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Abstract. Equine infectious disease outbreaks may have profound economic impact, resulting in losses of millions of
dollars of revenue as a result of horse loss, quarantine, and cancelled events. Early and accurate diagnosis is essential to limit
the spread of infectious diseases. However, laboratory detection of infectious agents, especially the simultaneous detection
of multiple agents, can be challenging to the clinician and diagnostic laboratory. Next-generation sequencing (NGS), which
allows millions of DNA templates to be sequenced simultancously in a single reaction, is an ideal technology for comprehensive
testing. We conducted a proof-of-concept study of targeted NGS to detect 62 common equine bacterial, viral, and parasitic
pathogens in clinical samples. We designed 264 primers and constructed a bioinformatics tool for the detection of targeted
pathogens. The designed primers were able to specifically detect the intended pathogens. Results of testing 27 clinical samples
with our targeted NGS assay compared with results of routine tests (assessed as a group) yielded positive percent agreement
of 81% and negative percent agreement of 83%, overall agreement of 81%, and kappa of 0.56 (moderate agreement). This
moderate agreement was likely the result of low sensitivity of some primers. However, our NGS assay successfully detected
multiple pathogens in the clinical samples, including some pathogens missed by routine techniques.
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Introduction targeted sequencing uses target-specific primers for PCR-
mediated amplification, such that the genomic regions of
interest are enriched and selectively sequenced. Compared to
unbiased sequencing, targeted sequencing provides better cov-
erage, specificity, and ease of downstream analysis.>'*'**’
Hence, targeted NGS is a promising tool to provide compre-
hensive assays for the detection of known, clinically relevant
pathogens from a variety of specimens, particularly for cases
with nonspecific disease indications that may be associated
with multiple infectious agents. Studies have demonstrated the
feasibility of using targeted sequencing for clinical infectious
disease testing."'**° Further, combining targeted sequencing
with WGS can significantly improve the recovery of whole

The laboratory detection of infectious disease agents, espe-
cially in the case of mixed infections with 2 or more patho-
gens, is challenging to the clinician and the diagnostic
laboratory. Routinely, submission is required of multiple
samples to separate laboratory sections. Clinical microbiol-
ogy has traditionally relied on isolation of pathogens by cul-
ture, followed by biochemical and other tests to identify the
genus or species. Also, molecular testing, including PCR,
has been used widely for detection of many viral and bacte-
rial pathogens.”'*** However, because most of these tests
detect only one or a few pathogens, multiple tests are often
required to identify the potential causative agents, espe-
cially when clinical signs are nonspecific. Next-generation
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genome sequences of viruses (e.g., Hantaan orthohantavirus'®)
directly from clinical samples.

We evaluated the use of targeted NGS for detection of 62
equine pathogens in clinical samples. We tested 27 clinical
equine samples with the targeted NGS assay as well as with
routine laboratory methods to evaluate the feasibility of
applying a targeted NGS technique in a clinical molecular
laboratory for both testing of clinical submissions and dis-
ease surveillance.

Materials and methods

Design of amplicon panel primers

Primers were designed for 62 equine pathogens selected for
their relevance to clinical equine disease observed in the
field, including bacterial, fungal, viral, and parasitic patho-
gens (Suppl. Table 1). The primers were designed to target
specific regions of each pathogen (~200 bases per target
region) based on suitable regions published in the literature,
using the AmpliSeq Designer (Ion Torrent; Thermo Fisher).
Based on in silico analysis of primer specificity using NCBI
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), changes
were made to the design with the assistance of the AgriSeq
bioinformatics team (Ion Torrent; Thermo Fisher). Because
variation in targeted organisms could cause individual prim-
ers to fail, multiple primers per targeted organisms were
designed to provide redundancy. Based on the assay design,
the primers were separated into 2 primer pools to reduce
binding between the primers.

Nucleic acid extraction, library preparation,
and NGS

Total nucleic acid (both DNA and RNA) was isolated
(DNeasy blood and tissue kit; Qiagen). A modification of the
animal tissue protocol was employed as described previ-
ously.'

Automated library preparation, template preparation, and
chip loading were performed (Ion Chef instrument; Thermo
Fisher) as described elsewhere.' Briefly, reverse-transcrip-
tion PCR (RT-PCR) using the designed primer pools and
library preparation were performed (Ion Chef, AmpliSeq kit
for Chef DL8; Thermo Fisher), according to the manufac-
turer’s protocol. This kit allowed the preparation of 8 bar-
coded Ion AmpliSeq libraries per Ion Chef run (8 different
clinical cases). Then, 50 pmol of the 8 mixed libraries were
used to prepare the template and load a chip (Ion 314 chip,
Ion Chef instrument, Ion PGM kit; Thermo Fisher), accord-
ing to the manufacturer’s instructions. Finally, the libraries
were sequenced (Ion PGM Hi-Q View sequencing kit, Ion
Torrent personal genome machine; Thermo Fisher), accord-
ing to the manufacturer’s instructions.

Automated preparation minimizes sample handling
and lowers chance of contamination as well as provides

reproducible chip loading. This automated workflow gen-
erated results within 2-3 d.

Data analysis

A reference file containing the sequences of the targeted
pathogens obtained from GenBank was constructed and
uploaded to the Ion Torrent suite software (Thermo Fisher).
These files were used for initial data analysis with the
Torrent suite software, including read trimming, assembly
with SPAdes (http://coolgenes.cahe.wsu.edu/ion-docs/
Assembler-SPAdes-Plugin.html), and mapping to the refer-
ence file. Then, the Bam files were downloaded and evalu-
ated with Geneious software (v.9.1.2; Biomatters). Finally,
pathogen identifications were confirmed with BLAST.
BLAST (E) values <1 were considered acceptable. The
lower the E-value, or the closer it is to zero, the more
“significant” the match of the alignments (https://blast.ncbi.
nlm.nih.gov/Blast.cgi?CMD=Web&PAGE TYPE=Blast
Docs&DOC_TYPE=FAQ#expect).

Assay analytical performance

Both analytical sensitivity (ASe; relative limit of detection
[RLOD]) and analytical specificity (ASp) were determined
to assess the analytical performance of the assay. The relative
ASe of a subset of the organisms was assessed for proof-of-
concept testing of the design for detection of these pathogens
in clinical samples. This was performed by testing relatively
known quantities (based on quantitative PCR [qPCR] or
reverse-transcription real-time PCR (RT-rtPCR) results,
cycle threshold [Ct] values) of DNA from representatives of
the viral, bacterial, fungal, and parasitic pathogen groups, as
well as viral RNA. Seven clinical samples containing very
low levels (Ct 30-35) of organisms, including Clostridioides
difficile, Clostridium perfringens, Salmonella spp., Strepto-
coccus equi subsp. equi, Neorickettsia risticii, equine herpes-
virus 1 (EHV-1), and West Nile virus (WNV), were tested to
determine the RLOD. Typically, for gPCR or RT-rtPCR test-
ing, higher Ct values (>35) are considered suspect because
they may only represent fluorescence artifacts or cross-con-
tamination.® The qPCR or RT-rtPCR assays were performed
at the Tifton Veterinary Diagnostic and Investigational Labo-
ratory, College of Veterinary Medicine, University of Geor-
gia (TVDIL; Tifton, GA), Indiana Animal Disease Diagnostic
laboratory, College of Veterinary Medicine, University of
Purdue (ADDL; West Lafayette, IN), and Veterinary Diag-
nostic Laboratory, University of Kentucky (UKVDL; Lex-
ington, KY) with laboratory-validated procedures. These
laboratories are accredited by the American Association of
Veterinary Laboratory Diagnosticians (requirements are
based upon the ISO/IEC 17025:2005 standard, https://www.
iso.org/standard/39883.html).

ASp was performed to determine the ability of the assay
to detect the targeted pathogens without being affected by
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specimen-related conditions or cross-reactivity and/or inter-
ference of the host nucleic acid. To assess the detection abil-
ity of the assay and to better mimic clinical samples, a sample
known to contain 1 pathogen based on previous testing was
spiked with equal amounts of 4 other pathogens. The assay
was evaluated by testing validated isolates or reference
strains of most of the pathogens (bacteria, parasites, fungi,
and viruses) that can be detected using this panel (Table 1)
Eight pathogens were not tested, namely Clostridium tetani,
Taylorella equigenitalis, Babesia caballi, Theileria equi,
Leishmania sp., Neospora hughesi, Trypanosoma cruzi, Hal-
icephalobus sp., Campylobacter coli, Venezuelan equine
encephalitis virus (VEEV), equine coronavirus (ECoV), and
equine adenovirus 1 and 2.

Assay clinical evaluation and statistical analysis

Determination of the diagnostic sensitivity and specificity of
an assay requires the evaluation of every detected pathogen
in every clinical case and comparing the sensitivity and spec-
ificity with that of gold standard test results for known posi-
tive and negative samples. Instead, we compared the NGS
panel with routine laboratory methods for detection of these
pathogens in clinical samples for proof-of-concept testing,
considering that the purpose of the NGS test would be to
replace these routine methods. We determined the positive
percent agreement (PPA), negative percent agreement (NPA),
and total agreement between the NGS method and the rou-
tine methods used collectively for case diagnosis. We
included in the comparative study 27 equine clinical cases
that were submitted to TVDIL, ADDL, UKVDL, and Penn-
sylvania Animal Diagnostic Laboratory System—New Bolton
Center, School of Veterinary Medicine, University of Penn-
sylvania (PADLS-NBC; Kennett Square, PA) in 2018-2019.
We evaluated a broad range of sample types and clinical con-
ditions for our proof-of-concept testing. Samples had been
sent to each laboratory for diagnostic purposes, and not all
samples were submitted with complete histories.

Each case was tested via the designed targeted NGS assay
as well as with routine laboratory methods. The routine tests
included bacterial culture, ELISA, PCR, RT-rtPCR, and
qPCR. Each of the routine tests had been done by the submit-
ter laboratory following their laboratory-validated proce-
dures. The relative PPA and NPA were assessed with respect
to routine methods as a group.'' Also, the overall agreement
and Cohen kappa were assessed by comparing the new assay
to routine methods as a group (if any of a group of agents
was not detected by the new assay or routine methods, the
result for the test group was considered negative). Cohen
kappa is the standard agreement coefficient that considers
the possibility of the agreement occurring by chance. Cohen
kappa is always <1; a value of 1 indicates perfect agreement
between 2 tests, and 0 indicates that any agreement is the
result of chance.'®

Results

Our newly designed primer pools were able to specifically
detect and/or sequence the target region of all bacteria, fungi,
parasites, and viruses that we tested. For the LOD, 7 repre-
sentative bacteria, viral DNA, and viral RNA were tested.
The targeted equine NGS panel was able to detect pathogens
with Ct values of 30-35 for 5 of the tested targets. Primer
sets that targeted N. risticii and C. difficile resulted in poor
sequencing coverage (low number of reads) or no sequence,
respectively, when tested with clinical samples that were
positive by gPCR (Ct = 29.5).

We evaluated the targeted NGS method using 27 equine
clinical samples representing neurologic (n = 2), abortion
(n = 3), intestinal (n = 12), and respiratory (n = 9) diseases,
and a cutaneous wound (n = 1), all tested previously using
other routine methods. Targeted NGS not only successfully
identified multiple pathogens in the clinical samples in con-
cordance with routine methods but also identified pathogens
not detected by the routine techniques (Table 2). Specifi-
cally, targeted NGS detected EHV-1 in 1 of 2 neurologic and
in 3 of 3 abortion cases that were positive via qPCR with Ct
values of 15-32.9. In the second neurologic case, WNV was
detected by both targeted NGS as well as RT-rtPCR, with
good correlation with pathology findings. Of 12 intestinal
samples, there was agreement between targeted NGS and
routine microbiologic techniques in § of 12 cases, with good
correlation with pathology findings in 6 of 11 samples for
which pathology results were available. Cases in which
targeted NGS and routine microbiologic results were not
correlated included one fecal sample for which targeted
NGS failed to detect any pathogens but in which rotavirus,
C. difficile, and C. perfringens were detected by RT-rtPCR
and qPCR with Ct values of 37.7, 37.1, and 37.1, respec-
tively. Interestingly, pathology findings included mycotic
pneumonia and cecocolonic hyperemia without evidence of
overt enterocolitis, making interpretation of the clinical sig-
nificance of these PCR findings difficult. The other intesti-
nal cases without agreement between microbiologic testing
methods and NGS included 2 cases in which pathogens in
intestinal contents were only identified using targeted NGS.
In one case, Actinobacillus sp. was identified in intestinal
contents from a horse with enteritis confirmed by pathol-
ogy; in another case, Pseudomonas aeruginosa septicemia
was diagnosed by splenic culture and later confirmed by
pathology.

Among the 9 samples from respiratory cases, comprising
swabs, fluid from transtracheal washes, and lung tissue, only
3 of 9 had pathology results available for comparison, but
they had good correlation between lesions and pathogens
identified by both testing methods. However, our targeted
NGS failed to amplify EHV-5 in 1 case (Ct 37.0) without
available pathology results, and failed to amplify EHV-2 in 2
cases (Ct 37.0 and 39.8, respectively); in 1 of these 2 cases,
EHV-5 was detected by both methods. In one case of a
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Table 1. List and source of isolates and reference strains of the pathogens that can be detected by the targeted NGS assay.

Pathogen Source*

Eastern equine encephalitis virus

Equine rhinitis A virus

Equine rhinitis B virus

Equine arteritis virus

Equine herpesvirusl

Equine herpesvirus 2

Equine herpesvirus 3

Equine herpesvirus 4

Equine herpesvirus 5

Equine influenza A virus, Miami (H3N®)

Equine influenza A virus, Prague (H7N7)

Rotavirus A, Nebraska strain

Saint Louis encephalitis virus

Western equine encephalitis virus

West Nile virus

Vesicular stomatitis virus, Indiana strain

Vesicular stomatitis virus, New Jersey strain

Clostridioides difficile strains that possess A, B, and binary toxin genes

Clostridium perfringens strains that possess alpha (o), beta (p), beta-2 (3-2) enterotoxin (CPE), epsilon (g), iota (1) toxin genes

E. coli strains that possess Shiga toxin 1 (stx1), intimin (eae), alpha hemolysin (hlyA), cytotoxic necrotizing factor (cnfl and
cnf2), enterotoxin (STa), fimbrial (k99), and F41 virulence factor genes

Actinobacillus sp. (A. pleuropneumoniae tested)

Anaplasma phagocytophilum

Aspergillus spp. (4. fumigatus tested)

Bordetella bronchiseptica

Borrelia burgdorferi

Chlamydia sp. (C. felis tested)

Cryptococcus spp. (C. neoformans tested)

Dermatophilus congolensis

Giardia intestinalis

Histoplasma capsulatum

Klebsiella sp. (K. pneumoniae tested)

Lawsonia intracellularis

Leptospira spp. (serovar Pomona tested)

Listeria monocytogenes

Mpycoplasma sp. (M. bovis tested)

Neorickettsia risticii

Neospora caninum

Nocardia sp. (N. nova tested)

Pneumocystis carinii

Prototheca spp. (P. zopfii tested)

Pseudomonas sp. (P. aeruginosa tested)

Pythium spp. (P. insidiosum tested)

Rhodococcus equi

Salmonella spp.

Sarcocystis neurona

Sporothrix spp. (S. schenckii tested)

Staphylococcus aureus

Streptococcus equi subsp. equi (S. equi)

Streptococcus sp. (S. dysgalactiae tested)

Toxoplasma gondii
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* A = USDA National Veterinary Services Laboratories; B = detected in a diagnostic sample and identified and isolated in the TVDIL according to a validated protocol as
follows: bacterial isolates were identified via biochemical testing and a commercial microtiter system; viral isolates were identified via fluorescent antibody test or RT-qPCR; C
= E. coli Reference Center, Pennsylvania State College of Agriculture Sciences, University Park, PA; D = detected in a diagnostic sample and identified via specific qPCR by the
Clinical Immunology and Virology laboratory, College of Veterinary Medicine, University of Tennessee (Knoxville, TN); E = detected in a diagnostic sample by specific gPCR
by the Indiana Animal Disease Diagnostic laboratory, Purdue College of Veterinary Medicine, University of Purdue (West Lafayette, IN); F = validated reference kindly provided
by Drs. Chunlei Su and Rick Gerhold, University of Tennessee; G = validated reference kindly provided by Dr. Daniel K. Howe, University of Kentucky (Lexington, KY); H =
validated reference kindly provided by Dr. Amy Swinford, Texas A&M Veterinary Medical Diagnostic Laboratory (College Station, TX).
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Table 2. Clinical case comparative study results of the targeted NGS assay and the routine methods.

Laboratory findings
Routine methods (PCR, bacterial culture,
Case/Specimen Autopsy finding or diagnosis Targeted NGS or ELISA)
1-Spinal cord Myeloencephalopathy, chronic EHV-1. EHV1 (Ct 32.9).

2—Pooled cerebrum,
brainstem, and
spinal cord
3—Fetal tissue pool
4—Fetal tissue pool
5—Fetal tissues pool

6—Feces
7-Feces

8—Pooled duodenum/
ileum scraping
9—Feces

10—Pooled ileum/
colon scraping

11-Pooled small
intestine/large
intestine scraping

12-Intestine scraping

13—Intestine scraping

14-Intestinal contents

15—-Intestinal contents

16-Intestinal contents

bacterial cyst.
Multifocal hepatic necrosis.
WNV encephalomyelitis.

Equine herpesviral abortion.

Equine herpesviral systemic disease;
perinatal death.

Equine herpesviral abortion.

Not available.

Acute necrotizing enterocolitis.

Duodenal perforation, peritonitis.
Chronic eosinophilic enterocolitis.
Mesenteric pyogranuloma.

Mild histiocytic and neutrophilic
hepatitis, myocarditis, interstitial
nephritis; pyogranulomatous
pneumonia.

Mycotic pneumonia.

Cecocolonic mucosal hyperemia.

Moderate locally extensive erosive
colitis.

Moderate to marked vascular
congestion is present in all layers
of the small intestine.

Neonatal encephalopathy.

Moderate, multifocal to coalescing,
gastric ulcers.

Necrotizing enterocolitis.

Marked necrohemorrhagic
enterocolitis with mild intestinal
nematodiasis and mesenteric
lymph node hyperplasia.

Clostridial enterocolitis.

Bacterial colitis.

Enteritis.

WNV; EHV-2; EHV-5 (few
reads).

EHV-1.
EHV-1.

EHV-1.

N. risticii (few reads).

C. difficile A and B toxin
genes.

C. perfringens alpha toxin
gene.

Salmonella sp., E. coli,
adenovirus-1.

C. perfringens CPE and
alpha toxins genes.
No sequences detected.

No sequences detected.

C. perfringens alpha and
beta toxins (few reads).

C. perfringens alpha toxin
gene, E. coli Hly virulence
factor.

C. perfringens alpha toxin
gene (few reads).

E. coli CNF-1 and eae;
Cryptococcus (few reads).

C. perfringens alpha, beta,
netF2, beta 2, and CPE
toxin genes.

No sequences detected.

Actinobacillus sp.

WNV (Ct 25.2). Negative for EEEV and
EHV-1.

EHV-1 (Ct 17). Negative for Leptospira
sp. by PCR.
EHV-1 (Ct 20).

EHV-1 (Ct 15).

N. risticii (Ct 29.23).

C. difficile A and B toxin genes Ct 29.8).

C. perfringens (Ct 29.9).

E. coli and C. difficile on colon culture.

Negative for coronavirus, rotavirus, L.
intracellularis, N. risticii, Salmonella
sp.

Negative for L. intracellularis and
Salmonella sp.

Negative for rotavirus and coronavirus.

Rotavirus (Ct 37.7), C. difficile (Ct 37.1),
C. perfringens (Ct 37.2). Negative for
L. intracellularis, Salmonella sp., N.
risticii, coronavirus.

C. difficile A and B toxins positive via
ELISA and PCR (Ct 29.6). C. difficile
and C. perfringens were not isolated on
colon and/or small intestine culture.

Negative for coronavirus, rotavirus,
L. intracellularis, Salmonella sp., N.
risticii, C. perfringens.

C. perfringens (Ct 20.3).

C. perfringens (Ct 34.7). Negative for C.
difficile, L. intracellularis, Salmonella
sp.

C. perfringens genotype A (Ct 15.2),
C. difficile (Ct 36.5). C. difficile was
not isolated from colon and/or small
intestine tissues.

Negative for C. difficile, C. perfringens,
Salmonella sp., N. risticii

Negative for Salmonella sp.

(continued)
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Table 2. (continued)

Case/Specimen

Autopsy finding or diagnosis

Laboratory findings

Targeted NGS

Routine methods (PCR, bacterial culture,
or ELISA)

17-Intestinal contents

18—Respiratory swab

19-Respiratory swab
20—Respiratory wash

21-Respiratory swab

22-Respiratory swab

23—Lung tissue from
50-d-old foal

24—Respiratory swab
25—Lung tissue from
60-d-old foal
26—Lung tissue
27-Wound swab

Pseudomonas aeruginosa
septicemia.
Ulcerative duodenitis.

Fibrinonecrotic typhlocolitis.
Not available.

Not available.
Not available.

Not available.
Not available.
Severe bronchointerstitial

pneumonia with pyogranulomas

and hyaline membranes.
Not available.
Bronchopneumonia.

Necrotizing bronchopneumonia.

Not available.

P. aeruginosa, Streptococcus
sp.

S. equi, EHV-2.

No sequences detected.

Pseudomonas sp., K.
pneumoniae.

No sequences detected.

EHV-5.

R. equi, P. aeruginosa,
EHV-2.

P. aeruginosa.
R. equi, EHV-2.

S. aureus.

S. aureus, Streptococcus sp.,
Actinobacillus sp.

N. risticii (Ct 30.8).

C. perfringens isolated on small intestine
culture.

P. aeruginosa isolated on spleen culture.

S. equi (Ct 32). Not tested for other
pathogens.

EHV-5 (Ct 37.0). Negative for EHV-2.

Negative for EHV-5.

Negative for EHV-2, EHV-5.
EHV-5 (Ct 25.1), EHV-2 (Ct 39.8).
R. equi, S. equi subsp. zooepidemicus.

EHV-5 (Ct 35.7), EHV-2 (Ct 37.0).
R. equi isolated on lung culture.

S. aureus isolated on lung culture.

S. aureus, Streptococcus dysgalactiae
subsp. equisimilis, E. coli.

Table 3. Comparison of the results of the clinical cases tested
by targeted NGS assay and routine methods by comparing the
pathogens as a group.

Routine method results

Targeted NGS panel result Positive Negative Total
Positive 17 1 18
Negative 4 5 9
Total 21 6 27

wound, there was good correlation between targeted NGS
and routine bacterial culture.

Based on our comparative study, the overall agreement
between our new assay and the routine methods used was 81%,
with k = 0.56 (moderate agreement). The PPA and NPA of the
targeted NGS were 81% and 83%, respectively (Table 3).

Discussion

We evaluated the use of targeted NGS to detect equine patho-
gens directly from clinical samples. Our new assay was able
to detect pathogens (Clostridium perfringens, Salmonella
spp., Streptococcus equi subsp. equi, EHV-1, and WNYV) that
had high Ct values (29-32.9) when tested by qPCR, demon-
strating the ability of the assay to detect some pathogens
even at low levels. Obtaining good sequence recovery

directly from clinical samples, particularly in samples with
low levels of organism, has been a challenge for the applica-
tion of NGS technology as a detection tool. However, the use
of targeted NGS to generate a large number of sequences for
the target gene or region significantly improves the detection
of targets in degraded and low-titer samples."** Addition-
ally, despite the limited testing performed, we were able to
successfully detect pathogens with the targeted NGS method
from multiple sample types.

Evaluation of ASe is usually done by testing the LOD
with plasmids or in vitro transcribed RNA per target. Consid-
ering the lack of availability of all needed reference material
to perform this type of testing and the prohibitive cost, we
decided to limit this evaluation to RLOD for group represen-
tatives. These samples represent the different types of patho-
gens targeted by the protocol (bacterial DNA, viral DNA,
and viral RNA) and were known from previous testing to
contain very low levels of organisms (qPCR and RT-rtPCR
Ct of 30-35). Although this may not be the recommended
way to evaluate the LOD of an assay, it provided an estimate
of the RLOD for the NGS design. Our targeted NGS equine
assay is intended to detect organisms associated with clinical
disease, therefore determining the absolute ASe was consid-
ered less important than if this test was intended to test for
carrier status or for freedom from disease, for which a very
low LOD is needed. Further evaluation of the LOD will be
needed before the use of our assay as a routine test.
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Not all pathogens for which primers were included in our
panel were tested. Included in this group were the foreign
animal disease pathogens. Primers for these pathogens were
included in our assay to develop a comprehensive test but
also as a means of providing expanded surveillance, which
could be done along with routine testing with this type of
assay. A justification for including some of these primers is
the fact that climate change is allowing expansion of patho-
gens into new areas. It is important to note, however, that if a
NGS assay detected a foreign animal disease pathogen, the
proper authorities would need to be notified and appropriate
confirmatory testing performed.

The overall agreement between the new assay and the
routine methods was 81%. The main contributor to the
reduced agreement was failure of the NGS method to detect
very low levels of some organisms, which were detectable in
the samples by qPCR. Primers for organisms that had reduced
sensitivity based on this testing were those for N. risticii, C.
difficile, EHV-2, and EHV-5. Samples with low amounts of
these organisms had poor sequencing coverage (low number
of reads) or no sequence.

For respiratory cases evaluated in our study, the signifi-
cance of the qPCR results with Ct values in the high 30s for
EHV-2 and EHV-5 in upper respiratory tract swabs is
unknown. Both EHV-2 and EHV-5 produce persistent infec-
tions in the host. EHV-5 can be detected in the lungs of unaf-
fected horses, but it has been associated with equine
multinodular pulmonary fibrosis.*'* Similarly, the role of
EHV-2 as a pathogen is controversial; some studies have
demonstrated its association with upper respiratory tract dis-
ease, lymphadenopathy, immunosuppression, and keratocon-
junctivitis."*** Unfortunately, relatively few respiratory
cases used in our study had pathology results available (either
cytologic or histologic), making interpretation of the findings
difficult. Interpretation of any molecular test result, including
qPCR and/or NGS, should take into consideration the clinical
and pathologic findings (if available) for accurate diagnosis.
However, producing an assay with the ability to detect the full
range of pathogen shedding, including small amounts that
would be expected in convalescent cases, is desirable. At least
for some pathogens that we tested, qPCR performed better for
detection of very low levels of pathogen.

Most enteric cases had good correlation between micro-
biologic testing techniques, targeted NGS results, and patho-
logic findings. However, in 2 enteric cases, in addition to the
C. perfringens toxins that were detected by both the new
assay and qPCR, our targeted NGS detected some additional
pathogens. These included E. coli hemolysin (Hly) virulence
factor in intestinal scrapings from a horse with gastric ulcers,
and E. coli cytotoxic necrotizing factor 1 (CNF-1) and inti-
min (eae) virulence factors in intestinal scrapings from a
horse with necrohemorrhagic enterocolitis, which also had
concurrent C. perfringens alpha toxin and Cryptococcus sp.
detected by targeted NGS. Although C. perfringens was

detected by qPCR (Ct 34.7), the reason the other pathogens
were missed by routine methods is because the specific test
needed was not performed or not requested on sample sub-
mission. Although the multiple pathogens identified by tar-
geted NGS may represent mixed infection with multiple
virulent organisms contributing to clinical disease, additional
samples correlating pathologic findings with the presence of
virulent pathogens are needed before clinical interpretations
can be made.

As demonstrated with our targeted NGS results, an advan-
tage of this method is its ability to not only detect conserved
regions of these enteric pathogens but to identify E. coli and
C. perfringens virulence factors or toxins to distinguish com-
mensals from pathogenic bacteria. Other potential advanta-
geous applications of NGS methods are to identify genotypic
markers of drug resistance and virulence, as well as strain
typing. Therefore, targeted NGS could distinguish between
wild-type and vaccine strains as well as predict phenotypic
antimicrobial resistance by targeting known genetic determi-
nants of antimicrobial resistance.”’ Detection and charac-
terization of the pathogen from the clinical sample could be
done in a single assay.

Overall, our targeted NGS testing method performed
favorably, and our pilot study has demonstrated the feasibil-
ity of using targeted NGS for equine infectious disease test-
ing. However, redesign of the primer pools for targets with
reduced sensitivity as well as further evaluation are recom-
mended to improve the assay.
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