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Summary

Recent surveys in Southeast Asia, including Cambodia, have identified canine vector-borne
pathogens (VBPs), including those with zoonotic potential, as highly prevalent. The lack of
veterinary care alongside the close association semi-domesticated dogs have with humans in the
region exacerbates these zoonotic risks. Nonetheless, the number of studies investigating such
pathogens and the threats they pose to dog and human health is limited. Here, we utilise a next-
generation sequencing (NGS) based metabarcoding protocol to conduct an assumption-free
characterisation of the bacterial, apicomplexan and kinetoplastid blood-borne pathogens of free-
roaming dogs from across Cambodia. From 467 dogs at five field sites, 62% were infected with
one of eight confirmed pathogens, comprising Anaplasma platys (32%), Ehrlichia canis (20%),
Hepatozoon canis (18%), Babesia vogeli (14%), Mycoplasma haemocanis (13%), the zoonotic
pathogen Bartonella clarridgeiae (3%), Candidatus Mycoplasma haematoparvum (0.2%) and
Trypanosoma evansi (0.2%). Coinfections of between two and four VBPs were common with 28%
of dogs found to have a mixed infection. Moreover, DNA from putatively infectious agents
belonging to the bacterial family and genera Coxiella, Mycobacterium, Neisseria, Rickettsiaceae,
Treponema and two uncharacterised Mycoplasma species were identified, in addition to
protozoan genera Colpodella, Parabodo and Bodo. Using a multiple logistic regression model, the
presence of ectoparasites, abnormal mucous membranes, anaemia and total protein were found
as predictors of canine VBP exposure. This study represents the first time an NGS metabarcoding
technique has been used to holistically detect the bacterial and protozoan haemoparasites
communities of dogs through an in-depth survey, highlighting the power of such methods to
unearth a wide spectrum of pathogenic organisms in an unbiased manner.

Keywords: next-generation sequencing, vector-borne pathogens, Cambodia, zoonosis,
metabarcoding, dogs

Introduction

Vector-borne pathogens (VBP) or those predominantly transmitted by blood-feeding arthropods,
inflict a significant toll with regard to morbidity and mortality on dogs, and nowhere is this more
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pronounced than in the tropics. In Southeast Asia, uncontrolled populations of stray and semi-
domesticated itinerant dogs harbor a substantial diversity of ectoparasitic vectors, found
infesting over a third of dogs sampled in countries such as Indonesia, Vietnam and the Philippines
(Irwin and Jefferies, 2004; Colella et al., 2020). This high-level of ectoparasite infestation in stray
dogs simultaneously acts as a VBP reservoir for well-cared-for pet dogs in the local area
(Inpankaew et al., 2016; Koh et al., 2016; Liu et al., 2016). Moreover, the close association of dogs
with humans via shared environments presents a significant zoonotic risk to people. For example,
dogs can act as reservoirs of zoonotic vector-borne pathogens such as Rickettsia felis, Rickettsia
conorii or Bartonella spp. that can be transmitted via arthropod bites to cohabiting humans,
emphasising the importance of veterinary pathogen surveillance for safeguarding human health
as well (Williams et al., 2011; Alvarez-Fernandez et al., 2018; Ng-Nguyen et al., 2020).

Some of the most common vector-borne diseases of dogs in the tropics are caused by members
of the bacterial Anaplasmataceae family, including Anaplasma platys and Ehrlichia canis (Little,
2010; Ng-Nguyen et al., 2020). Ehrlichia canis causes canine monocytic ehrlichiosis (CME) a
frequently lethal multisystemic disease. In contrast, A. platys is less pathogenic, although clinical
signs can be exacerbated when dogs are coinfected with other VBPs (Hii et al., 2015; Inpankaew
et al., 2016; Huggins et al., 2019a). Apicomplexan VBPs, such as Babesia spp. and Hepatozoon
canis are also endemic to Southeast Asia (Irwin and Jefferies, 2004; Inpankaew et al., 2016; Liu
et al., 2016; Huggins et al., 2019b) and generate disease that varies in pathogenicity from
relatively mild in the case of hepatozoonosis, to severe, for example in the case of acute
haemolytic anaemia caused by babesiosis, in particular when Babesia gibsoni is implicated
(lvanov and Tsachev, 2008; Kirk et al., 2017). With the exception of B. gibsoni, the
aforementioned VBP are all vectored by the brown-dog tick, Rhipicephalus sanguineus that is
ubiquitous in tropical Southeast Asia (Ng-Nguyen et al., 2020). However, unlike many VBPs, H.
canis is transmitted via ingestion of the infected brown dog tick, as opposed to blood-feeding
(Baneth et al., 2003).

Additionally, kinetoplastid protozoans such as Leishmania infantum also pose a risk to dogs and
humans (Alvar et al., 2012; Medkour et al., 2019). In Southeast Asia, Trypanosoma evansi, the
cause of ‘surra’ in ruminants, also infects dogs through biting flies or ingestion of infected raw
meat to produce severe clinical signs and death (Barameechaithanun et al., 2009; Rjeibi et al.,
2015; Bui et al., 2021).

Detection of VBPs has historically relied on microscopic examination of blood smears, a
technique now recognised as notoriously insensitive and incapable of characterising many VBP
to a species level (Megat Abd Rani et al., 2010). Molecular methods e.g. conventional PCR (cPCR)
or real-time PCR (qPCR) obviate these challenges by providing highly sensitive species level
classification at a relatively modest price (Gasser, 2006; Goodwin et al., 2016). Nonetheless, such
methods rely on a priori knowledge of the VBP in a given population (Huggins et al., 2020). From
here, appropriate diagnostic methods must be selected to target expected VBPs, with little-to-
no ability to detect novel, rare or unexpected pathogens in a region (Takhampunya et al., 2019).
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Next-generation sequencing (NGS)-based methodologies permit surveillance with no a priori
knowledge of VBPs as they can be designed to target whole communities of organisms via
sequencing of conserved genes such as the small ribosomal RNA subunit (16S rRNA) gene in
bacteria or 185 rRNA gene in eukaryotes (Huggins et al.,, 2020; Flaherty et al., 2021).
Metabarcoding or the collective amplification and sequencing of all taxonomically informative
genetic regions from a group of interest can be used as a powerful tool for characterising
pathogen communities in both vector and mammalian hosts (Flaherty et al., 2018; Greay et al.,
2018; Chaudhry et al., 2019; Huggins et al., 2019b). These methods are being increasingly utilised
to detect known, as well novel bacterial and protozoan haemoparasites from domestic animals
and a range of other mammalian species (Huggins et al., 2019a, 2019b; Takhampunya et al., 2019;
Ghafar et al., 2020, 2021; Glidden et al., 2020; Mohamed et al., 2021).

Cambodia, like other countries in Asia, harbours a large population of free-roaming or poorly-
cared for semi-domesticated dogs, at an estimated rate of one dog per every three people,
equating to approximately 5 million dogs (Sor et al., 2018). These dogs are often infected by
multiple canine VBPs due to limited veterinary service availability (Inpankaew et al., 2016;
Huggins et al., 2020). In light of such data, we used recently developed NGS-based metabarcoding
assays (Huggins et al., 2019b, 2019a, 2020) to holistically detect i.e. detect DNA sequences of all
relevant bacterial and protozoan haemoparasites, in an unbiased manner from dogs across
Cambodia.

Methods:
Study sites and sample collection

Dog blood samples were collected from five different study areas across Cambodia each
containing between three and six study sites. Samples were collected in the months of April, May
and September 2019, thereby covering Cambodia’s drier, warmer northeast monsoon season
and the wetter southwest monsoon season (Brook et al.,, 2008). Study areas included
metropolitan Phnom Penh, the Cambodian capital (11°31’N, 104°55’E), Kampong Chhnang town
(12°15’N, 104°39’E), Siem Reap city (13°26’N, 103°45’E), Battambang city (13°25’N, 103°73’E)
and Tbong Khmum district (12°01’N, 105°30’E) as displayed in Figure 1. Study sites were selected
based on trying to achieve a cross-section of densely populated and lightly populated urban
areas, including rural towns as well as urban areas surrounded by both farmland and rainforest.
Climate across all study sites is similar. Study site selection was also influenced by the existence
of local rabies eradication programs, whereby opportunistic canine sampling could be conducted
at the same time as administration of rabies vaccinations. Dogs sampled were from a mixture of
locally owned animals and pagoda community dogs cared for by monks. Most sampled dogs from
all field areas lacked access to adequate veterinary care, including anti-parasiticidal treatments,
desexing and vaccination. There were no exclusion criteria for dog sampling apart from whether
the individual was too aggressive to capture and restrain.
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Atotal of 467 dogs were sampled across the study’s entirety; Phnom Penh (PP), n =135, Kampong
Chhnang (KC), n = 48, Siem Reap (SR), n = 92, Battambang (BB), n =92 and Tbong Khmum (TK), n
= 100. Dogs were humanely restrained, and blood was only taken following informed consent
from the relevant monk in the case of pagoda dogs or the owner for semi-domesticated
community and pet dogs. Two ml whole blood was collected by a veterinarian via cephalic or
jugular puncture into two anti-coagulation EDTA tubes and temporarily kept on ice. Blood
samples subjected to NGS assays were stored at -20°C until further use, whilst the second EDTA
tube was refrigerated at 4°C and processed within 48 hours for packed cell volume (PCV), total
protein and subjected to the commercial SNAP 4Dx Plus Test (IDEXX, Westbrook, ME, USA) which
detects antibodies to Anaplasma platys/phagocytophilum, Ehrlichia canis/ewingii, Borrelia
burgdorferi sensu lato (all serotypes) and antigens of Dirofilaria immitis.

Relevant dog metadata including age, sex, breed, whether neutered, reproductive status and
sampling location coordinates, were recorded and findings of clinical examinations performed at
time of sample collection were noted. Clinical examinations were conducted by a qualified
veterinarian with rectal temperature taken, body score, dog demeanour, haircoat and mucous
membrane condition all visually evaluated. An abdominal palpation was also conducted
alongside assessment of lymph node enlargement and respiration rate. The presence of
ectoparasites, such as fleas, ticks and lice, was also recorded.

Field work in Cambodia was conducted under the University of Melbourne Animal Ethics
Committee approved Permit: 1814620.1.

DNA extraction

Dog whole blood samples were couriered frozen to the University of Melbourne, Australia for
processing. 200 ul of defrosted whole blood was extracted using the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) using the manufacturer’s protocol with a 30-minute proteinase K
digestion at 56 °C and two final elution steps, the first in 30 ul and second in 20 pl (50 ul total
eluent). Extracted DNA was kept at -20°C until use.

Bacterial 16S rRNA gene metabarcoding

The 467 blood samples collected were analysed using our previously developed bacterial 16S
rRNA gene targeting metabarcoding protocol (Huggins et al., 2019a, 2020). In brief, our
methodology involved first-step amplification of 100 blood extracted DNA samples plus 12
controls, per batch. This required use of 1 ul of DNA template, 10 uL of OneTag® 2X Master Mix
with Standard Buffer (New England Biolabs, Ipswich, MA, USA), 0.4 ul of primer WehiNGS_Adp_F
and WehiNGS_Adp_R at 10 puM, alongside 1.2 pl of the canine mitochondrial DNA blocking
primer; Canis-mito-blk (Huggins et al., 2020) with the reaction made up to 20 uL with Ambion
Nuclease-Free Water (Life Technologies, Carlsbad, CA, USA). All sample batches were also run
with four positive controls, four no DNA template PCR controls and four blood-omitted sample
extraction controls i.e. DNA extracted from extraction reagents only at the same time as blood
DNA extractions. Positive controls were uniquely identifiable synthetic DNA constructs as defined
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in Huggins et al. 2020, diluted to 1 x 107 ng/ul synthesised by Integrated DNA Technologies
(Coralville, 1A, USA), see supporting information for sequences. Thermocycling conditions were
95 °C for 3 min followed by 20 cycles of 95 °C for 45 s, 56 °C for 60 s and 72 °C for 90 s with a final
elongation at 72 °C for 10 min conducted on a MiniAmp™ Thermal Cycler (Thermo Fisher
Scientific, Waltham, MA, USA). PCR product was then cleaned using 1X Ampure Beads (Beckman
Coulter, Brea, CA, USA) and checked for quality on an Agilent 2200 Tape Station (Agilent
Technologies, Santa Clara, CA, USA) before proceeding. Finally, the second-step PCR addition of
library indexes, followed by deep sequencing was conducted according to Huggins et al. (2019a)
using an lllumina MiSeq (lllumina, San Diego, CA, USA) with 600-cycle v3 chemistry at the Walter
& Eliza Hall Institute Proteomics Facility, Parkville, Australia.

Apicomplexan and kinetoplastid 18S rRNA gene metabarcoding

The same subsample used for the bacterial 16S rRNA gene metabarcoding was also analysed
using our previously developed 18S rRNA gene protocol designed to target parasitic
apicomplexan and kinetoplastid organisms (Huggins et al., 2019b). In brief, batches of 104
samples were amplified using 2 ul of DNA template and the previously reported ApicomplexF and
ApicomplexR primers modified to include indexing overhangs (Huggins et al., 2019b) alongside
two no DNA template PCR controls, two DNA extraction controls and two synthetic DNA
construct positive controls (Supporting information). For kinetoplastid detection the same
samples were also separately amplified using the KinetoF and KinetoR primers, with indexing
overhangs plus four negative and two positive controls (Supporting information). For
apicomplexan PCR amplification thermocycling conditions were 94 °C for 5 min, followed by 25
cycles of 94 °C for 30 s, 52 °C annealing for 30 s and 72 °C for 30 s with a final elongation at 72 °C
for 5 min, this was the same for kinetoplastid PCR except for that annealing was conducted at 56
°C instead. PCR product was then processed in the same manner as that for bacterial 16S rRNA
gene metabarcoding apart from that the second step indexing PCR used just 20 cycles of
amplification to add on multiplexing indexes as opposed to the 24 cycles originally reported in
Huggins et al. 2019b. After addition of indexes, batches of 104 apicomplexan targeting PCR
products were pooled with 104 kinetoplastid targeting PCR products, producing multiplexed
pools of 208 samples achievable via 16 unique forward indexes and 13 unique reverse indexes.
Finally, pools were run on an Illlumina MiSeq using 300-cycle v2 chemistry (2 x 150 bp paired-end
reads).

Bioinformatics

Raw NGS data was processed according to Huggins et al. 2020 with all bioinformatic steps
conducted in QIIME2 version 2020.11. DADA?2 truncation parameters were chosen via inspection
of read quality plots and subsequent exploration of parameters to find those that generated the
most post-filter sequences for each batch of samples (Callahan et al., 2016). Amplicon sequence
variants (ASVs) were again chosen over operational taxonomic units (OTUs) so as to minimise
data loss at each processing step (Langille et al., 2018; Knight et al., 2018) and sequences were
classified using sci-kit learn built classifiers working from the latest available SILVA reference



O 00 N O Ul b W N -

[
o

11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

35
36
37
38
39

database (version 138.1) (Pedregosa et al., 2011). Additionally, ASVs were taxonomically
identified using the BLASTn program in GenBank (NCBI) to corroborate classifications and in some
cases classify down to a lower taxonomic level than possible using QIIME2 classifiers. Alpha
rarefaction plots were also generated, using MAFFT and FastTree 2 to confirm that ASV diversity
plateaued and hence a sufficient sequencing depth had been achieved (Price et al., 2010; Katoh
and Standley, 2013). All NGS data produced in the present study are available from the NCBI
BioProject database, BioProjectID: PRIJNA601241, BioSamplelDs: SAMN13870739 to
SAMN13870796 and SAMN18323289 to SAMN18323754. Raw NGS read data for bacteria,
apicomplexans and kinetoplastids is available from the NCBI sequence read archive (SRA) under
the aforementioned BioSample accession numbers.

Sequences of taxa found in no-reagent DNA extraction negative controls and no-template PCR
negative controls were removed from the overall dataset using the QIIME2 taxonomy-based
filtering command which can be used to exclude negative control taxa from further downstream
analysis. These taxa were excluded as they likely represent organism’s DNA introduced via DNA
extraction and PCR amplification materials as well as from the environment. High read counts of
these taxa in non-control samples may have been indicative of their endogenous presence in
blood samples, however none of such taxa were from pathogenic or putatively pathogenic
genera and hence further analysis was not deemed necessary.

Positive control samples consisted of uniquely identifiable synthetic DNA for a short 130 - 253 bp
stretch of the 16S rRNA gene from the bacterial species Aliivibrio fischeri flanked with the
complementary sequences to the relevant bacterial, apicomplexan or kinetoplastid primer
sequence, see supporting information (Huggins et al., 2020). A. fischeri is highly host specific to
the Bobtail squid Euprymna scolopes and its environment (Nyholm and McFall-Ngai, 2004; Ruby
et al.,, 2005), with no possibility that such sequences arose endogenously from dog blood
samples, thus providing a unique positive control sequence that could be identified at the end of
bioinformatic processing. Reads of these unique positive control sequences were used to
calculate each batch of samples’ unique read threshold. The read threshold signifies how many
pathogen reads need to be identified in a sample for it to be considered a true infection so as to
accurately discern true presence from occasional index misreading or hybridisation errors during
Illumina sequencing as well as low-level cross-contamination during library preparation (Kim et
al.,, 2017). The read threshold used was the highest number of uniquely identifiable positive
control reads i.e. reads for A. fischeri, found in a sample that was not a positive control for that
batch.

Conventional PCR and Sanger sequencing

For some samples with reads that could not be assigned to species level classification, endpoint
PCR assays were run to amplify larger gene regions or more informative genes for better
characterisation (Table 1). These cPCRs were conducted using HotStarTag DNA Polymerase
(Qiagen) according to the relevant author’s methods (Table 1). Positive amplicons were then
cleaned using ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific) and sent to
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Macrogen (Seoul, South Korea) for Sanger sequencing. Results were then run through BLASTn, to
compare them to existing GenBank reference sequences and corroborate with NGS findings, i.e.
to ascertain whether cPCR Sanger sequences returned the same taxonomic classification in
GenBank as NGS reads classified using the SILVA database.

Table 1. Corroboratory gPCR and cPCR assays used, only those that were successful at cross-validating
NGS results are shown.

Taxon PCR type (primers & | Gene targeted Product Reference
targeted probe) size
Bartonella gPCR (ssrA-F, ssrA-R & | Transfer-mRNA (ssrA) 301 bp (Diaz et al., 2012)
spp. specific ssrA-probe)
cPCR (prAPT0257 & | Filamenting Temperature- 500 bp (Belkhiria et al.,
prAPT0258) Sensitive Mutant Z (ftsZ) 2017)
cPCR (BhCS.781p & | Citrate synthase (gltA) 380 - 400 | (Norman et al.,
BhCS.1137n) bp 1995)
Mycoplasma cPCR (HBT-F & HBT-R) 16S rRNA 600 bp (Criado-Fornelio et
spp. specific al., 2003)
cPCR (RNaseP30s & | Ribonuclease P (RNase P) 165 bp (Maggi et al., 2013)
RNaseP200as)

Statistical & risk indicator analyses

The 95% confidence intervals (Cls) were calculated using the Wilson score interval via the open
source software Epitools (https://epitools.ausvet.com.au). Chi-square (x?) statistical methods
calculated using IBM SPSS Statistics 27 (SPSS, Chicago, IL, USA) were used to compare measured
categorical variables against NGS positivity for VBPs. A multiple logistic regression model was
then used to assess dog risk factors to VBP exposure in GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA). VBP exposure was here defined as dogs found positive to a pathogen via
NGS or a SNAP 4Dx Plus Test (IDEXX). Variables that were tested were sampling seasons (wet or
dry), dog age, sex, husbandry, temperature, presence of ectoparasites, haircoat condition, body
score, dog demeanour, PCV and total protein (as a continuous variable). Additional variables
tested were for the presence of enlarged lymph nodes, abdominal palpation condition e.g.
hepatosplenomegaly, respiration rate for example panting as well as mucous membrane
condition i.e. normal or abnormal with abnormal considered as signs of pallor, jaundice or
presence of petechiae. Variables with a significance of < 0.2 found via univariate analysis were
included in the regression model. PCV was converted to the binary variable anaemic i.e. PCV <
35% or non-anaemic PCV > 35% for this model.

A significance level of P < 0.2 was then used again for iterative backward elimination of variables
that were not significant until the final multivariate model was obtained. Associations were
considered statistically significant if P < 0.05 or very close to it. The best-fit model was selected
using Akaike’s corrected Information Criterion value, multicollinearity was checked using
variance inflation factors to check for strongly dependent predictors. Area under the ROC curve
was used to measure the ability of the model in classifying negative and positive events.
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Kappa statistics were used to compare agreement of NGS positivity for A. platys and E. canis vs
results from SNAP 4Dx Plus (IDEXX) in SPSS Statistics 27. We used the formula defined in McHugh
(2012) with the agreement between tests considered poor if k < 0.20, fair if 0.21 < k < 0.40,
moderate if 0.41 < k < 0.60, substantial if 0.61 < k < 0.80 and high if k> 0.81 (McHugh, 2012).

Results
Sample collection

Our study sample of 467 dogs assessed for vector-borne pathogens consisted of 213 (45.6%)
females, 246 (52.7%) males and 8 (1.7%) with unreported data (Table 2). Dog ages ranged from
one month to seven years and older with 142 (30.4%) dogs in the youngest age category of six
months and younger, 96 (20.6%) dogs between six months and a year, 200 (42.8%) dogs between
one and seven years old, 18 (3.9%) dogs over seven years of age and 11 (2.3%) with unreported
data. Only 12 (2.6%) dogs were pure bred, including an Alsatian, a Golden Retriever, an English
Bulldog, a Labrador, Huskies and German Shepherds. Just two dogs (0.4%) were found to be
neutered. It was more common for dogs to have at least one ectoparasite present, with 344
(73.7%; 95% Cl = 69% - 77%) of dogs found infested with ticks, fleas and/or lice (Table 2).

Table 2. Distribution, sex, age, breed and presence of ectoparasites across the 467 canine samples
assessed for vector-borne pathogens by our NGS-based methodology (PP = Phnom Penh, KC = Kampong
Chhnang, SR = Siem Reap, BB = Battambang, TK = Tbong Khmum). At some study sites category totals do
not equal the relevant sample area total due to unreported data.

Sex Age (years) Breed Ectoparasites
Study Area F M <05 | >0.5to<1 | >1to<7 | >7 | Mongrel | Pure | Present Absent
PP (n =135) 57 77 66 22 39 5 131 4 96 39
KC (n = 48) 25 23 12 5 31 0 46 2 37 11
SR (n=92) 33 56 23 16 49 3 91 1 59 33
BB (n =92) 45 44 21 15 49 6 87 5 65 27
TK (n = 100) 53 46 20 38 32 4 100 0 87 13
Total 213 | 246 142 96 200 18 455 12 344 123

Bioinformatic processing

A total of five separate 600-cycle MiSeq runs were used to deep-sequence all 467 samples for
bacterial pathogens as well as 60 negative and positive control samples, with the highest raw
reads obtained for any run at 14,880,659 and the lowest at 9,636,742 (mean + SE = 11,446,984 +
907,014) reads. After bioinformatic filtering and quality control steps, the mean total filtered
reads per batch was 9,106,146 + 818,499 (Table 3). This translated to an average of 9,191+ 1,610
ASVs or unique reads per batch and an average median read per sample of 74,640 + 9,454.




O 00 N O Ul b W N -

==
= O

12
13
14
15
16
17
18
19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

For the protozoan pathogen characterisation five separate 300-cycle MiSeq runs were used to
deep-sequence 672 apicomplexan amplicons, 672 kinetoplastid amplicons, alongside 30 positive
and negative control samples. For the apicomplexan NGS-assessment the highest raw reads for
any run was 9,467,041 and the lowest 6,044,754 (mean * SE = 7,398,546 * 671,281).
Comparatively, the kinetoplastid characterisation accrued fewer raw reads per batch with the
highest at 4,090,659 and lowest 988,199 (mean * SE = 2,142,296 + 563,110). Post-bioinformatic
processing, the average filtered reads per apicomplexan batch was 4,039,592 + 546,136 and for
kinetoplastids was 1,231,726 + 368,998 (Table 3). This generated a mean of 870 + 99 unique ASVs
per apicomplexan batch and 400 + 110 per kinetoplastid batch as well as an average median read
per sample of 11,003 + 2,741 for the apicomplexan analysis and 3,592 + 1,881 for the
kinetoplastids.

After bioinformatic processing and taxonomic classification all uniquely identifiable positive
controls were detected in every batch. The highest number of control reads found in a sample
other than a positive control was identified and used as a read threshold to discern true positives
for that specific batch from index cross-talk and/or low-level cross-contamination. Reads were
always detected in no blood DNA extraction controls and no DNA template PCR negative controls,
however, total reads in such negative controls were always substantially lower than for biological
samples, as previously found by Huggins et al. (2020). ASVs and taxa found in negative control
samples were subtracted from the relevant batch’s overall dataset.
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Table 3. NGS read data across MiSeq batches pre and post-filtering. Bacterial batches show results from
600-cycle MiSeq kits, whilst apicomplexan and kinetoplastid samples were pooled and run on 300-cycle
MiSeq runs, hence the lower raw and filtered read values. The median number of reads per sample in
each batch and number of amplicon sequence variants (ASVs), i.e. unique reads, per batch are also shown,

U b WN -

10

alongside relevant means and standard errors (S.E.).

Bacteria
Study
Batch areas Raw reads | Filtered reads | Median sample reads | ASVs
1 PP, KC 9,636,742 7,737,311 65,920 15,139
2 SR 14,880,659 12,247,954 110,944 10,059
3 PP, SR 10,339,939 7,896,377 67,681 6,547
4 BB 11,306,097 8,698,046 56,193 7,117
5 TK 11,071,481 | 8,951,040 72,461 7,091
Mean 11,446,984 9,106,146 74,640 9,191
S.E. 907,014 818,499 9,454 1,610
Apicomplexans
Study
Batch areas Raw reads | Filtered reads | Median sample reads | ASVs
6 PP, KC 6,192,572 1,903,119 1,903 700
7 SR 9,467,041 4,419,860 19,099 1,118
8 PP, SR, BB | 8,458,399 4,396,449 10,557 775
9 BB, TK 6,829,962 5,012,882 12,281 659
10 TK 6,044,754 4,465,650 11,176 1,098
Mean 7,398,546 4,039,592 11,003 870
S.E. 671,281 546,136 2,741 99
Kinetoplastids
Study
Batch areas Raw reads | Filtered reads | Median sample reads | ASVs
6 PP, KC 2,667,973 1,641,348 6,780 784
7 SR 4,090,659 2,475,039 9,362 465
8 PP,SR,BB | 1,664,452 932,855 1,206 362
9 BB, TK 1,300,197 512,854 316 152
10 TK 988,199 596,534 298 236
Mean 2,142,296 1,231,726 3,592 400
S.E. 563,110 368,998 1,881 110
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NGS-based detection of confirmed canine vector-borne pathogens

Key species and genera of known canine pathogens were identified as Anaplasma platys,
Bartonella spp., Babesia vogeli, Ehrlichia canis, Hepatozoon canis, Candidatus Mycoplasma
haematoparvum, Mycoplasma haemocanis and Trypanosoma evansi, which were then extracted
from the overall datasets for each batch (Table 4). Across all field sites 62% (95% Cl = 57% - 66%)
of dogs were found to be infected with at least one of these eight pathogens with the highest
apparent prevalence of infection found in Battambang at 75% (95% Cl = 65% - 83%) and lowest
in Tbong Khmum at 47% (95% Cl = 37% - 56%).

From the eight known pathogens detected by our methodology A. platys was the most prevalent
across all field sites with 32% (95% Cl = 28% - 36%) of dogs infected, followed by E. canis at 20%
(95% Cl =17% - 24%), H. canis at 18% (95% Cl = 15% - 22%), B. vogeli at 14% (95% Cl = 11% - 18%),
M. haemocanis at 13% (95% Cl = 10% - 16%), Bartonella spp. at 3% (95% Cl = 1% - 4%) and single
infections found for C. M. haematoparvum and T. evansi; both at 0.2% (95% Cl = 0% - 1%) (Table
4).

Mixed infections, with between two to four pathogens detected simultaneously, were common
with 28% (95% Cl = 24% - 32%) of dogs found to be coinfected across all field sites (Table 4). The
most common coinfection was A. platys and E. canis in 4% (95% Cl = 3% - 6%), followed by A.
platys and H. canis in 3% (95% Cl = 2% - 5%) of dogs. The most common coinfection comprising
three pathogens was A. platys, B. vogeli and H. canis in 2% (95% Cl = 1% - 4%) of dogs. The most
common coinfection with four pathogens was A. platys, B. vogeli, E. canis and H. canis in 1.2%
(95% CI =1 - 3) of dogs. Figure 2 shows the relative proportion of infection-free, single infection
and coinfected dogs at the five field sites. Battambang had the most coinfected dogs at 42% (95%
Cl=32%-52%), followed by Phnom Penh at 29% (95% Cl = 22% - 37%), whilst Tbong Khmum had
the least; 15% (95% Cl = 9% - 23%).
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Table 4. Number of positive dogs (+) and apparent pathogen prevalence (%) with 95% confidence intervals
(Cl) found for both single and mixed infections, as detected by our bacterial, apicomplexan and
kinetoplastid targeting NGS-method at five different study areas in Cambodia (PP = Phnom Penh, KC =
Kampong Chhnang, SR = Siem Reap, BB = Battambang, TK = Tbong Khmum). Table shows results from only

known canine-pathogenic genera and species.

All Sites
PP (n=135) KC (n=48) SR (n=92) BB (n=92) TK (n= 100) (n=467)
+ % (ClI) + % (ClI) + % (Cl) + % (Cl) + % (ClI) + % (ClI)
Single
infection
Anaplasma
platys (Ap) 21 16 (10 - 23) 5 10 (5-22) 11 12 (7 - 20) 9 10 (5-18) 20 20 (13 -29) 66 14 (11 - 18)
Bartonella
spp. (Ba) 0 0(0-3) 0 0(0-7) 5 5(2-12) 0 0(0-4) 3 3(1-8) 8 2(1-3)
Babesia
vogeli (Bv) 7 5(3-10) 1 2(0-11) 1 1(0-6) 0 0(0-4) 0 0(0-3) 9 2(1-4)
Ehrlichia
canis (Ec) 11 8(5-14) 6 13 (6 - 25) 6 7(3-14) 7 8(4-15) 7 7(3-14) 37 8(6-11)
Hepatozoon
canis (Hc) 4 3(1-7) 0 0(0-7) 5 5(2-12) 8 9(4-16) 0 0(0-3) 17 4(2-6)
C. M. Haema-
toparvum
(Cmh) 0 0(0-3) 0 0(0-7) 0 0(0-4) 0 0(0-4) 0 0(0-3) 0 0(0-1)
Mycoplasma
haemocanis
(Mh) 3 2(1-6) 4 8(3-20) 8 9 (4-16) 6 7(3-14) 2 2(1-7) 23 5(3-7)
Trypanosoma
evansi (Te) 0 0(0-3) 0 0(0-7) 1 1(0-6) 0 0(0-4) 0 0(0-3) 1 0.2(0-1)
All Sites
PP (n=135) KC (n=48) SR (n=92) BB (n=92) TK (n= 100) (n=467)
+ % (Cl) + % (Cl) + % (Cl) + % (Cl) + % (Cl) + % (Cl)
Mixed
infections
Ap & Bv 7 5(3-10) 2 4(1-14) 1 1(0-6) 0 0(0-4) 1 1(0-5) 11 2(1-4)
Ap & Ec 7 5(3-10) 2 4(1-14) 4 4(1-11) 4 4(1-11) 2 2(1-7) 19 4(3-6)
Ap & Hc 2 1(0-5) 1 2(0-11) 5 5(2-12) 6 7(3-14) 0 0(0-3) 14 3(2-5)
Ba & Ap 0 0(0-3) 0 0(0-7) 0 0(0-4) 0 0(0-4) 1 1(0-5) 1 0.2(0-1)
Bv & Hc 2 1(0-5) 3 6(2-17) 1 1(0-6) 5 5(2-12) 0 0(0-3) 11 2(1-4)
Ec & Bv 1 1(0-4) 1 2(0-11) 1 1(0-6) 0 0(0-4) 2 2(1-7) 5 1(0-2)
Ec & He 2 1(0-5) 0 0(0-7) 0 0(0-4) 1 1(0-6) 0 0(0-3) 3 1(0-2)
Mh & Ap 2 1(0-5) 0 0(0-7) 3 3(1-9) 1 1(0-6) 2(1-7) 8 2(1-3)
Mh & Ba 0 0(0-3) 0 0(0-7) 3 3(1-9) 0 0(0-4) 0 0(0-3) 3 1(0-2)
Mh & Cmh 0 0(0-3) 0 0(0-7) 0 0(0-4) 0 0(0-4) 1 1(0-5) 1 0.2(0-1)
Mh & Ec 1 1(0-4) 0 0(0-7) 0 0(0-4) 1 1(0-6) 1 1(0-5) 3 1(0-2)
Mh & Hc 1 1(0-4) 0 0(0-7) 2 2(1-8) 3 3(1-9) 2 2(1-7) 8 2(1-3)
Ap & Bv & Hc 6 4(2-9) 2 4(1-14) 0(0-4) 3 3(1-9) 0 0(0-3) 11 2(1-4)
Ap & Ec & Bv 2 1(0-5) 0 0(0-7) 0 0(0-4) 0 0(0-4) 2 2(1-7) 4 1(0-2)
Ap &Ec&Hc | 0 0(0-3) 0 0(0-7) 1 1(0-6) 2 2(1-8) 0 0(0-3) 3 1(0-2)
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Ec&Bv&Hc | 3 2(1-6) 0 0(0-7) 0 0(0-4) 1 1(0-6) 0 0(0-3) 4 1(0-2)
Mh & Ap &
Ec 0 0(0-3) 1 2(0-11) 0 0(0-4) 3 3(1-9) 1 1(0-5) 5 1(0-2)
Mh & Ap &
Hc 0 0(0-3) 0 0(0-7) 0 0(0-4) 2 2(1-8) 0 0(0-3) 2 0.4(0-2)
Mh & Bv &
Hc 0 0(0-3) 0 0(0-7) 1 1(0-6) 2 2(1-8) 0 0(0-3) 3 1(0-2)
Mh & Ec &
Bv 1 1(0-4) 0 0(0-7) 1 1(0-6) 0 0(0-4) 0 0(0-3) 2 0.4(0-2)
Mh & Ec &
Hc 0 0(0-3) 0 0(0-7) 1 1(0-6) 0 0(0-4) 0 0(0-3) 1 0.2(0-1)
Ap & Ec & Bv
& Hc 1 1(0-4) 0 0(0-7) 0 0(0-4) 5 5(2-12) 0 0(0-3) 6 1.2 (1-3)
Mh & Ec &
Bv & Hc 1 1(0-4) 0 0(0-7) 0 0(0-4) 0 0(0-4) 0 0(0-3) 1 0.2(0-1)
Total mixed
infections 39 | 29(22-37) | 12 | 25(15-39) | 24 | 26(18-36) | 39 | 42(32-52) | 15 | 15(9-23) | 129 | 28(24-32)
All Sites
PP (n=135) KC (n=48) SR (n=92) BB (n=92) TK (n= 100) (n=467)

+ % (ClI) + % (ClI) + % (Cl) + % (Cl) + % (ClI) + % (ClI)
Single &
mixed
infections
Ap 48 36 (28 - 44) 13 21 (12 - 34) 25 27 (19-37) 35 38 (29 - 48) 29 29(21-39) | 150 32 (28 -36)
Ba 0 0(0-3) 0 0(0-7) 8 9(4-16) 0 0(0-4) 4 4(2-10) 12 3(1-4)
Bv 31| 23(17-31) | 9 | 19(10-32) | 6 7(3-14) 16 | 17(11-26) | 5 5(2-11) 67 | 14(11-18)
Ec 30 22 (16 - 30) 10 27 (17 - 41) 14 15 (9 - 24) 24 26 (18 - 36) 15 15 (9 - 23) 93 20 (17 - 24)
Hc 22 16 (11 - 23) 6 13 (6 - 25) 16 17 (11 - 26) 38 41 (32-52) 2 2(1-7) 84 18 (15 - 22)
Cmh 0 0(0-3) 0 0(0-7) 0 0(0-4) 0 0(0-4) 1 1(0-5) 1 0.2(0-1)
Mh 9 7(4-12) 5 | 10(5-22) | 19 | 21(14-30) | 18 | 20(13-29) | 9 9(5-16) 60 | 13(10-16)
Te 0 0(0-3) 0 0(0-7) 1 1(0-6) 0 0(0-4) 0 0(0-3) 1 0.2(0-1)
Total positive | 85 63 (55 - 70) 28 58 (44 -71) 61 66 (56 - 75) 69 75 (65 - 83) 47 47 (37-56) | 290 62 (57 - 66)
Total
negative 50 | 37(29-45) | 20 | 42(29-56) | 31 | 34(25-44) | 23 | 25(17-35) | 53 | 53(43-62) | 177 | 38(34-42)
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Serology

Of 467 dog blood samples subjected to NGS metabarcoding, 457 samples were also subjected to
the SNAP 4Dx Plus Test (IDEXX). Across all field sites 42% (95% Cl = 37% - 46%) of dogs were found
exposed to Anaplasma spp. and 32% (95% Cl = 27% - 36%) to Ehrlichia spp., whilst 23% (95% Cl =
20% - 27%) had been exposed to both (Table 5). One dog from Tbong Khmum was serologically
positive to B. burgdorferi sensu lato (and Ehrlichia spp.), whilst no dogs were found positive for
D. immitis.

Statistical and risk indicator analyses

Univariate analysis identified study site as having a significant effect on NGS positivity for a
confirmed vector-borne pathogen (P < 0.05). Specifically, dogs in Battambang were more likely
to be found exposed to VBPs than those in Phnom Penh, Kampong Chhnang and Siem Reap,
whilst dogs in Tbong Khmum were less likely to be found exposed than those at the other field
sites. Other variables that were found to exert a significant effect on VBPs positivity and were
included in our multiple logistic regression model were presence of ectoparasites, haircoat
condition, body score, dog demeanour, mucous membrane condition i.e. normal or abnormal,
PCV (anaemic or non-anaemic) and total protein.

Our multiple logistic regression model identified presence of ectoparasites, abnormal mucous
membrane condition, increase in total protein, and PCV (as an indicator of anaemia) as significant
predictors of VBP exposure in dogs (Table 6). Via our model, we estimate that the odds ratio of
VBP exposure for dogs with ectoparasites to be between 1.33 and 3.59, whilst holding PCV, total
protein and mucous membrane variables constant. The odds ratio for VBP exposure in dogs with
abnormal mucous membrane condition ranged between 1.29 and 4.92, when the other variables
were kept constant. We also estimate that as total protein increases by one unit the odds of VBP
infection increases by 1.35 to 1.92, holding other variables constant. Moreover, the odds ratio of
VBP exposure for dogs with a PCV indicative of anaemia (below 35%) was between 1.01 and
3.085, if total protein, ectoparasite presence and mucous membrane condition variables were
kept constant.

Kappa statistics, used to compare agreement between two diagnostic tests, assessed the level of
concordance between detection of antibodies using the SNAP 4Dx Plus Test and detection of
pathogen DNA using our NGS method (Table 7). Agreement for detection of E. canis was 0.517
(SE 0.044, P < 0.05) indicating moderate agreement, with 81.2% total agreement, whilst for A.
platys the kappa value was 0.162 (SE 0.046, P < 0.05) indicating poor agreement, with 60.6% total
agreement (Table 7).
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Table 5. Number of serologically positive dogs (+) and pathogen prevalence (%) with 95% confidence
intervals (Cl) found for mixed and overall infections, as detected by SNAP 4Dx Plus Test at five different
study areas in Cambodia (PP = Phnom Penh, KC = Kampong Chhnang, SR = Siem Reap, BB = Battambang,
TK = Tbong Khmum). No dogs were D. immitis antigen positive and 10 tests had a failed internal control
and were therefore excluded from the overall results.

PP =134 KC =46 SR = 86 BB =92 TK=99 All Sites = 457

+ % (Cl) + % (Cl) + % (Cl) + % (ClI) + % (ClI) + % (ClI)
Single &
mixed
infection
Anaplasma 46 52 40 41 34 42
spp. 61 | (37-54) | 24 | (38-66) 34 (30 - 50) 38 (32-52) | 34 | (26-44) | 191 (37 - 46)
Ehrlichia 34 50 31 37 15 32
spp. 45 | (26-42) | 23 | (36-64) | 27 (23 - 42) 34 | (28-47) | 15 | (9-24) | 144 | (27-36)
Borrelia 0 0 0 0 1 0.2
burgdorferi | 0 | (0-3) | © (0-8) 0 (0-4) 0 (0-4) 1 (0-6) 1 (0-1)
Mixed
infection
Anaplasma 25 35 42 26 11 23
+ Ehrlichia 34 | (19-33) | 16 | (23-49) | 21 (17 - 34) 24 | (18-36) | 11 | (6-19) | 106 | (20-27)
Ehrlichia +
B. 0 0 0 1 0.2
burgdorferi 0 | 0(0-3) 0 (0-8) 0 (0-4) 0 (0-4) 1 (0-6) 1 (0-1)
Total 54 67 47 52 38 50
positive 72 | (45-62) | 31 | (53-79) | 40 (36 - 57) 48 | (42-62) | 38 | (29-48) | 229 | (46-55)
Total 46 33 53 48 62 50
negative 62 | (38-55) | 15 | (21-47) | 46 (43 - 64) 44 | (38-58) | 61 | (52-71) | 228 | (45-54)

Table 6. Clinical parameter estimates and odds ratios (95% profile likelihood) for exposure to vector-borne
pathogens in 467 dogs from Cambodia.

Parameter estimates Estimate Standard error Odds ratios p value
Intercept -3.33 0.726 <0.0001
PCV [anaemic] 0.554 0.2852 1.74 (1.01-3.085) 0.0522
Total protein 0.469 0.089 1.60 (1.35-1.92) <0.0001
Mucous membranes [abnormal] 0.889 0.34 2.43(1.29-4.92) 0.0089
Presence of ectoparasites 0.779 0.2529 2.18 (1.33-3.59) 0.002
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Table 7. NGS vs SNAP 4Dx Plus test agreement statistics for the canine VBPs E. canis and A. platys. POS =
positive, NEG = negative, SE = standard error. Kappa agreement level defined as poor if coefficient (k) is <
0.20, fair agreement if 0.21 < k < 0.40, moderate agreement if 0.41 < k < 0.60, substantial agreement if
0.61 <k £0.80 and high agreement if k > 0.81.

VBP NGS SNAP 4Dx Plus Total agreement (%) | Kappa  statistic* | Kappa SE
(agreement)
NEG POS
E. canis NEG 296 17 81.2 0.517 (moderate) 0.044
POS 69 75
A. platys NEG 199 67 60.6 0.162 (poor) 0.046
POS 113 78

Confirmatory Sanger sequencing and suspected pathogen detection

All Bartonella NGS positive samples were successfully characterised via either an ssrA targeting
gPCR (Diaz et al., 2012), ftsZ targeting cPCR (Belkhiria et al., 2017) or a gltA targeting cPCR
(Norman et al., 1995). All NGS positive Bartonella samples were identified as the zoonotic species
Bartonella clarridgeiae with the Sanger sequenced product of the ssrA gPCR achieving a 100%
query cover and identity match with B. clarridgeiae isolate BFP-41219-9 (accession #:
MK298159.1) using the GenBank BLASTn tool. The ftsZ targeting assay achieved a 99% query
cover and 100% identity match with B. clarridgeiae strain 73 (accession #: FN645454.1), whilst
the gltA cPCR returned a 99% query cover and 99% identity match with B. clarridgeiae citrate
synthase (accession #: MK977726.1).

Using a confirmatory cPCR assay (Criado-Fornelio et al.,, 2003) all of the four haemotropic
Mycoplasma positive samples found via NGS that could not be identified to species level (1% of
sampled population; 95% Cl = 0% - 2%) had a 575bp long amplicon match with 100% query cover
and identity to an uncharacterised Mycoplasma species (accession #: HE577612.1), previously
identified in dogs from Indigenous communities in Australia (Barker et al., 2012).

A subsample of M. haemocanis positive dogs, as determined by our NGS method, were cross-
validated by an RNAseP gene targeting cPCR (Maggi et al., 2013) as M. haemocanis shares high
16S rRNA gene nucleotide identity with M. haemofelis. These assays confirmed sequences as
belonging to M. haemocanis (accession #: KU743386.1) with 100% query cover and 99% identity.

In addition to the detection of confirmed canine pathogens by our metabarcoding method, the
bacterial 16S rRNA gene deep-sequencing identified several samples with reads from bacterial
genera that contain canine pathogens or species of zoonotic importance. Nonetheless, from the
NGS data alone, reads could only be classified to genus-level due to the conserved nature of the
16S rRNA gene region targeted for some bacterial taxa. Bacterial genera of potential pathogenic
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significance found across all dogs sampled included Leptospira spp. in 3% (95% Cl = 2% - 4%) of
dogs with the NGS reads most similar to existing GenBank entries returning a 100% query cover
and 98.4% identity with Leptospira interrogans (accession #: DQ522190.1).

One dog was also positive for Wolbachia spp. the reads of which were found to have 100%
identity match and query cover to Wolbachia endosymbiont of Dirofilaria repens (accession #:
KY114937.1) and 99.2% to an endosymbiont of Dirofilaria immitis (accession #: AF487892.1) in
GenBank. A second uncharacterised Mycoplasma species was also identified in 1% of sampled
dogs (95% Cl = 0% - 2%) found most similar to a species previously identified from tortoises
(accession #: HQ326170.1) at 89% identity.

Other genera of pathogenic relevance were Mycobacterium spp. found in 7% (95% Cl = 5% - 9%)
of dogs, reads from members of the Rickettsiaceae family that includes the VBP-relevant genus
Rickettsia in 3% (95% Cl = 2% - 5%) of canines, Coxiella spp. in 8% (95% Cl = 6% — 10%), Neisseria
spp. in 2% (95% Cl = 1% - 3%), Rhodococcus spp. in 5% (95% Cl = 3% - 8%), and Treponema spp.
in 3% (95% Cl = 1% - 4%). Moreover, a substantial diversity of reads classified as Prevotella spp.
were also found in dogs from all field sites, including one dog with a high number of reads
identified as Prevotella colorans, a species previously characterised from a human wound (Buhl
et al.,, 2016). Bordetella spp. reads were also identified from one dog, BLASTn revealed this
sequence to share 99.2% identity with Bordetella bronchiseptica and Bordetella petrii, the former
of which is a canine pathogen and one of the agents responsible for canine infectious respiratory
disease (CIRD) (Schulz et al., 2014).

The apicomplexan and kinetoplastid 18S rRNA gene metabarcoding also returned reads classified
from putative pathogens, which were then identified against the NCBI database using BLASTn,
see Table 8.
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Table 8. BLASTn results from putative pathogens detected by the apicomplexan and kinetoplastid-
targeting NGS metabarcoding protocol, including prevalence with confidence intervals (Cl) of these
sequences found across all study sites. Query cover and identity ranges are included as multiple ASVs
were identified belonging to the same genus in some cases.

Apicomplexan-targeting NGS
Highest similarity NCBI BLASTn results Accession # Query | Identity | % of dogs (95% Cl)
Cover
Colpodella spp. MW261750.1 100 95 0.2(0-1)
Goussia balatonica & Goussia GU479659.1, 100 100 0.2(0-1)
chalupskyi GU479653.1
Kinetoplastid-targeting NGS
Highest similarity NCBI BLASTn results Accession # Query | Identity | % of dogs (95% Cl)
Cover
Parabodo spp. DQ207591.1, 100 99 7 (5-10)
AY425019.1
Bodo spp. AY425015.1, | 98-100 | 92-99 4(3-6)
AY753601.1,
AY490230.1,
AY998648.1
Neobodo spp. AY998653.1, 100 83-100 6(5-9)
MT355132.1
Herpetomonas spp. & Blechomonas AJ843897.1, 99 - 100 88 0.2(0-1)
pulexsimulantis KF054129.1

Discussion

With the aid of a multipronged NGS metabarcoding approach, we report highly diverse and
hyperendemic dog pathogen communities in Cambodia. We found that almost three quarters of
dogs were infested with either ticks, fleas or lice and 62% of dogs were found to have a confirmed
VBP. The most common pathogen detected was A. platys, followed by E. canis, H. canis and B.
vogeli, all of which are known to be vectored by the tick R. sanguineus, a species that is highly
prevalent across Southeast Asia (Kernif et al. 2012; Colella et al. 2020; Nguyen et al. 2019). Our
elucidation of the pathogens A. platys, T. evansi and B. clarridgeiae represents the first
molecular-based identification of these pathogens in Cambodian dogs, whilst many other
suspected pathogens were also detected in dog blood.

Apparent prevalence of the most common VBPs identified here is consistent with previous
studies in the region. A cPCR-based study conducted in Cambodia’s central-northeastern
province of Preah Vihear found canine VBPs in 71.3% of dogs, specifically B. vogeli in 32.7% of
dogs vs 14% in our data, E. canis 21.8% vs 20%, H. canis 10.9 % vs 18% and M. haemocanis 9.9%
vs 13% reported here. The only discrepancy between studies was the lack of A. platys found by
Inpankaew et al. (2016), nonetheless, we found apparent A. platys prevalence to be lowest at
our Siem Reap and Kampong Chhnang study sites i.e. those which are geographically closest to
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Preah Vihear. Our data also mirrors results found in nearby countries, for example Hepatozoon
spp. (18.8%), Babesia spp. (9.4%) and Mycoplasma spp. (19.9%) in stray dogs in Thailand (Liu et
al., 2016) as well as E. canis (25.8%) and A. platys (13.3%) serological exposure demonstrated in
Vietnam (Colella et al., 2020).

Vector-borne pathogen coinfection was common with 28% of dogs across all field sites found to
have between two and four confirmed VBPs. Coinfection rates peaked in Battambang, followed
by Phnom Penh and were lowest in Tbong Khmum (Table 4 & Figure 2). The most common
coinfection identified was A. platys and E. canis in 4% of dogs — this is unsurprising given that the
two pathogens share a common vector and have been consistently found as one of the most
prevalent coinfections identified in Asian dogs before (Huggins et al., 2019a; Rucksaken et al.,
2019; Colella et al., 2020; Diaz-Regainon et al., 2020). Mixed infections comprising three and four
pathogens were also detected which is important from both an epidemiological and clinical
standpoint, as simultaneous vector-borne pathogen infection is associated with more severe
pathology, such as exacerbated immune-mediated hemolytic anemia or lower PCV (Suksawat et
al., 2001; Rojas et al., 2014; Rawangchue and Sungpradit, 2020)

The detection of B. clarridgeiae at two of our study sites is significant given that this species along
with several closely related Bartonella are zoonotic. Like Bartonella henselae, this flea-borne
agent utilises domestic cats as primary sources of infection and is a cause of cat scratch disease
(CSD) in humans (Edward Bealmear Breitschwerdt, 2014; Silva et al., 2019). Typically, both
immunosuppressed humans and dogs suffer similar clinical signs including lymphadenitis,
endocarditis, peliosis hepatis, granulomatous hepatitis and other pathology (Edward B.
Breitschwerdt et al., 2010; Chomel and Kasten, 2010; Silva et al., 2019). B. clarridgeiae has
previously been detected in the blood of dogs from Thailand (Huggins et al., 2019a) as well as
from fleas in Laos (Calvani et al., 2020) and the Thai-Myanmar border (Parola et al., 2003).

Identification of a single dog infected with the kinetoplastid pathogen T. evansi is significant given
that canine trypanosomiasis is often lethal, generating severe pathology including oedema, fever,
anaemia, weight loss and ocular damage, such as keratitis and corneal opacity (Defontis et al.,
2012; Panigrahi et al., 2015; Rjeibi et al., 2015; Bui et al., 2021). T. evansi has a wide mammalian
host range and has been reported in dogs in nearby Thailand and Vietnam previously (Huggins et
al., 2019b; Bui et al., 2021). T. evansi is more frequently found infecting water buffalo, Bubalus
bubalis, a species that is common around Siem Reap where our infected dog was found. Infection
in companion animals is typically associated with spillover from such reservoir hosts, via tabanid
fly vectors and the species is zoonotic with infrequent reports of human infection e.g. in Vietnam
and India (Van Vinh Chau et al., 2016; Aregawi et al., 2019). However, given the low apparent
prevalence and high mortality rates of T. evansi in dogs it is unlikely they play a role in the
transmission of this pathogen to livestock or humans.

DNA of Leptospira spp. was also identified in 3% of dog blood samples via NGS. BLASTn cross-
validation of NGS taxonomic classification found one ASV to be similar to L. interrogans (accession
#: DQ522190.1), sharing 98.4% identity, whilst other ASVs ranged down to 95% identity with the
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same species. Endpoint PCR for different Leptospira genes (gyrB, secY) could not successfully
amplify DNA from these samples. This may be due to leptospiral load being very low in these
individuals and possibly below the limit of detection of the cPCRs used, potentially highlighted by
a lower sensitivity of some cPCR assays when compared to NGS methods (Huggins et al., 2019b,
2019a). Therefore, whether the ASVs found were from an uncharacterised strain of L. interrogans
or whether they represent a novel species could not be concluded. Nonetheless, Leptospira spp.
are important zoonotic pathogens with approximately 500,000 globally reported cases annually,
with high lethality depending on species, strain and case severity (Esson et al., 2019; Song et al.,
2021). Exposure to Leptospira has been demonstrated in humans with unexplained sepsis in
Cambodia and in people with undifferentiated febrile illness in Northern Thailand (Takhampunya
et al.,, 2019; Rozo et al., 2020). Moreover, the latter study demonstrated the presence of
Leptospira DNA in small mammal, vector and human populations, highlighting the significance of
vector species to provide a conduit for animal-to-human transmission in Southeast Asia
(Takhampunya et al., 2019).

Across all sample batches analysed by 16S rRNA gene deep-sequencing the variety of bacterial
sequences unearthed was exceedingly high, with per batch diversity reaching peaks of 15,139
unigue ASVs over 100 samples. ASVs belonging to genera with known pathogenic species were
further explored via corroboratory BLASTn classification and cross-validatory cPCR, as the
metabarcoding protocol in many cases could only confidently taxonomically classify down to the
level of genus. One of the most noteworthy findings was the identification from four dogs (1%)
of a haemotropic Mycoplasma spp. species 100% identical to one previously only found in dogs
from remote aboriginal communities in central and western Australia (accession #: HE577612.1)
(Barker et al., 2012). The identification of this species in the same host in Cambodia significantly
increases the geographical range of this organism, although little inference can be made as to its
pathogenic potential given the small number of cases identified. A second novel Mycoplasma
species was also identified that had low similarity to any existing GenBank entries with just 89%
identity to HQ326170.1.

Further significant bacterial taxonomic groups identified were Rickettsiaceae (3% of samples)
which includes the genus Rickettsia of which many species are vector-borne pathogens, including
the zoonosis R. felis which uses dogs as a natural asymptomatic reservoir (Ng-Nguyen et al.,
2020). Mycobacterium (7%) and Coxiella (8%) DNA was also detected across all study sites, a
relevant finding given that serology suggests dogs can harbour the human pathogens
Mycobacterium tuberculosis and Coxiella burnetii (Parsons et al., 2012; Shapiro et al., 2016; Ma
et al., 2020). Previous work has molecularly identified Coxiella-like endosymbiont DNA of ticks in
both the vector and mammalian host, providing an alternative explanation for the Coxiella DNA
found in this study (Khoo et al., 2016). Neisseria species found in 2% of our samples can be part
of the normal canine oral microbiome, however dog bite wounds have been implicated in fatal
cases of Neisseria infection in dogs and people (Cantas et al., 2011; Cobiella et al., 2019).
Rhodococcus species, such as Rhodococcus equi can generate serious pathology in dogs,
especially those that are immunocompromised, whilst Treponema spp. have been implicated in
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canine periodontal disease, the former pathogen being found in 5% and the latter in 3% of dogs
in this study (Takai et al., 2003; Bryan et al., 2017; Nises et al., 2018).

Nonetheless, with all classifications that could only be made to family or genus level,
pathogenicity could not be confirmed given that all these taxonomic groupings also contain non-
pathogenic environmental species. In many cases high 16S rRNA gene homology across the genus
prevented species level discrimination, an issue highlighted extensively before with regard to
Rickettsia classification (Santibafiez et al., 2013; Portillo et al., 2017; Greay et al., 2018).

Rarer ASVs found in a limited number of dog samples included the human-wound isolated
Prevotella colorans (Buhl et al., 2016) and an ASV sharing 99.2% identity to Bordetella
bronchiseptica which can cause canine infectious respiratory disease (CIRD). The detection of
Wolbachia DNA sharing 99.2% to 100% identity from Wolbachia found in different species of the
parasitic filarial worm genus Dirofilaria is also significant as D. immitis, the aetiological agent of
heartworm, is endemic to northeast Cambodia and Southeast Asia more generally, whilst D.
repens has not been found in the region before (Inpankaew et al., 2016; Colella et al., 2020).
Heartworm in particular, is a commonly lethal canine infection and in this case, the potential
detection of its bacterial endosymbiont’s DNA could be indicative of an active infection, as has
been previously demonstrated (Taylor et al., 2005; Huggins et al., 2019a; Laidoudi et al., 2020).

Our 18S rRNA gene deep-sequencing protocols also elucidated a plethora of sequences from
organisms detected in dog blood (Table 8). The apicomplexan method detected an ASV in one
dog from Colpodella spp. a genus which has typically been associated with free-living species, but
that has been increasingly found in the bloodstream and haemolymph of various mammals and
arthropod vectors including humans, cattle, Ixodes and Rhipicephalus ticks (Yuan et al., 2012;
Matsimbe et al., 2017; Jiang et al., 2018; Sam-Yellowe et al., 2020; Squarre et al., 2020). In cases
of previously identified human infections, pathology was generated including fever, neurological
symptoms and haemolytic anaemia (Yuan et al., 2012; Jiang et al., 2018). Here, the detection of
Colpodella spp. DNA from the blood of a dog represents the first report of its kind, with our
sequence sharing 95% identity with a sequence previously detected in horse blood (accession #:
MW261750.1).

The detection of Goussia spp. in one dog is also very unexpected given that this is a genus typically
associated with parasites of fish and amphibians (Gestal and Azevedo, 2005; Jirk( et al., 2009;
Kalman Molnar et al., 2012). Our ASV had a 100% query cover and identity match with both
Goussia balatonica (accession #: GU479659.1) and Goussia chalupskyi (accession #: GU479653.1)
- two species associated with fish parasitism (K Molnar, 1989; Xavier et al., 2020). Therefore,
whether detection of their DNA in dog samples demonstrates biologically viable Goussia cells or
another explanation, such as environmental contamination or fish consumption leading to trace
quantities of circulating DNA is impossible to conclude (Tamburini et al., 2018; Hornung et al.,
2019).
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The kinetoplastid targeting protocol, apart from the single T. evansi infection, discovered a large
number of samples across all field sites with diverse ASVs classified to genera in the order
Bodonida, including Parabodo (7%), Bodo (4%) and Neobodo (6%) (Moreira et al., 2004). These
genera are typically recognised as being free-living organisms, however, a growing body of
literature has identified them in a range of different animals, occasionally associated with
pathology. For example, ASVs in the present study were found to be 99% identical to Parabodo
caudatus (accession #: DQ207591.1) a species that has been found, via cystocentesis, in the urine
of a dog with haematuria (Vandersea et al., 2015) as well as in the blood of a Thai dog (Huggins
et al., 2019b). In addition, DNA from the genus Bodo has been previously found in the blood of
an Algerian dog (Medkour et al., 2020), Brazilian bats (Dario et al., 2017) and the Australian
marsupial Bettongia penicillate (woylie) (Northover et al., 2019). In the present study negative
controls were free from Bodonida DNA and the number of reads from Bodonida organisms was
in some cases much higher than would be expected if skin/needle-stick contamination was the
cause. Additionally, further indications on the potential vector-borne transmission of Bodonida
organisms comes from Szoke et al. (2017) which found larval ticks that had fed exclusively on
cohabiting bats to be PCR positive for Bodo organisms (Szoke et al., 2017). Nonetheless,
identification of DNA presence alone is not sufficient to ascertain the role of an arthropod in the
transmission of a given pathogen. Another sequence had a low similarity to any entries in
GenBank, with the highest being an 88% identity match with Herpetomonas spp. (accession #:
AJ843897.1) and Blechomonas pulexsimulantis (accession #: KF054129.1), both genera are
associated with parasites of arthropod vectors, such as fleas and midges, as well as free-living
forms (Podlipaev et al., 2004; Votypka et al., 2013).

Our study’s statistical modelling identified the presence of ectoparasites, abnormal mucous
membrane condition, elevated total protein, and anaemia (low PVC) to be significant predictors
for canine VBP exposure. Of these, the odds ratio for VBP exposure in dogs was highest in those
that had an abnormal mucous membrane condition (odds ratio 2.43, Cl 1.29-4.92), with pallor
the most common abnormality identified. This is not unexpected given that many canine VBPs
generate anaemia (Otranto et al., 2009; Harrus and Waner, 2011). This indicator was further
corroborated by the higher odds ratios in VBP exposed dogs that were found with ectoparasites
(odds ratio 2.18, Cl 1.33-3.59) or classified as anaemic (odds ratio 1.74, Cl 1.01-3.085), based on
PCV results (Hayes et al., 2011; Riond et al., 2014). In addition, we identified that a total protein
increase of one unit was associated with a higher odds ratio for VBP exposure (odds ratio 1.60,
Cl 1.35-1.92). Hyperproteinemia is a common consequence of a chronicimmune response to VBP
as total protein increasing with host immunoglobulin production in response to infection (Shaw
et al., 2001; Hayes et al., 2011).

Comparison of serological testing with NGS analysis identified moderate agreement (K = 0.517)
for Ehrlichia spp. and poor agreement (K = 0.162) for Anaplasma spp. with serology identifying a
greater number of positives for both pathogens than our metabarcoding method (Table 7). This
is not surprising given that serology measures pathogen exposure via the production of
antibodies that can remain in the blood for months to years, whilst circulating pathogen DNA can
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be reduced below the limit of detection for many molecular diagnostics (Little, 2010; Wong et
al.,, 2011; Mahmoud et al.,, 2015; Kidd, 2019). Cyclical production of antibodies against
Rickettsiales pathogens has been identified in dogs before, specifically for the species R. felis (Ng-
Nguyen et al., 2020). Ng-Nguyen et al. (2020) identified an inverse and fluctuating relationship
between levels of IgG antibody against R. felis and PCR positivity in experimentally infected dogs.
Peaks of IgG production coincided with buffy coat PCR negativity, whilst reductions in IgG titers
correlated with PCR positivity. Such mechanisms could provide some explanation as to why NGS
methods in the current study failed to detect rickettsial pathogens that were identified as positive
using SNAP 4Dx tests.

In contrast, some dogs were found to be NGS positive and SNAP 4Dx negative for both Anaplasma
spp. (67 samples) and Ehrlichia spp. (17 samples), see Table 7. Such results could be due to dog
sampling having been conducted too soon after infection by the relevant VBP and thus
production of host antibodies may not have yet commenced, generating SNAP 4Dx negative
results, whilst circulating pathogen DNA was detectable via our NGS method (Wong et al., 2011).

The discrepancy between methods highlights the need for multiple diagnostic methods to be
used in an integrated manner so as to more accurately characterise the apparent prevalence and
exposure to different VBPs (Kidd, 2019). The identification of one sample serologically positive to
B. burgdorferi sensu lato was unexpected, particularly given that no Borrelia DNA was detected
by deep-sequencing. However, seropositive dogs to this important zoonotic bacterium have been
identified in Indonesia and the Philippines before (Colella et al., 2020). The lack of D. immitis
antigen positive dogs was also surprising, particularly as 15.8% of dogs were previously found
positive to this filarial pathogen via cPCR in northern Cambodia (Inpankaew et al., 2016).

Conclusion

To the best of the authors’ knowledge this study represents a first of its kind, in-depth, NGS-
based survey for all bacterial, apicomplexan and kinetoplastid canine VBPs. There is a significant
dearth of information on the presence and epidemiology of such diseases in dogs in Cambodia
and Southeast Asia more generally, especially when compared to equivalent research focused on
Europe and North America. The extreme diversity of simultaneously detected bacterial and
protozoan organisms found in dog blood, a bodily compartment at one point thought to be sterile
(Paissé et al., 2016), demonstrates the power of NGS methodologies to characterise poorly
researched microbiomes and uncover novel pathogens. Future work may take this further by also
using deep-sequencing to test for rare or emerging VBPs in the ectoparasites found infesting the
dogs herein sampled, allowing us to better disentangle and understand pathogen transmission
cycles. Overall, the data accrued through our techniques provides us with a key baseline
understanding of both canine VBP and potential zoonotic threats in Cambodia, provisioning us
with critical information from which future surveillance and intervention studies can be built
upon.
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Figures

Figure 1: Map of field areas from which canine samples were collected. Phnom Penh (PP, n = 148),
Kampong Chhnang (KC, n = 48), Siem Reap (SR, n = 155), Battambang (BB, n = 165) and Tbong Khmum (TK,
n = 156). Map created in QGIS 3.4 via QGIS.org, 2021. QGIS Geographic Information System. QGIS

Association.
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Figure 2. Map with the relative proportions of uninfected, singularly infected and coinfected dogs at
five different Cambodian field sites. Pie chart size is proportional to sample size for that study site. Dark
blue lines depict rivers whilst light blue areas demarcate lakes and regions prone to inundation. Map
created in QGIS 3.4 via QGIS.org, 2021. QGIS Geographic Information System. QGIS Association.
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Supporting information: Sequences of our unique positive control gBlock DNA constructs.

1) Bacterial 16S rRNA metabarcoding analysis. Positive control sequence is comprised of WehiNGS_Adp
primer binding sites (underlined) and the V4 region of the Aliivibrio fischeri 16S rRNA gene. All gBlock
constructs were synthesised by Integrated DNA Technologies (Coralville, 1A, USA).

5’-

GTGCCAGCAGCCGCGGTAATACGGAGGGTGCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGCATGCAGGTG
GTTCATTAAGTCAGATGTGAAAGCCCGGGGCTCAACCTCGGAACCGCATTTGAAACTGGTGAACTAGAGTGCTGT
AGAGGGGGGTAGAATTTCAGGTGTAGCGGTGAAATGCGTAGAGATCTGAAGGAATACCAGTGGCGAAGGCGGC
CCCCTGGACAGACACTGACACTCAGATGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCC - 3’

2) Apicomplexan 18S rRNA metabarcoding analysis. Positive control sequence is comprised of
ApicomplexF and ApicomplexR primer binding sites (underlined) and a section of the V4 region of the
Aliivibrio fischeri 16S rRNA gene.

5’-
CAAGGAAGTTTAAGGCAATAACAGTACGGAGGGTGCGAGCGTTAATCGGAATTACTGGGCGTAAAGCGCATGC
AGGTGGTTCATTAAGTCAGATGTGAAAGCCCGGGGCTCAACCTCGGAACCGCATTTGAAACTGGTGAACTAGAGT
GCTGTAAATCGTGAACGAGGAATGCCTAG -3’

3) Kinetoplastid 185 rRNA metabarcoding analysis. Positive control sequence is comprised of KinetoF and
KinetoR primer binding sites (underlined) and a section of the V4 region of the Aliivibrio fischeri 16S rRNA
gene.

5’ -
CAAACGATGACACCCATGAAGGAACCGCATTTGAAACTGGTGAACTAGAGTGCTGTAGAGGGGGGTAGAATTTC
AGGTGTAGCGGTGAAATGCGTAGAGATCTGAAGGAATACCAGTGGCGAAGGCGGCCCCCTGGACAGACACTGAC
ACTCAGATGCGAAAGCGTGGGGAGCAAACAGGGAGGTTACAGTCTCAGGGGG -3’




