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Abstract

Diagnostic approaches to endemic and emerging diseases of
cattle are an area that has seen rapid changes due to advances
in technology and development of new methods that utilize
these technologies. Although the fundamentals to detection
and diagnosis of infectious diseases are little changed (i.e. de-
tection of pathogens, molecules, or markers associated with in-
fectious agents) the approaches and interpretation of diagnostic
findings varies greatly depending on the test method. New ad-
vances in real time polymerase chain reaction (rtPCR), MALDI-
TOF mass spectrometry and next generation sequencing (NGS)
have driven development of highly sensitive, specific and rapid
pathogen detection for a variety of infectious agents. These
tools have also been used to investigate numerous research
questions relating to epidemiology and pathobiology in cattle.
However, in some cases the interpretation of these results can
be challenging and often varies depending on the disease or
disease complex involved and herd or population level informa-
tion. A brief review of fundamentals of these tests and interpre-
tation in some clinical applications will be discussed.
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Classically, approaches to diagnosis of infectious diseases were
very straightforward. A pathogen was isolated in culture from
a sample collected from an animal with corresponding clini-
cal findings, was identified and confirmed, and a diagnosis

was achieved. As diagnostic science progressed, methods were
developed that enabled detection of molecules that were spe-
cifically associated with pathogens (proteins and/or nucleic
acids), antibodies generated by an immune response to specific
pathogens, or biomarkers associated with disease states. How-
ever, most of these tests generated binary results (positive or
negative) that could be easily interpreted in a clinical context.
Modern detection methods, such as real time PCR (rtPCR) now
provide a much higher level of sensitivity, which can confound
interpretation, especially for opportunistic organisms associat-
ed with disease complexes or agents that may have an environ-
mental presence. These pathogens are present in many normal
animals at some level, resulting in detection, or accumulate in
the environment and are detected as animals ingest or inhale
them. Additionally, new technologies such as next generation
sequencing (NGS) have allowed for study of pathogens and op-
portunistic pathogens at the genomic level. NGS when com-
bined with matrix assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry allows for rapid typing
of opportunistic pathogens. Pathogen typing can aid clinicians
in determining if a strain isolated from a case is more likely to
be pathogenic or commensal in nature and may provide some
abilities to compare strain level variation on herds or farms.

Polymerase chain reaction

Rapidly advancing in both refinement and capabilities since

its discovery in the 1980s, polymerase chain reaction (PCR) has
been one of the most important advancements in diagnostic
science.! The addition of multiplexable fluorescent probes that
allow for nucleic acid amplification to be observed in real time
(rtPCR) has had tremendous impacts on veterinary diagnostics.?
Additionally, the use of high throughput nucleic acid extraction
chemistries enabled both RNA and DNA to be simultaneously
extracted from nearly any clinical sample type in a rapid and ef-
ficient manner. Together, these technologies allowed for multiple
tests to be combined in a single tube (multiplexed), and allowed
for quantification (or semi-quantification) of RNA or DNA target
level in the original sample to be assessed in a matter of hours.
Limits of detection for many assays can be as low as 1-10 copies of
target nucleic acid and recent advances using reverse transcrip-
tion PCR assays to detect RNA targets from pathogens with DNA
genomes such as Tritrichomonas foetus and Anaplasma marginale
have greatly increased the sensitivity of PCR-based approaches
for detection of these pathogens.>*

Interpretation of these assay results can be straightforward in
primary pathogens that are only present in disease states where
herds are usually free (i.e. foreign animal diseases). However,
alarge number of cattle diseases are opportunistic and exist at
some level in the herd or environment continuously. Therefore,
mere detection of an organism, or organism related molecules,
is not the same as a diagnosis. Previous tests, such as pathogen
culture, ensured that A) pathogen is viable and B) there was
sufficient pathogen in the sample to enable recovery, which is
often 10~5 colony forming units or greater. Given this difference
in sensitivity, direct comparison between culture and rtPCR
results does not always result in agreement. One distinct ad-
vantage to rtPCR is the result is quantifiable, measured in cycle
threshold (Ct) of pathogen target. A Ct value is the number of
heating and cooling cycles required (typically < 40) to generate
sufficient amplification of the pathogen to be detectable and
thus is reversely correlated with quantity. Therefore, a low Ct
value, such as 12, would be more likely to be associated with
disease state than a high Ct value, such as 38. For many tests/
sample types, a 2-3 Ct reduction would be equivalent to a log in-
crease in pathogen present in the sample and vice versa. Famil-
iarity with Ct values when combined with clinical observations
can help distinguish acute clinical infections with an expected
low Ct value, from those that may be due to recent vaccine ad-
ministration, from environmental contamination, or from car-
riage of opportunistic pathogens. Such observations are usually
driven by the pathogen or disease in question. For example,
PCR tests for Mycobacterium avium ssp paratuberculosis (MAP or
Johne’s) are extremely sensitive, and false positive high Ct value
results may occur when animals are commingled with heavy
shedders in contaminated environments. Additionally, use of
modified live vaccines may cause false positive results, some-
times for weeks, as has been observed following viral respira-
tory vaccine administration.>®
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Multiplexed real time PCR syndromic panels

One advantage of highly customizable rtPCR technologies is
the ability to multiplex tests based on disease syndromes and
sample types. Currently there are numerous bovine specific
syndromic PCR panels that enable rapid screening and semi-
quantification of the most common pathogens associated with
disease syndromes. With modern extraction chemistries that
purify both DNA and RNA, these can flexibly be used to detect
everything from RNA viruses to protozoa. Frequently ordered
panels include those for bovine respiratory disease, infectious
bovine keratoconjunctivitis (IBK or pinkeye), neonatal calf di-
arrhea, and abortions, among others.”® Other panels have been
developed to aid in pathogen characterization which enable
rapid detection of characteristics like antimicrobial resistance
in BRD samples and the presences of toxins or virulence fac-
tors in enteric bacteria such as E. coli or Clostridium spp.1%1
Other panels to detect frequently found antimicrobial resis-
tance genes in some pathogens can also be applied in conjunc-
tion with syndromic PCR panels. One recent example of this is
the detection of macrolide and tetracycline resistance genes in
bovine respiratory pathogens.!? Since members of the Pasteu-
rellacae, the most frequent bacteria associated with BRD, have
integrative and conjugative elements that allow for sharing of
resistance genes, many of these resistant strains, at least in the
United States, seem to share the same genes/mechanisms for
these drug classes, and therefore can be detected with an assay
for these common genes.!31

Digital PCR

Digital PCR (dPCR) is an emerging application of real time PCR,
wherein the partitioning of the PCR reaction randomly into
tens of thousands of individual reactions allows for absolute
quantification of target in the sample.l>dPCR relies on the same
chemistry as real-time PCR, that is detection of a fluorescence
signal that can be multiplexed, however, it utilizes detection
after the amplification is complete. The number of individual
positive and negative partitions can be assessed, and through
application of Poisson distribution, the absolute quantity of
target can be calculated. The partitions in many commercial
technologies involve generating thousands of droplets in an
emulsion or utilizing microfluidic chips/slides to fill microwells
or cavities. The advantages of dPCR include enhanced perfor-
mance in the presence of inhibitors, a common problem with
veterinary samples, lack of need for standard curves, absolute
quantity of targets, and enhanced sensitivity in some matrices.
dPCRis currently being evaluated for use in many veterinary
diagnostic labs, and has been shown to be a potentially supe-
rior method for detection of bovine leukemia proviral load in
infected animals.!® It has also shown promise for identification
sub-clinical animals with only focal bovine paratuberculosis
lesions, where it was the most sensitive assay evaluated in a
comparison study.!” Future applications of this technology to
bovine diagnostics will certainly continue, and practitioners
may begin to see these types of tests and results on diagnostic
reports. One notable difference is the absence of a Ct value,
where instead results are reported in absolute quantities, typi-
cally in copies/uL or total copies of pathogen target in a sample.

Next generation sequencing (NGS)

The application of next generation sequencing (NGS) meth-
ods to bovine diagnostics is primarily in the research phase of
development, where it is extremely useful to answer specific

research questions, but is not yet found its potential as a routine
and cost-effective diagnostic tool. The cost and amount of data
typically generated by these types of methods is typically not
readily translatable to routine diagnostics and requires signifi-
cant analysis and bioinformatics capacity, and the time for test-
ing and analysis typically takes several days. However, there
remains high levels of potential for different tools in the NGS
toolbox that can be used for diagnostic purposes. NGS methods
that are commercially available include both short read tech-
nologies or long read technologies that have different strengths
and weaknesses. Short read sequencing can generate millions
of small fragments of sequence that must be pieced together or
assembled or analyzed by bioinformatics software. Additional
frequently used methods include metagenomics using 16S or
other common microbial genes that are pre-amplified prior to
sequencing, or shotgun approaches where many sequences are
generated and ran through databases of sequence for analysis.
Short read technologies also have market advantages in that
laboratories and researchers have more experience in utilizing
these systems and the downstream analysis of the data generat-
ed from them. Long read sequencing approaches can be used in
similar ways but are also advantageous in generating long reads
required for whole genome assembly or other types of sequenc-
ing but often have more limited sequence generating capacity,
resulting in a higher overall sequencing cost.

Typically, in diagnostic samples, host nucleic acids or other
non-pathogenic sequences overwhelm the ability of detection
through shotgun sequencing samples. Target pre-enrichment,
either through preamplification of target sequences through
PCR with pools of target primers, or enrichment through target
baits, is often done to enhance the ability to find rare sequences
in these complex samples which often have large amounts of off
target and host nucleic acid. Tests have been developed for cattle
that can test for dozens or hundreds of different pathogens us-
ing a pre-amplification step followed by sequencing approach.®
Others have used long read sequencing to look for respiratory
pathogens and antimicrobial resistance in chronic BRD cases,
but such an application would be versatile for many diagnostic
situations.!® Shotgun approaches using long read sequences have
also been very useful to find pathogens in unknown/unknown
samples (those which diagnosticians do not know what they are
looking for and may not have tests for them) and additionally
may have utility to find high consequence, unexpected or foreign
animal diseases in veterinary samples.?’

MALDI-TOF MS

Matrix assisted laser desorption ionization time-of-flight (MAL-
DI-TOF) mass spectrometry is a method developed to assess
complex macromolecules in chemistry laboratories, that has
gained rapid adoption in veterinary diagnostic laboratories.
The method relies on soft ionization of proteins and separation
of them in a flight tube, resulting in a mass spectrum profile.
For bacterial pathogens, these profiles are easily generated

on colony growth from a culture plate, and are unique and re-
producible for most organisms at the species level, and some
at the sub-species level.?! This allows for rapid identification
of organisms, and in some cases further characterization into
classifications such as genotypes, toxin types, or serotypes.
This technology has enabled veterinary labs to streamline mi-
crobial identification workflows, and can save days of testing
time when compared to classical phenotypic tests. Discoveries
in genomic differences using NGS across opportunistic patho-
gens, such as Mannheimia haemolytica, Moraxella bovis and
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Moraxella bovoculi, have allowed for these genomic differences
to be translated into rapid and accurate MALDI-TOF tests.?? Ad-
ditional capabilities of MALDI-TOF instrumentation include the
ability to conduct strain level comparisons or “biotyping” on
clinical isolates to track changes and other variation among cir-
culating strains.?®

Clinical applications

The application of diagnostics varies greatly depending on the
disease in question, therefore the interpretation of diagnostic
test results varies depending on the disease, clinical history
and findings, and other information collected. One important
note to consider which is outside the scope of this paper is

the use of pre-test probability along with assay performance
metrics such as diagnostic sensitivity and specificity (see Buc-
zinski, et al for an excellent review of this application) when
interpreting diagnostic testing results.?* When analysis of PCR
testing results is performed, it is important to know if the types
of infectious disease would be expected to be detected such as
in the case of opportunistic pathogens or those where there
would be the potential for environmental contamination. One
common challenging scenario is the case of Johne’s disease
diagnostics in herds with unknown status. Frequently, the
presence of several heavy organism shedders in commingled
groups can cause false positive PCR testing results in animals,
frequently with high, but non-negative Ct values. Addition-
ally, disease complexes such as bovine respiratory disease and
bovine infectious keratoconjunctivitis involve opportunistic
pathogens that may always be present at some level in normal
animals, and certainly be present at the herd level. Use of Ct
values, culture and clinical findings is helpful to interpret PCR
based testing results.

Additionally, syndromic PCR panels are now available at many
laboratories that detect many causes of infectious abortion. Al-
though these panels are useful as adjunct to histopathology to
detect organisms, infectious abortion workups should heavily
use histopathology to determine if lesions such as placentitis
are present, or collect samples that would be less likely to be
environmentally contaminated to also include testing such as
culture. A recent Veterinary Clinics of North America edition on
diagnostics, and a chapter on bacterial diagnostics, provides
further information on many of these topics.®?°

Conclusions

There are an increasing number of tests available to bovine
practitioners to assess animals for the presence or absence

of pathogens or prior exposure to them. However, with new
technological advancements and increasing sensitivity and
complexity of testing, interpretation has never been more chal-
lenging. New data from these tests such as Ct values/copy num-
bers, presence or absence of antimicrobial resistance genes, or
pathogen genotype, can help clinicians and practitioners maxi-
mize the utility of diagnostic information when taken in the
context of clinical findings and herd level information.
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