ion
Torrent platform reference-free species level identification, down to
taxonomic level 7, were identified using QIIME2’s database and
QIIME2view,' as previously described (Shi et al., 2019; Figure 2).

1 https://view.qgiime2.org/
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2.5 Data analyses

Frequency distributions of identified mycobacterial species in
swab samples, determined by Sanger sequencing, were grouped, and
reported by the number of goats tested. The Ion Torrent amplicon
deep sequencing results were reported as the percentage of high-
quality sequenced reads assigned to a specific Mycobacteria spp.; this
provided a description of the relative abundance of identified
mycobacteria in the polymicrobial samples (goat nasal swabs;
Deurenberg et al., 2017).

3 Results

Of the 157 swab samples processed for mycobacterial culture,
MGIT growth was detected in 123 (78%). Based on genus-specific
PCR amplicon Sanger results, matching Mycobacteria spp. were
identified in paired raw swab DNA and swab cultures from 53 goats
(Figure 3; Supplementary Table I; i.e., complete concordance).
Moreover, raw swab aliquots from all goats were screened for MTBC
DNA with the GeneXpert® MTB/RIF Ultra. Of the 53 goats of
interest, 20 (38%) had positive results for MTBC DNA using the
Ultra. This included one swab from a commercial goat herd
(Supplementary Table 2).

Swab samples from the 20 goats with positive Ultra results were
further evaluated by performing a genus-specific PCR with Sanger
sequencing and RD-PCR to confirm and speciate any MTBC present.
Results showed that 3 goats had M. bovis DNA in paired cultured and
raw swab samples. Unfortunately, further speciation by spoligotyping
was unsuccessful for all M. bovis-positive MGIT samples. All three
goats were from communal herds. Figure 4 shows the diversity of all
mycobacterial species identified in the 20 Ultra positive goats.

In addition, the amplicon pools derived from the 20 raw swab
samples, were subjected to PCR amplicon deep sequencing.
Mycobacterium bovis DNA was identified in 11 out of 20 goat swab
samples (Supplementary Table 1). The positive group included the 3
goats (goat IDs: C139, F91 and N112) whose cultured samples were
also M. bovis positive, indicating the presence of viable M. bovis. Deep
sequencing of amplicon targets produced high numbers of total reads
assigned to Mycobacterium genus, as shown at the top of Figure 5. The
relative abundance (i.e., percentage of reads) of M. bovis DNA among
all Mycobacteria spp. identified in the 20 goats is also shown in
Figure 5. Results ranged from 0.8 to 97.5%. The three goat samples
that were also culture-positive for M. bovis had a high percentage of
M. bovis-specific reads, with goat C139 having 64.1%, F91 having
93.4%, and N112 with 68%. Interestingly, there were other goat
samples with high percentages of M. bovis reads that did not have
M. bovis detected in cultures, for example, goat 0125 with 97.5%, and
C126 with 65.8%. Raw samples from three goats with very low
M. bovis abundance (E72 with 1.2%, G106 with 4.7%, 1166 with 0.8%)
were associated with having Ultra positive, but negative culture results.
Although 20 goats had Ultra positive results, only 11 were confirmed
to have M. bovis DNA using amplicon deep sequencing, and only 3
were considered M. bovis positive using culture.

The swab samples also contained a range of NTM species, which
were identified based on the deep sequencing results. The relative
abundances of different NTM species and M. bovis in the 20 Ultra
positive goats are shown in Figure 5. The NTM species identified
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M. basiliense
M. cookii
M. chelonae
Gordonia spp.
M. austroafricanum
M. madagascariense
M. neoaurum
M. terrae
Streptomyces spp.
M. chitae
M. goodii 2
M. fortuitum 2
M. kansasii 2
Mpycobacteria spp. unknown 3
M. bovis we—— 3 (C139;F91;N112)
M. flavescens 2
M. duvalii 3
M. smegmaltis 6
M. intracellulare 6
M. avium complex 14

e Y e e e

Mycobacteria identified

0 2 a 6 8 10 12 14 16
Number

FIGURE 3

Mycobacteria spp. identified from 53 goat nasal swabs using genus-specific PCR targeting hsp65 and rpoB. The PCR amplicons from the two targets
were pooled from raw swab DNA and matching swab culture samples, then subjected to Sanger sequencing. There was complete concordance of
identified mycobacterial species between both gene targets and sample types for each animal. This provided confidence in the results, leading to the
selection of these animals as the focus group for further investigation. Subsequently, samples were further speciated using region-of-difference (RD)
PCR to confirm the presence or absence of Mycobacterium bovis. The number of goats with each species of Mycobacterium is reported next to each
species name. Goat IDs for the three M. bovis positive goats were C139, F91, and N112.

Mycobacteria spp. unknown ] 1(G105)
M. duvalii T 1(C128)
Gordoniaspp. T 1 1(C126)
Streptomyces spp. T 1(C164)
M. fortuitum T 1 (1151)
M. flavescens T 1(0125)
M. intracellulare | 2(G101; G106)

Mycobacteria identified

M. kansasii | 2 (D2; 1168)
M. bovis I 3 (C139; F91; N112)

0 2 a
Number

FIGURE 4

Mycobacterial species identified by Sanger sequencing of pooled hsp65 and rpoB amplicons generated from DNA extracted from culture and raw
swabs in the 20 GeneXpert® MTB/RIF Ultra positive goats. These goats are a subset of the 53 with the same Mycobacteria spp. in both the raw samples
and cultured samples, as per Sanger sequencing results (shown in Figure 3). Individual goat ID and number of goats with a specific Mycobacterium spp.
are shown. Goat IDs for the three Mycobacterium bovis-positive goats were C139, F91, and N112.
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included M. avium complex, as well as M. kansasii, M. fortuitum,
M. goodii, M. flavescens, M. and M.
(Supplementary Table 2).

terrae, virginiense

4 Discussion

This study aimed to determine whether M. bovis could be detected
in nasal swabs from goats sharing pastures and water points with
M. bovis infected cattle in KwaZulu-Natal, SA. Using mycobacterial
culture and culture-independent techniques, 53 out of 157 were
identified with matched Mycobacterium spp. These goat samples were
further characterized using the Ultra as a rapid sensitive screening
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method, which resulted in 20 goat swabs suspected to contain MTBC
DNA. Based on PCR results from DNA extracted from cultures, 3 of
the 20 Ultra positive goat samples were identified to have viable
M. bovis present in respiratory secretions. However, deep sequencing
of PCR amplicons using DNA extracted directly from swabs detected
an additional eight goats with M. bovis DNA, as well as the three
culture positive goats. Based on the presence of M. bovis DNA in 11
goat nasal samples, it appeared that communal goats were exposed
and possibly infected. This is not surprising since it was hypothesized
that these goats were at risk since they shared grazing and water
sources with M. bovis infected cattle, could have undetected goat to
goat transmission, and a low likelihood of interaction with infected
wildlife in nearby game parks, as has been previously observed
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(Ciaravino et al., 2021). Results also highlight the potential value of
culture-independent detection methods for epidemiological
investigations as well as an ancillary method for antemortem diagnosis
of M. bovis in goats.

A large portion of the nasal swabs were positive for growth in
MGIT cultures (78%; 123/157). This was expected since nasal
swabs were likely to contain environmental contamination with
NTMs and other organisms. Non-tuberculous mycobacteria are
ubiquitous in the environment and studies have confirmed a high
diversity of environmental NTMs in SA (Gcebe et al.,, 2013). This
was likely why there was a high percentage (43%; 53/123) of
positive cultures that contained matching mycobacterial species in
both the culture isolate and DNA extracted directly from swabs.
The observed diversity of NTMs identified suggests that these goats
were exposed to environmental mycobacteria, many of which have
been recently proven to confound M. bovis diagnosis in guinea
pigs, especially when using tests based on host immune responses
(Fernandez-Veiga et al., 2023). Further studies are needed to
investigate the association between presence of NTMs and
potential cross-reactivity in M. bovis specific cell-mediated
immunological tests in goats.

Although matched Mycobacterium spp. was identified in
culture and directly from swabs in 53 goats, Sanger sequencing
results could not distinguish NTM from MTBC. Therefore, the
Ultra was used as a rapid, sensitive method to screen raw swabs for
the presence of MTBC in these samples. One goat from the
commercial stud herd was among the 20 Ultra positive goats. Since
the herd history supported the assumption that commercial stud
goats had no previous exposure to M. bovis, and further deep
sequencing did not confirm the presence of M. bovis, this finding
was most likely a false positive result. Although high bacterial
loads of NTMs have been suspected as a cause of false positive
Ultra results, one study determined that M. abscessus, M. aurum,
M. marinum, M. phlei, and M. smegmatis do not lead to cross-
reactivity (Huh et al., 2019). Furthermore, a positive Ultra result
does not differentiate between dead or non-viable mycobacteria,
or residual DNA within the sample, as has been observed in human
patients (Miotto et al., 2012; Theron et al., 2018). Despite this, the
Ultra’s diagnostic appeal, for use on animal specimens suspected
of having MTBC infections, is increasing (Chakravorty et al.,
2017), and has provided rapid detection of MTBC DNA in tissue
and respiratory samples collected from infected African buffaloes
(Clarke et al., 2021, 2022a), African elephants (Goosen et al.,
2020), and white rhinoceros (Goosen et al., 2020). The positive
Ultra results in the 19 communal goats were likely true positives,
particularly since they share grazing and water sources with
M. bovis infected cattle (Sichewo et al., 2020). Therefore, further
analyses of Ultra positive samples were performed to speciate and
confirm the presence of M. bovis.

Mycobacterial culture is the cornerstone for detecting viable
MTBC in animal samples (Bernitz et al., 2021). Therefore, one of
the swab aliquots from each goat was processed for mycobacterial
culture to detect the presence of viable MTBC. Of the 20 Ultra
positive goats, 3 were confirmed to have M. bovis growth in culture
from their nasal swabs, based on genus-specific PCR results and
confirmed by RD-PCR. All three samples were also Ultra positive,
which shows promise as a screening tool to identify potential
infected animals. Since it is known that nasal secretions may
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be paucibacillary and to overcome the suboptimal sensitivity of
culture (Corner et al., 2012), the duration of culture for the goat
nasal swabs was extended from the conventional 56days to
365 days. The presence of viable M. bovis, in at least three samples
suggests that these goats either were infected and shedding or had
Although further testing would
be required to differentiate between these conditions, this finding

respiratory colonization.

supports the hypothesis that communal goats in this area were
likely exposed and may become infected with M. bovis.

There were eight additional goats identified with M. bovis DNA,
based on amplicon deep sequencing. Since these were only detected
using DNA extracted directly from swabs, it suggests that these
samples were paucibacillary, in a non-culturable form, or represented
residual M. bovis DNA. These results may be attributed to several
factors. The number of viable bacteria in nasal samples can differ
depending on the stage of disease and intermittent shedding (de la
Rua-Domenech et al., 2006; de Souza Figueiredo et al., 2010), affecting
the culture outcome. A sample’s viable bacterial load may also
be reduced during the collection, handling and storage of samples
(Corner et al., 2012; Goosen et al., 2022b). The culture of MTBC also
involves a decontamination process, which can reduce the amount of
viable MTBC (Burdz et al., 2003; Steingart et al., 2006; Madigan,
2012). Nasal swabs are expected to contain a high number of
contaminating microbes, including environmental non-tuberculous
mycobacteria, which may outcompete or inhibit growth of slow
growing MTBC (Robbe-Austerman et al., 2013). This was supported
by the high proportion of MGIT cultures with positive growth. Since
the swab sample diluent was split for different analyses, it is also
possible that the presence and number of MTBC bacilli varied
between the aliquots. The most likely explanations for the discordant
results between direct and culture detection were that MTBC were
present in low numbers, had variable viability, and the high level of
contamination inhibited growth of MTBC in culture. Therefore,
MTBC DNA detection should employ more than one technique to
increase confidence in results.

The relative abundance of M. bovis DNA, determined by amplicon
deep sequencing, varied in the 11 positive goat samples, which is not
surprising given the complex nature of the sample. The 3 M. bovis culture
positive goats had higher numbers of M. bovis-specific reads (range
91,310-135,956). Six of the 11 goats had M. bovis-specific sequence reads
>79,000, increasing confidence in these results, despite not finding viable
bacilli by culture in some cases. However, we were unable to discern
whether the M. bovis was inhaled from the environment vs. being
secreted by an infected individual. Despite this limitation, this finding is
important since it suggests M. bovis was present in this system. A study
in humans suggested that presence of M. tuberculosis DNA in nasal
swabs might precede development of pulmonary infection (Balcells et al.,
2016). We speculated that goats with higher numbers of M. bovis reads
might indicate that these goats were infected and shedding, vs. simple
contamination since lower numbers of bacilli would likely be present in
the environment (Santos et al., 2015). However, without ancillary testing,
such as M. bovis specific immunological responses in these goats, it is
difficult to discern the source of the mycobacteria. Further studies should
explore the association between numbers of sequence reads and
likelihood of infection.

The use of whole genome and targeted next-generation sequencing
(INGS) for diagnosis and detection of drug resistance in

Mycobacterium  tuberculosis in clinical samples has grown
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exponentially in recent years (Nimmo et al., 2019; Cabibbe et al.,
2020). The advantages are rapid culture-independent results to inform
patient care. In addition, this approach has shown that there is greater
genomic diversity in sputum than sequences derived from culture
(Nimmo et al,, 2019). Similar to this goat study, Kambli et al. (2021)
screened sputum with Ultra and then used tNGS to diagnose patients
and determine drug resistance profiles (Kambli et al., 2021). Bacterial
load, as assessed by Ultra, appeared to correlate with hsp65 gene
coverage depth. In livestock and wildlife, PCR-based tools have been
used with oronasal swabs to detect Mycobacterium bovis infection and
shedding (McCorry et al., 2005; Clarke et al., 2022b). In naturally
infected wild boar, nasal shedding of MTBC DNA was detected in
40.8% of TB-affected animals and 73.6% of these had generalized TB
lesions in head lymph nodes and lungs (Risco et al., 2019). Therefore,
it is likely that at least some of the goats with positive nasal swabs were
infected, although this could not be confirmed due to limitations of
the tests performed.

This study had several limitations, including the inability to
confirm infection/disease using antemortem tests to detect
M. bovis-specific host immune responses, or postmortem
techniques including mycobacterial culture and histopathology.
Although three goats did have M. bovis isolated by culture, it was
only after an extended (365 days) period of incubation and was
likely a very paucibacillary sample, which may not represent true
infection. The presence of NTMs in the complex samples could
have also obscured the presence of M. bovis by rapid overgrowth.
Most positive goats had only M. bovis DNA detected and this could
represent contamination from environmental sources or residual
DNA rather than infection. Variability between PCR amplification
and culturability among different mycobacteria species may also
contribute to some of the discrepancies observed. Furthermore,
attempts to obtain further genomic data for the M. bovis positive
samples through both culture and raw aliquots, were unsuccessful,
with spoligotyping returning indistinguishable patterns. Additional
techniques will be pursued to characterize these isolates. In
addition, the process for identifying M. bovis DNA in these 11
goats required several labor-intensive and costly steps, including
multiple PCRs and deep sequencing. Therefore, although this
approach may be valuable for research investigations and routine
surveillance in developed countries, at the moment, it is a bit more
challenging for developing countries.

5 Conclusion

The detection of viable M. bovis and DNA in goat nasal passages
provides evidence that goats were exposed and potentially infected.
Although one dairy goat had an Ultra positive result, the majority of
goats with M. bovis DNA detected were from communal herds, which
suggests that there may be a greater risk of infection in goats that share
an environment with infected cattle. The Ultra appeared to be a useful
screening tool to detect MTBC and select nasal swabs for additional
analyses. The genus-specific PCR with amplicon Sanger sequencing and
RD-PCR could identify animals with higher abundance of M. bovis, but
miss animals with lower abundance, which could be found with targeted
deep sequencing. This culture-independent approach has promise for
improved detection of M. bovis in paucibacillary samples from goats.
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