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Editorial on the Research Topic

Metagenomics for epidemiological surveillance in One Health

The highest burden of endemic, neglected, and emerging zoonotic diseases occur

in low and middle-income countries (LMICs) (Worsley-Tonks et al., 2022). However,

limited resources, surveillance infrastructure and access to advanced molecular techniques

in these regions can severely impact the rapid detection and characterization necessary

to mitigate and respond to outbreak events. Metagenomics approaches continue to

become less expensive, and now represent a potentially cost-effective approach to conduct

biosurveillance and monitor molecular epidemiology (Ko et al., 2022). Compared to

PCR, which only detects pathogen based on specific primers, metagenomic agnostic

sequencing allows for the identification of known and unknown microbes (viruses, bacteria

and protozoans) from a single sample (Govender et al., 2021). Forward-facing portable

sequencing platforms such as the MinION can provide expansive knowledge of circulating

pathogens from a wide array of field-collected samples, including arthropod vectors, soil and

water samples and a variety of swabs and bloods from vertebrates, both in the field and in

basic laboratory conditions (Gardy and Loman, 2018; Achee et al.). Using metagenomics

approaches, detection of known, emergent, and emerging zoonotic pathogens of human

and veterinary importance can be made available to decision-makers, researchers, and

policymakers in near real-time, to inform effective containment or mitigation efforts to

minimize public health impacts.

The nine publications presented here in this Research Topic capture a wide range of

settings that metagenomics can be applied to through a One Health lens, including outbreak

response, clinical management, biosurveillance, and disease monitoring within the human

animal interface. Publication summaries can be found in Table 1.
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TABLE 1 Summary of special edition publications as they relate to metagenomics, surveillance, and One Health.

Article title Key findings

Dissemination of resistant Escherichia coli among

wild birds, rodents, flies, and calves on dairy farms

Animal, arthropod, and environmental samples were collected on 57 Swedish dairy farms. Isolates from

different sources on the same farm generally clustered together, with resistant E. coli detected from calves

and scavenger animals with little genomic differences, suggesting interspecies transfer of pathogens.

Transmission of E. coli between species highlights the potential risk of AMR spread in areas with low

antimicrobial use.

Metagenomic next-generation sequencing reveals

the profile of viral infections in kidney transplant

recipients during the COVID-19 pandemic

NGS was utilized in kidney transplant recipients for the detection of viral infections during the COVID-19

pandemic. In 48/50 clinical samples, 15 types of viruses were detected, including cytomegalovirus, Torque

teno virus, human alpha and beta herpesviruses, JC, BK, and WU polyomaviruses, primate bocaparvovirus

1, simian virus 12, and volepox virus.

A rapid, whole genome sequencing assay for

detection and characterization of novel

coronavirus (SARS-CoV-2) clinical specimens

using nanopore sequencing

A modified SARS-CoV-2 nanopore sequencing assay was developed based on the ARTIC protocol for

secluded, low resource settings. When analyzing six of these sequences for mutations, there were existing

and unique changes in the sequence, with three occurring in the Spike protein. Rapid characterization of

SARS-CoV-2 using this data may be informative for subsequent targeted control measures.

Metagenomic investigation of ticks from kenyan

wildlife reveals diverse microbial pathogens and

new country pathogen records

Detected a variety of microbial species in ticks collected from the environment, wildlife, and domestic

animals, using NGS. A major advantage of agnostic pathogen identification techniques resulted in the

detection of several emerging zoonotic agents and resulted in the first ever detection of Jingmen tick virus

in Kenya.

Metagenomic profiles of dermacentor tick

pathogens from across mongolia, using next

generation sequencing

Dermacentor ticks (n= 1,773) from 15 provinces of Mongolia were screened using NGS. Rickettsia spp.

was detected in 88.33% of screened tick pools. Anaplasma spp. and Bartonella spp. were detected in 3.18%

and 0.79% of pools, respectively. Anaplasma spp. was only detected in ticks collected from livestock and

this the first report of B. melophagi in ticks from Mongolia.

Genomic and virologic characterization of

samples from a shipboard outbreak of COVID-19

reveals distinct variants within limited

temporospatial parameters

Using whole-genome sequencing on COVID-19 positive swabs, produced 18 viral genomes, of which,

seven were unique variants. High rates of vaccination may limit viral evolution therefore reducing the

spread of COVID-19. During outbreaks, sequencing surveillance can prove vital toward understanding

viral molecular epidemiology.

The remote emerging disease

intelligence—NETwork

The REDI-NET consortium was established to improve pathogen surveillance in the United States, Kenya,

and Belize utilizing a One Health approach. Metagenomic screening pathways are described in detailed

frameworks between tiered laboratory systems, where analysis pipelines will allow for the formation of

disease dashboards, risk maps, and models.

Discovery of Rickettsia spp. in mosquitoes

collected in georgia by metagenomics analysis and

molecular characterization

Study used NGS to examine mosquitoes as potential vectors of Rickettsia spp. pathogens. Some 475 pools

of Aedes, Culex, and Culisetamosquitoes collected in Georgia from 2018 to 2019 were screened, 33 of

which tested positive for rickettsial DNA. Genus-specific qPCR and multi-locus sequence typing identified

a Rickettsia spp. closely related to R. bellii.

Diagnostic Efficiency of metagenomic

next-generation sequencing for suspected spinal

tuberculosis in china: A multicenter prospective

study

NGS was used to detect pathogens in patients with suspected spinal tuberculosis (TB). A 100 patients were

enrolled and pathogens were found in 82 patients. Patient findings included TB (n= 37) and 45 patients

infected with other bacteria. The sensitivity of the NGS assay in patients with a spinal infection was higher

than that of culture and pathological examination, but not statistically different than Xpert and

T-SPOT.TB.

Metagenomics during outbreaks

During an outbreak investigation, Cer et al., showed the

utilization of metagenomics by comparing genomic variants to

measure human–human spread and mutation rates of the COVID-

19 virus. Comparing two different outbreaks of COVID-19—one

in a group prior to vaccine development and one in a group

with high vaccination rates—a larger number of variants were

observed within the unvaccinated group. The study highlighted

further questions and discussion on the impacts of sampling bias,

the impact of purifying selection in creating clonal viral populations

in vaccinated individuals, and how that can inform and support

vaccination efforts.

Pandemics such as the Ebola in 2014–2016 and COVID-19 have

shown that global security is compromised when response requires

advanced training, special tools, and established infrastructure to

accurately survey and assess the outbreak situation, where delays

ultimately cost lives. It was during the Ebola outbreak that portable

sequencing technology (MinION) was piloted in the field to speed

up detection and public health response with a simpler, pared

down protocol and analysis workflow. COVID-19 sequencing

protocol using the ARTIC protocol from Illumina can be time

consuming, limiting the potential use of molecular epidemiology

for control measures. To reduce sequencing time during an

outbreak, Arévalo et al., modified a COVID-19 whole genome

sequencing assay that produced high quality metagenomics data

relatively quickly in an isolated, low resource setting. Adaptation

of current protocols to LMIC infrastructure and resources while

providing a quick turnaround for results will be invaluable in

controlling future outbreaks.

Clinical applications of NGS

Clinically, metagenomics can be used to identify unknown

or rare pathogens that might go undetected using traditional

methods. An example of this was outlined by Tian et al., to detect

viral infections in kidney transplant recipients (KTRs) during the

COVID-19 pandemic. An NGS approach detected rare viruses
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in multiple sample types including bronchoalveolar lavage fluid

(BALF), urine and blood. This method identified infections or

co-infections in vulnerable immunosuppressed kidney transplant

recipients, which was then used to inform treatment strategies.

Li et al., used NGS on clinical samples of patients who were

suspected of having spinal tuberculosis (TB). Over half of the

samples (45/82) tested had bacteria that was not Mycobacterium

tuberculosis. This approach quickly and simultaneously confirmed

patients with spinal infection if they had TB or non-TB infections.

This approach also distinguished and identified other pathogens

in these patients, which helped guide patient’s clinical treatment.

This study evaluated the efficacy and application of NGS as

clinical diagnostic assay for suspected spinal TB infection in

clinical laboratories.

Biosurveillance

Altantogtokh et al., tested pools of Dermacentor nuttalli ticks

(n = 1,773) from 15 provinces of Mongolia using NGS. Rickettsia

spp. was detected in 88.33% of screened tick pools, with Khentii

aimag having the highest detection rate for Rickettsia spp. Rickettsia

raoultii and Rickettsia sibirica were detected within this study,

aligning with previous findings that applied NGS to livestock

samples in Mongolia (Chaorattanakawee et al., 2022). Anaplasma

spp. and Bartonella spp. were detected in 3.18 and 0.79% of pools,

respectively, with Anaplasma spp. only detected in ticks collected

from livestock, as seen elsewhere (von Fricken et al., 2020). This

study represents the first detection of Bartonella melophagi in ticks

tested fromMongolia.

Pollio et al., discovered a novel Rickettsia spp. in mosquitoes

which shared a close identity with Rickettsia bellii based on data

fromNGS.While it is unknown if R. bellii is pathogenic in humans,

detecting this microorganism in mosquitoes may hold value down

the road should this disease emerge. The use of metagenomics to

screen mosquito samples elsewhere in the world may hold value

for the identification and characterization of potential pathogenic

Rickettsia spp. within an atypical vector host.

Metagenomics at the human-animal
interface

Human-livestock transmission is one mode for infection of

zoonotic pathogens. The likelihood of infection is increased as

animals pass pathogens between species similar to the spread of

Escherichia coli in Hickman et al., This interspecies exchange is

conducive to pathogen mutations, and passage of mobile genetic

elements or plasmids via clonal or horizontal gene transfer,

increasing the risk of spreading to humans potentially increasing

the severity of infection, and resistance to antibiotic interventions.

Ergunay et al., used NGS to screen 75 blood-fed ticks

(Rhipicephalus spp. and Amblyomma spp.) collected from wild

and domestic animals in Kenya for pathogens. Fifty-six human

or veterinary pathogenic bacterial species were detected including

Escherichia coli (62.8%), Proteus mirabilis (48.5%), Coxiella burnetii

(45.7%), and Francisella tularensis (14.2%). Additional pathogens

detected include fungal species, filarial pathogens, protozoa, and

environmental and water/foodborne pathogens. Jingmen tick virus

was detected within 13% of these samples, representing the

first report of this virus in Kenya. Interestingly, in these wild

and domestic animal blood-bags, human pathogens, including

Plasmodium falciparum were detected, indicating back spill-over of

pathogens of human pathogens to animals.

Finally, the adoption of a One Health focused surveillance

strategy is described in detail by Achee et al., through the Remote

Emerging Disease Intelligence—NETwork (REDI-NET), which

has implemented MinION-based xenosurveillance strategies in

the United States, Kenya and Belize. Comprehensive standard

operating procedures (SOPs) were developed for the deployment

of metagenomic surveillance at high-risk disease envelopes. The

ultimate goal of REDI-NET is to apply agnostic pathogen detection

to a variety of sample types including water, ticks, soil, and leeches

across Gold- (reach-back laboratories with greater infrastructure)

and Silver- (remote, field-forward laboratories) tiered laboratory

systems. This study outlined the framework required for working

with metagenomic data, efficient data pipeline strategies, and

systematic processes for collection and testing of samples for

deeper analysis.

This Research Topic highlights the diversity of metagenomic

application across disciplines, geographical regions, and both

research and clinical settings. The field of metagenomics is growing

rapidly, with all papers in this Research Topic published within the

past year. Utilizing metagenomics from a One Health perspective

will expand surveillance and characterization of existing and new

pathogens in humans and animals, which will likely continue to

be adopted into existing systems as next generation sequencing

becomes more accessible and cost-effective.
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Antimicrobial resistance (AMR) in bacteria in the livestock is a growing problem, partly due to 
inappropriate use of antimicrobial drugs. Antimicrobial use (AMU) occurs in Swedish dairy 
farming but is restricted to the treatment of sick animals based on prescription by a veterinary 
practitioner. Despite these strict rules, calves shedding antimicrobial resistant Enterobacteriaceae 
have been recorded both in dairy farms and in slaughterhouses. Yet, not much is known how 
these bacteria disseminate into the local environment around dairy farms. In this study, 
we collected samples from four animal sources (fecal samples from calves, birds and rodents, 
and whole flies) and two environmental sources (cow manure drains and manure pits). From 
the samples, Escherichia coli was isolated and antimicrobial susceptibility testing performed. 
A subset of isolates was whole genome sequenced to evaluate relatedness between sources 
and genomic determinants such as antimicrobial resistance genes (ARGs) and the presence 
of plasmids were assessed. We detected both ARGs, mobile genetic elements and low rates 
of AMR. In particular, we observed four potential instances of bacterial clonal sharing in two 
different animal sources. This demonstrates resistant E. coli dissemination potential within the 
dairy farm, between calves and scavenger animals (rodents and flies). AMR dissemination 
and the zoonotic AMR risk is generally low in countries with low and restricted AMU. However, 
we show that interspecies dissemination does occur, and in countries that have little to no 
AMU restrictions this risk could be under-estimated.

Keywords: antibiotic resistance, calves, rodents, flies, cross-species transfer, birds, dairy farms, livestock

INTRODUCTION

Any use of antimicrobials causes a selective pressure that favors resistant bacteria (Olesen 
et al., 2020). Hence, the global use and misuse of antibiotic drugs makes antimicrobial resistance 
(AMR) a growing problem, which is frequently reported in scientific literature and media 
outlets. The lack of treatment options due to antimicrobial resistance is most frequently discussed 
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in regard to human health. However, AMR is also a problem 
in animal health, particularly in regions where these drugs 
are used as growth promoters or supplements in animal feed 
(McEwen and Fedorka-Cray, 2002; McEwen and Collignon, 
2018). Animal-related AMR contributes to the continuous AMR 
dissemination and transmission that can cause several potential 
risks to animals and humans, e.g., biosecurity risks along the 
food chain, including resistant bacteria in food products 
(Aarestrup et  al., 2008; Carmo et  al., 2018). Antimicrobial-
resistant bacteria in food products from livestock usually 
originate from the normal microbiome of healthy animals or, 
where lack of control leads to slaughter of sick animals, pathogens 
that contaminate the meat or food products from these animals 
(Cho et  al., 2018; Jans et  al., 2018) or from other sources, 
e.g., fruits and vegetables where feces from animals, or human 
wastewater, have been used as fertilizer to cultivate these foods 
(Mesbah Zekar et  al., 2017; Karlsson et  al., 2021).

In the European Union, the antimicrobial use (AMU) in 
animals has been declining since 2011 (European Medicines 
Agency year, 2019). In Sweden, already low, the levels of 
AMU in Swedish animals and humans have also declined 
since 2011 (SVA, 2019). However, global AMU is still rising, 
one major driver is the increased global demand for animal 
protein that has been facilitated by the expansion of intensive 
farming (Tiseo et  al., 2020). There is a large global demand 
for bovine dairy and meat products despite local fluctuations 
(Lhermie et  al., 2018). Despite good animal management 
procedures, animals often at some point during their life 
contract an infection that requires treatment with antimicrobial 
drugs, i.e., antibiotics, anthelmintics, or antifungals. Within 
dairy farms the most common illness that requires antibiotic 
treatment is mastitis (Cheng and Han, 2020). In most countries, 
milk withdrawal periods apply to dairy cows that undergo 
treatment, where milk cannot be  delivered for human 
consumption. Such milk is often fed to calves or discarded 
into drains or on manure heaps (Firth et  al., 2021).  
This can influence the calves’ microbiome and promote  
fecal shedding of resistant bacteria or lead to antibiotic  
drug residues selecting for AMR in the local environment 
(Duse et  al., 2015).

From an international perspective, the Swedish dairy industry 
is small with a total of 510,340 cows in 2020, of which 
303,390 for milk production (Jordbrukverket, 2020). According 
to Swedish legislation, antimicrobials are only available for 
treatment of animals on veterinary prescription. The major 
organic certification body in Sweden, KRAV,1 follows the EU 
regulations on organic production and even go further in 
some areas concerning animal welfare. A previous study in 
30 conventional and 30 organic dairy farms showed no apparent 
difference in AMR despite the differences in AMU regulation 
between organically and conventionally managed herds 
(Sjöström et  al., 2020) and not significantly different use of 
injectable mastitis treatment (Olmos Antillón et  al., 2020). 
In the current study, we  wanted to further examine AMR 
in the local farm environment within these Swedish conventional 

1 www.krav.se

and organic dairy farms by extending the analyses to other 
potential sources as well as a more thorough genetic analysis 
of resistant E. coli.

MATERIAL AND METHODS

Sample Population and Collection
All samples were collected from 54 dairy farms across Sweden 
in 2017, the same farms as described in Sjöström et al. (2020), 
during the second sampling period of that study (27 organic 
and 27 conventional herds). A convenience sampling design 
was used for the original study (Sjöström et  al., 2020). At 
each farm, up to 10 samples were collected, these samples 
were: five fecal swabs from healthy calves <2 months old; one 
swab from an indoor manure drainage site; one swab from 
the manure pit; one sample consisting of bird fecal droppings; 
one with rodent fecal droppings; and one collection of whole 
live flies picked from the fly tape in the barn. All calf samples 
were collected rectally with an Amie’s charcoal culture swab 
(Copan diagnostics Inc., Murrieta, CA, United  States) and the 
manure samples were collected with E-swabs (Copan diagnostics 
Inc., Murrieta, CA, United  States), while fecal droppings from 
the bird and the rodent samples were placed in tubes with 
Amies agar gel with charcoal transport media and whole flies 
were crushed in tubes with Amies agar gel with charcoal 
transport media. All collected swab samples were immediately 
placed into transport tubes with Amies agar gel with charcoal 
transport media as well as other samples and stored at 4°C 
after collection and were continued to be  stored at 4°C at the 
laboratory facility before sample processing begun.

Bacterial Isolation and Antimicrobial 
Susceptibility Testing
After collection all samples were subjected to indicator E. coli 
isolation within a week of their collection date at the Zoonosis 
Science Center, Uppsala University. All samples were diluted in 
3 ml of 0.9% NaCl and, subsequently, 1 ml of 10-fold dilutions 
(10−2 and 10−4 for calf samples, 10−1 and 10−3 for other samples) 
were streaked on Petrifilm™ (3M™, St Paul, MN, United States) 
Select E. coli count (SEC) plates (3 M Microbiology Products) 
and cultured overnight at 42°C. Simultaneously, all samples were 
enriched in 4 ml of peptone water overnight at 37°C and 
subsequently streaked on cephalosporin CHROMAgar C3G selection 
plates (CHROMagar, Paris, France) and incubated at 37°C overnight. 
From the Petrifilm SEC plates one random colony was collected 
and subcultured on Horse Blood Agar plates and identified as 
E. coli by morphology and the indole test. From the CHROMAgar 
C3G plates, pink colonies were identified as E. coli by morphology 
and an indole test and were also subcultured. All isolates were 
antimicrobial susceptibility tested by the VetMIC™ GN-mo 
(version4; SVA, Uppsala, Sweden) broth microdilution microtiter 
panel of 13 antimicrobial substances (ampicillin, ceftazidime, 
ciprofloxacin, chloramphenicol, cefotaxime, florfenicol, gentamicin, 
kanamycin, nalidixic acid, streptomycin, sulfamethoxazole, 
tetracycline, and trimethoprim) performed in the laboratory facility 
at the Zoonosis Science Center, Uppsala University.
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DNA Extraction and Whole Genome 
Sequencing
All isolates in this study were re-streaked onto Luria Bertani 
(LB) plates and incubated at 37°C for 18 h. Following culture, 
a check for potential contamination was done and 3 ml overnight 
cultures were made with one fresh colony into LB agar broth, 
incubated at 37°C for 18 h. DNA was extracted from the overnight 
culture using the Qiagen DNeasy blood and tissue kit in accordance 
with the manufacturer’s instructions (Qiagen, Hilden, Germany). 
For all DNA extracts DNA concentration was calculated were 
performed using the dSDNA HS Assay kit on the Qubit Fluorometer 
(Thermo Fisher Scientific, Fair Lawn, NJ, United  States) and 
OD260/280  in the range of 1.8–2.0 verified by the NanoDrop 
spectrophotometer (Thermo Fisher Scientific, Fair Lawn, NJ, 
United States). All DNA extracts were lyophilized and then shipped 
at room temperature to the Novogene sequencing facility (Novogene, 
Hong Kong, China) and sequenced on the Novoseq Illumina 
platform (Illumina, San Diego, CA, United States) which produced 
approximately 1 GB of 150 bp pair-end sequencing reads per isolate.

Antimicrobial Resistance Profiling and 
Genomic Analysis
All antimicrobial susceptibility test (AST) data were converted 
into either a susceptible, intermediate or resistant classification 
for each isolate and antibiotic drug in accordance to EUCAST 
clinical breakpoints (EUCAST, 2018). The use of clinical 
breakpoint for human medicine was due to our interest in 
the potential zoonotic threat, however not all tested antibiotic 
drugs had a clinical breakpoint. These data were then further 
processed in Python (3.8.3rc1 Documentation, 2020) using 
the matplotlib, pandas and seaborn packages. All processing 
of the whole genome sequences was done with open software 
with an in-house bioinformatics pipeline as described in 
Hickman et  al. (2021). The genomic data processing was 
done on the Uppsala Multidisciplinary Centre for Advance 
Computational cluster (UPPMAX). Using the described pipeline 
we  generated a molecular report file (Supplementary File 1) 
to compile all detected antimicrobial resistance genes (ARGs), 
extra-chromosomal plasmids, sequence types by computationally 
multi-locus sequence typing (MLST), plasmids by plasmid 
multi-locus sequence typing (pMLST); and a Maximum 
Likelihood phylogenetic tree to assess isolate relatedness from 
the different farms and sample sources that was subjected 
to 100 times bootstraps, with confidence values included on 
the phylogenetic tree (Figure  1) For isolates from the same 
farm, where the same MLST sequence type was found and 
pMLST sequence type for the detected plasmids, further SNP 
analysis was done using Snippy version 4.0.5 (Seemann, 2015; 
Figure  2).

Overview of Study Isolate Collection
Forty-three E. coli isolates were included in this study, comprising 
all E. coli isolates that grew in the selective culturing (on C3G 
plates, 17 isolates). Furthermore, of the strains isolated from 
the non-selective culturing (on Petrifilm), the 26 isolates 
demonstrating resistance to the highest number of tested 

antibiotics were included. This subset bacterial collection 
originated from 21 dairy farms where 11 farms had isolates 
from both a calf fecal sample and at least one environmental 
sample (from manure drain, manure pit, rodent feces or bird 
feces, and whole flies).

Isolates were compared for genomic relatedness and genomic 
determinants between each isolate source, when possible (1) 
between calves and rodent samples, (2) between calves and 
bird samples, (3) between calves and fly samples, (4) between 
bird and rodent samples, (5) between rodent and fly samples, 
and (6) between bird and fly samples. When possible, manure 
drain and manure pit samples were also compared as a reference, 
although there were only 4 and 2 isolates, respectively.

Ethical Approval
This study was done in accordance with the Swedish regulations, 
the competent authorities stated that no ethical permission 
was required for the sampling and the veterinarian handled 
the animals according to relevant ethical standards. All 
participating farmers were informed of the purpose and methods 
of the study, that participation was voluntary and anonymous 
and that they had the right to withdraw from the study at 
any time.

Data Availability
Raw sequence data can be obtained from the European Nucleotide 
Archive (ENA) under the project accession number PRJEB45447. 
All sequence data from computation workflow is compiled in 
Supplementary File 1 and interspecies genomic difference data 
in Supplementary File 2.

RESULTS

Genomic Isolate Typing and Core Genome 
Analysis
Within our data we  generally observed that isolates from the 
same farm clustered despite coming from different sources 
and the isolates from the same farm often had the same MLSTs 
(multi locus sequence types; Figure 1). This was clearly observed 
in farm 14 which had seven isolates sequenced: three from 
calves, and one each from the drain, well, bird, and fly sources, 
which all had Achtman 7 gene MLST ST-1592 (Figure 1—Part 
3a and b). It is also important to note, that in a few cases 
different ST types were seen on the same farm. In the cases 
where different E. coli isolates ST were found within the same 
farm, we found the different ST E. coli isolate clustered together 
with those from other farms rather than with isolates from 
the farm where the isolate was acquired, e.g., calf isolate 46_1 
from farm 46 which was ST-29 and was on a different branch 
of the phylogenetic tree in comparison to the other calf isolate 
46_2 and the rodent sample that were both has ST-69 (Figure 1). 
In farms 4, 17, and 24 samples from calves and flies shared 
the same ST, while in farms 36 and 46 calves and rodent 
samples shared the same ST, and in farm 15 bird and fly 
samples had the same ST.
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Genomic Isolate and pMLST
The combining of MLST and pMLST results demonstrated 
interspecies sharing of clone types with the same mobile genetic 
elements. In seven farms, two or more sources shared the same 
MLST, when combined with the pMLST results there were four 

farms where both the same MLST and pMLST were detected 
in isolates from different sources (Figure  2). Due to the low 
number of nucleotide differences between the two isolates and 
the fact that they also harbored the same plasmids, potential 
clonal sharing between the two host species is highly likely.

FIGURE 1 | Maximum Likelihood phylogenetic tree of the bacterial isolates of this study. The tree includes all isolates sequenced named by farm of origin followed 
by sample source type. It was constructed using core genome of each isolate with 100 bootstrap replicates with values on the tree and the corresponding metadata 
of (1) isolate sample source according to key, (2) isolate selection media used according to key, (3) isolate genomic typing (3a) multi-locus sequencing typing using 
Achtman 7 gene scheme and (3b) detection of sequence type clonal complexes, (4) genomic features in the E. coli isolates (4a) detection of antimicrobial resistance 
genes (4b) detection of plasmid replicons according to key, (5) the E. coli isolates phenotypic AMR status to tested drugs according to key.

12

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Hickman et al. Antimicrobial Resistance on Farms

Frontiers in Microbiology | www.frontiersin.org 5 April 2022 | Volume 13 | Article 838339

Phenotypic Antimicrobial Susceptibility 
Testing Coupled With Whole Genome 
Sequencing
The phenotypic susceptibility patterns in the isolates from calves 
and manure have been previously published (Sjöström et  al., 
2020). We  plotted the AST results to each of the 13 drugs 
for each isolate according to their sample group 
(Supplementary Figure  1). From the group distribution plots 
we  were unable to find correlations between groups, possibly 
due to the low number of isolates. Using EUCAST clinical 
breakpoints, we  observed a generally low AMR prevalence; 
we  did see that 21% of isolates (9/43) were resistant to one 
class of antibiotic drugs in the phenotypic AST data this was 
most frequently ampicillin or trimethoprim 
(Supplementary File 3). We also observed 7% of isolates (3/43) 
that were resistant to antibiotics from two different drug classes, 
the three isolates that were resistant to both ampicillin and 
trimethoprim (Supplementary File 3).

From our WGS results we  were able to detect ARGs, 
AMR-related chromosomal mutations, plasmid replicons, 
virulence factors and plasmid types. In all isolates, 1 or more 
ARGs were detected and in 65% of isolates, extra-chromosomal 
plasmids were detected (Figure  1—Part 4a and b). In all 
sequenced isolates regardless of source, the mdfA gene was 
present; this gene encodes for the MdfA multi-drug efflux 
pump (Figure  3A). In the drug resistant (ampicillin and 
trimethroprim) isolate 4_5 (isolate source calf), we  detected 
a plethora of ARGs (blaTEM-1B, dfrA5, mdfA, tetA and sitABCD) 
where blaTEM-1B (Seenama et  al., 2019) and dfrA5 
(Thungapathra et  al., 2002) are known to be  responsible for 
the conferred resistance phenotype. In the drug resistant 
(ampicillin and trimethroprim) isolate 25_6 (isolate source 
drain), the only ARG was mdfA but further analysis in PointFinder 
(Zankari et al., 2017) revealed multiple chromosomal mutations 

in ampC, 16S rrsB, 16S rrsC, 16S rrsH, 23S, parC and pmrB 
genes that might contribute to the resistance phenotype 
(Supplementary File 1). In the gentamicin resistant isolate 
46_2 (isolate source calf), we  detected the ARG mdfA and 
several RNA gene mutations 16S rrsC, 16S rrsH, 23S that could 
confer gentamicin resistance via the mechanism of gentamicin 
binding to the 30S ribosome preventing protein synthesis (Eric 
Scholar, 2007), we  also detected other chromosomal mutations 
in the gyrA and pmrB genes (Supplementary File 1).

In our isolate collection, we  detected 15 different plasmid 
replicons (Figure  3B). From our pMLST results all detected 
plasmids belong to either the incl1 or incF plasmid incapability 
groups (Figure  3C) both being clinically related groups due 
to the ARGs and virulence factors that can be  carried in 
Enterobacterales (Mshana et al., 2013; Rozwandowicz et al., 2018).

DISCUSSION

Our study focused on E. coli isolates within the dairy farm 
environment where environmental samples and animal host 
samples were taken. From this we  were able to see the 
difference in molecular characteristics of isolates from different 
sources and different farms as well as potential interspecies 
clone sharing.

In regards to phenotypic AMR, as reported in our earlier 
publication (Sjöström et al., 2020), the prevalence of AMR—
especially MDR—was exceptionally low in our study compared 
to data from other countries (Van Boeckel et  al., 2015). 
The isolate collection in the present study was heavily biased 
for antibiotic-resistant strains as we  used isolates from 
selective culturing for beta-lactamase producing Gram negative 
bacteria and the most antibiotic-resistant isolates from 
non-selective culturing. Although stemming from a limited 

FIGURE 2 | Bacterial isolates from two different sources in the same farm that share the same Achtman 7 Gene MLST, ST complex number is stated when 
available and pMLST types for plasmid incompatibility groups are given for IncF and Inci1 plasmids. Genomic variants differing among isolates are sorted by types 
(SNP = single nucleotide polymorphism, INS = genomic insertion, DEL = genomic deletion, Complex = genomic difference that could be comprised of single nucleotide 
polymorphism and or genomic insertion and or genomic deletion).
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number of farms and based on a convenience sample, these 
data support the assumption that in countries with strict 
AMU, such as Sweden, there is a low baseline of AMR. The 
most frequently administered antibiotic classes for sick dairy 
animals in Sweden are beta-lactams, usually in the form of 

penicillin G for the treatment of mastitis, or combinations 
of sulphonamide and trimethoprim (Olmos Antillón et  al., 
2020) although the latter is being phased out with new 
treatment recommendations. It is therefore unsurprising that 
this was the most frequently observed phenotypic and 
genotypic antimicrobial resistance in our data in regards to 
sulphonamide and trimethoprim resistance, we also observed 
high levels of ampicillin-resistant E. coli isolates observed 
within our data. Despite low baseline of AMR in our isolates 
from our phenotypic analysis we  were able to cultivate 17 
isolates on selective culture, which surprising had low to 
no resistance to 3rd generation cephalosporins. We  suspect 
this may be  due to modulations of copy number of ARGs 
within these isolates therefore demonstrating the rapid 
adaption to antibiotic perturbation within the dairy farm 
environment (Laehnemann et  al., 2014).

Within our molecular results we  were surprised to find 
the mdfA gene in all the sequenced isolates. We  speculate 
the common presence of this gene is due to the resistance 
effect that it could produce against various chemical substances 
that could be  present within the dairy farm environment 
(Edgar and Bibi, 1997; Bohn and Bouloc, 1998; Mine et  al., 
1998; Lewinson et al., 2003, 2004). In addition, we did observe 
a large variety of ARGs and AMR related chromosomal 
mutations despite low AMU. We  speculate that this may 
be  the results of antibiotics use periodically for treating sick 
animals, or a result of scavenger animals picking up ARGs 
from other sources (Vittecoq et  al., 2016; Swift et  al., 2019; 
Plaza-Rodríguez et al., 2021). Therefore, a part of the on-farm 
bacterial population will maintain these ARGs that will rise 
in the population when the relevant antibiotics are used. 
We  saw a diversity in ARGs, which is likely to be  a result 
of their dissemination by both clonal and horizontal gene 
transfer (HGT) mechanisms, while chromosomal mutations 
tend to be  disseminated by clonal inheritance. In addition, 
within our sequenced isolates we detected extra-chromosomal 
plasmids showing that HGT could be  occurring, with incF 
plasmid incapability groups being the most common. By whole 
genome sequencing we  were able to characterize the isolates 
at higher resolution. However, due to the limited number of 
isolates from each farm that were whole genome sequenced 
we  can see only a snap-shot of the ARGs, AMR-related 
chromosomal mutations and plasmids. Future studies to further 
explore our findings could involve collecting more independent 
source samples, e.g., other animal sources in the farm 
environments, selecting more bacterial isolates from each 
sample, and using direct sequencing by metagenomic methods 
to examine on genomic characteristics such as presence of 
ARGs and extra-chromosomal plasmids within the sample. 
With phenotypic AST the number of isolates that can 
be  processed is limited and hence the combined phenotypic 
and genotypic characterization of isolates will not yield the 
same multitude of information.

The comparison of E. coli isolates from multiple sources 
showed that in 7 out of 11 farms (64%), there was sharing 
of MLSTs. The same MLSTs were found in both animal swabs 
or feces and manure collection drains and pits in the environment, 

A

B

C

FIGURE 3 | Heatmaps showing the presence of ARGs and plasmid 
replicons and pMLSTs discovered in bacterial isolates from Swedish dairy 
farms. (A) Heatmap of all detected ARGs in the bacterial isolates with 
isolation source annotated in accordance to the key. (B) Heatmap of all 
detected plasmids origin of replications in the bacterial isolates with isolation 
source annotated in accordance to the key. (C) Heatmap of pMLST in the 
bacterial isolates with isolation source annotated in accordance to the key.
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further supporting on-farm environmental spread of fecal 
bacteria from the animals, which was also observed by Massé 
et  al. between calves and manure pits (Massé et  al., 2021). 
On four farms (4, 17, 24, and 36) we  saw both MLST and 
pMLST type match for E. coli isolates from different animal 
host samples. By whole genome sequencing we  were able to 
see the genomic variation between the isolates; the low genomic 
variation observed between some isolate pairs constitutes strong 
evidence for cross-species E. coli potential clone sharing. This 
occurred on three farms between calf and fly sample and on 
one farm between calf and a rodent sample, demonstrating 
that clonal sharing of E. coli strains with extra-chromosomal 
plasmids does occur within the dairy farm environment such 
as between calves and other farm-based scavenger animals. 
We  were unable to specify clone sharing due to the lack of 
set criteria for clonality by genomic differences in E. coli isolates 
unlike other bacterial species such as Pseudomonas aeruginosa 
(Lee et  al., 2003).

We found previous reports of potential clone sharing between 
livestock cattle and birds (Fahim et al., 2019), as well as livestock 
cattle and deer (Singh et  al., 2015). We  did not obtain any 
samples from humans in the vicinity, such as livestock handlers. 
It would have been interesting to examine any potential zoonotic 
clone sharing but this could be  an inclusion point in future 
studies. By whole genome sequencing rather than PCR methods 
we  were not only able to see MLST types but due to the 
higher resolution from WGS we  were also able to compare 
and observe genomic variation on a molecular level. Due to 
the limited number of available isolates for MLST, pMLST 
and genomic variation comparison, cross-sample dissemination 
rates could not be estimated. Nonetheless, we clearly demonstrate 
its occurrence and hope to further explore this on a larger 
scale to obtain a better picture of clone sharing potential and 
even investigate potential carriage in each investigated sample 
source to have a better idea of how AMR transmission occurs 
on dairy farms with low AMU.

CONCLUSION

In Sweden, a country with strictly regulated and comparatively 
low animal AMU, a low baseline phenotypic and genomic 
AMR was observed, supporting the notion that all AMU selects 
for AMR on dairy farms. Our results indicate on-farm 
transmission of E. coli clones between different host species 

within the dairy farm environment, which has implications 
for the risk of environmental AMR spread.
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A new human coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), emerged at the end of 2019 in Wuhan, China that caused a range of disease
severities; including fever, shortness of breath, and coughing. This disease, now known
as coronavirus disease 2019 (COVID-19), quickly spread throughout the world, and was
declared a pandemic by the World Health Organization in March of 2020. As the disease
continues to spread, providing rapid characterization has proven crucial to better inform
the design and execution of control measures, such as decontamination methods,
diagnostic tests, antiviral drugs, and prophylactic vaccines for long-term control.
Our work at the United States Army’s Combat Capabilities Development Command
Chemical Biological Center (DEVCOM CBC) is focused on engineering workflows to
efficiently identify, characterize, and evaluate the threat level of any potential biological
threat in the field and more remote, lower resource settings, such as forward operating
bases. While we have successfully established untargeted sequencing approaches for
detection of pathogens for rapid identification, our current work entails a more in-
depth sequencing analysis for use in evolutionary monitoring. We are developing and
validating a SARS-CoV-2 nanopore sequencing assay, based on the ARTIC protocol.
The standard ARTIC, Illumina, and nanopore sequencing protocols for SARS-CoV-
2 are elaborate and time consuming. The new protocol integrates Oxford Nanopore
Technology’s Rapid Sequencing Kit following targeted RT-PCR of RNA extracted
from human clinical specimens. This approach decreases sample manipulations and
preparation times. Our current bioinformatics pipeline utilizes Centrifuge as the classifier
for quick identification of SARS-CoV-2 and RAMPART software for verification and
mapping of reads to the full SARS-CoV-2 genome. ARTIC rapid sequencing results,
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of previous RT-PCR confirmed patient samples, showed that the modified protocol
produces high quality data, with up to 98.9% genome coverage at >1,000x depth
for samples with presumably higher viral loads. Furthermore, whole genome assembly
and subsequent mutational analysis of six of these sequences identified existing and
unique mutations to this cluster, including three in the Spike protein: V308L, P521R,
and D614G. This work suggests that an accessible, portable, and relatively fast
sample-to-sequence process to characterize viral outbreaks is feasible and effective.

Keywords: nanopore sequencing, COVID-19, SARS-CoV-2, whole genome sequencing, whole genome assembly

INTRODUCTION

A new coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China in
2019. It was quickly sequenced and identified as being related
to severe acute respiratory syndrome (SARS) virus, with some
homology to bat coronaviruses (Andersen et al., 2020; Lu et al.,
2020; Wang et al., 2020; Wu et al., 2020). The disease caused
by this novel coronavirus, COVID-19, was discovered in a
cluster of pneumonia cases associated with a Huanan seafood
market. At the time, the most common symptoms reported
at the onset of illness were fever, cough, myalgia, and fatigue
(Huang et al., 2020). The hospitalized patients all had pneumonia
with acute respiratory distress syndrome (ARDS) as a common
complication and a high fatality rate of 15% (Huang et al., 2020).
Since then, the virus and disease have spread, causing a pandemic
that has yet to be controlled.

SARS-CoV-2 has a single-stranded, positive sense RNA
genome with a 5′ cap and poly A tail (Romano et al.,
2020). Its RNA genome has 14 open-reading frames (ORFS)
that encode 16 non-structural proteins (Nsp1-16) that are
involved in replication, and 4 structural proteins (spike—
S, envelope—E, membrane—M, and nucleocapsid—N) that
are assembled into the virion (Romano et al., 2020). When
it comes to structural proteins, the trimeric S protein is
particularly important because it mediates host cell receptor
binding and entry. The S protein is also a main target of
the neutralizing antibody response and thus, the majority of
developing vaccine and antibody-based therapeutic approaches
are directed against it (Korber et al., 2020). Monitoring
changes in this protein will be particularly important because
mutations in this protein may alter the phenotype of the
virus, transmission, and effect efficacy of vaccines and other
medical countermeasures that have been developed using strains
that were identified and isolated in Wuhan, China early on
in the pandemic.

Clinical isolates from around the globe have been sequenced,
shared and published in databases such as GenBank and GISAID
(Shu and McCauley, 2017). GISAID as an example, has received
over 10 million genome sequence submissions as of April 12,
20221. Furthermore, GISAID has introduced a nomenclature
system for major clades (GISAID, 2020). Classification is based
on marker mutations from the early split of clades S and L,

1https://www.gisaid.org/

evolution of L into V and G, and then G into GH, GR, and
then GV. The current GISAID clades (GISAID, 2020) are shown
in Table 1, with comparison to other classification schema, and
including variants of concern as designated by the WHO (WHO,
2022).

The majority of whole genome sequencing for molecular
epidemiology employ Illumina next-generation sequencing
technology (Seth-Smith et al., 2019); this platform is currently
considered the gold-standard for data quality and accuracy.
However, Illumina equipment has a large footprint in terms of
space, power consumption and requires a certified technician
for set up and maintenance, making the technology less
operable in the field and less obtainable in remote regions
of the world where new pathogens of interest may emerge.
Oxford Nanopore Technology’s (ONT, Oxford, United Kingdom)
MinION sequencers, which rely on use of nanopores for
sequencing, are hand-held portable devices that are accessible
and easy to set up anywhere, without an ONT technician. Thus,
the MinION handheld sequencers are an attractive alternative
technology for rapid and fieldable deployment. Moreover, the
ARTIC Network has been developing end-to-end protocols
utilizing this technology to sequence RNA viruses that include
Ebola, influenza, and more recently SARS-CoV-2. The original
ARTIC SARS-CoV2 protocol was released in early January 2020,
enabling sequencing in different countries of the world, early
on in the pandemic (Tyson et al., 2020). It has since become a
widely used approach and more recently, a head-on comparison
of ARTIC sequencing assays with Illumina versus nanopore
sequencing showed these yielded similar results with respect to
coverage and identification of variants (Charre et al., 2020).

The ARTIC Network’s SARS-CoV-2 protocol for nanopore
sequencing relies on direct amplification of the reverse-
transcribed viral genome using a tiled, multiplexed, primer
approach. The primer scheme is based on GenBank accession
MN908947, released shortly after identification of the virus
(Artic-Network, 2020). The protocol is highly sensitive, making
it possible to sequence viruses directly from clinical samples.
The protocol has also been adopted by investigators worldwide;
primer sets have been published and are available commercially
as a full set. However, while effective and highly sensitive, the
ARTIC SARS-CoV-2 protocol is elaborate and time-consuming.
In this study, we describe a modified ARTIC process that
decreases sample manipulation and preparation times, resulting
in high quality data that can be used downstream for viral
genome assembly and analyses. The new protocol was evaluated
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TABLE 1 | SARS-CoV-2 GISAID clade classifications, corresponding pango lineage, and variants of concern.

GISAID clade Pango lineage Marker variants Variants of concern

S A C8782T, T28144C includes NS8-L84S

L B C241, C3037, A23403, C8782, G11083, G26144, T28144
(early clade markers in WIV04- GISAID reference sequence)

V B.2 G11083T, G26144T NSP6-L37F + NS3-G251V

G B.1 C241T, C3037T, A23403G includes S-D614G

GH B.1.* C241T, C3037T, A23403G, G25563T includes
S-D614G + NS3-Q57H

Beta (B.1.3151)

GR B.1.1.1 C241T, C3037T, A23403G, G28882A includes
S-D614G + N-G204R

Gamma (P.1 or B.1.1.28.1)

GV B.1.177 C241T, C3037T, A23403G, C22227T includes
S-D614G + S-A222V

GRY B.1.1.7 C241T, C3037T, 21765-21770del, 21991-21993del, A23063T,
A23403G, G28882A includes S-H69del, S-V70del, S-Y144del,
S-N501Y + S-D614G + N-G204R

Alpha

GK B.1.617.2 C241T, C3037T, A23403G, C22995A S-D614G + S-T478K Delta

GRA B.1.1.529 A67V, del69-70, T95I, del142-144, Y145D, del211, L212I,
ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K,
G446S, S477N, T478K, E484A, Q493R, G496S, Q498R,
N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,
N764K, D796Y, N856K, Q954H, N969K, L981F

Omicron (includes BA.1-BA.5
or B.1.1.529.1-B.1.1.529.5,
XE-recombinant BA.1/BA.2)

using a panel of CoV-2 positive and negative clinical samples as
previously diagnosed by RT-PCR assays.

MATERIALS AND METHODS

Cohort
Twenty positive samples and twenty negative samples were
received from Justin T. Bacca’s group at the University of New
Mexico. The samples were tested by their reference lab via EUA
cleared RT-PCR assays and were provided as TRIzol-inactivated
samples (2 parts Trizol to 1 part sample in VTM).

RNA Extractions
The total RNA was extracted from the TRIzol-inactivated clinical
samples by using the Direct-zol RNA MicroPrep Kit (catalog
number R2060) from Zymo Research. The manufacturer’s
instructions were followed with the exception of the elution
volume being doubled from a volume of 15 to 30 µL. After the
RNA was extracted, the concentration and quality of the RNA was
determined by Nanodrop analysis.

Library Preparations
The RNA was converted to cDNA and amplified using a
targeted approach developed by the ARTIC Network. The ARTIC
“nCoV-2019 sequencing protocol” (Quick, 2020) was followed
precisely, except for a couple steps as described and can be
visualized in Figure 1A. The Artic’s V3 primer panel (Tyson
et al., 2020), consisting of two pools of primer pairs with 98
primers in each pool were used in the amplification of the
cDNA (ARTIC nCoV-2019 V3 Panel, 500rxn, Catalog number
10006788) from Integrated DNA Technologies (Coralville, IA,
United States). Two PCR reactions per sample were prepared,
one using the first set of the primer pool (primer pool #1)

and another using the second primer set (primer pool #2).
During the PCR amplification step, 10 µL of cDNA was
used instead of 2.5 µL for each reaction to maximize the
amount of product going into the amplification. Thirty cycles
of amplification was performed using the Q5 Hot Start High
Fidelity DNA Polymerase (M0493L, New England Biolabs/NEB,
Ipswich, MA, United States) and Applied Biosystems GeneAmp
9700 thermocycler. After amplification, the two ARTIC PCR
reactions per sample are combined together, and this is followed
by an AMPure XP (A63880, Beckman-Coulter, Indianapolis, IN,
United States) bead DNA clean-up step. The concentration of
the eluted DNA was determined by Qubit analysis with the
Qubit dsDNA HS Assay Kit (Q33231, Thermo Fisher Scientific,
Waltham, MA, United States). Using the standard protocol, the
amplicons were prepared for barcode ligation using the Ultra II
End Prep reactions included in the NEBNext Companion Module
for Oxford Nanopore Technologies Ligation Sequencing (Catalog
# E7180S), barcoded using the NEBNext Ultra II Ligation
Module (Catalog # E7595S, NEB) with ONT’s Native Barcoding
Expansion 1–12 kit (EXP-NBD104). This barcoding process adds
42 min of preparation time. The ARTIC amplicons can then be
pooled together for multiplexed runs, another bead clean-up is
performed, and the library preparation is completed using the T4
DNA Ligase included in the NEBNext Companion Module for
Oxford Nanopore Technologies Ligation Sequencing kit and the
Ligation Sequencing Kit (SQK-LSK109, ONT). As an alternative,
less time-consuming, and more streamlined approach to the
standard ARTIC v3 protocol for preparing multiplexed libraries
for nanopore sequencing, we used the Rapid Barcoding Kit (SQK-
RBK004, ONT) for one-step, transposase-based fragmentation
and barcoding of the two, pooled ARTIC PCR reactions for each
sample (Figure 1B). The rapid adapter (RAP) is then added to
the barcoded amplicons, and the final library is prepared for
sequencing on the MinION. Finally, for sequencing and analysis
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FIGURE 1 | Artic protocol and modified versions. Schematics for the COVID-19 sequencing workflows are shown starting with (A) the standard Artic protocol with
v3 primers and followed by (B) the Artic protocol modified for use with the Rapid Barcoding Sequencing kit for multiplexed samples, and (C) the Artic protocol
modified for use with the Rapid Sequencing kit for rapid sequencing of individual samples.
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of single samples, we pooled the two PCR reactions for each
sample, performed an AMPure bead clean-up, and then used
the Rapid Sequencing Kit (SQK-RAD004, ONT) for one-step,
transposase-based fragmentation. The process is completed by
addition of the RAP sequencing adapter and the final library is
prepared for sequencing (Figure 1C).

Sequencing
All sequencing runs were performed using either a MinION
connected to a MinIT (or the Mk1C with MinKNOW 19.12
software). Each run was performed using a MinION flow cell
(FLO-MIN 106 R9 version; Mk 1Spot-ON). For experiments
using barcoded samples, four samples were run per flow cell.
Samples that were not barcoded were run individually; one per
flow cell. Prior to every run, the flow cells were assessed for the
amount of total active nanopores available for sequencing, as
per manufacturer’s protocol. Live basecalling with high accuracy
(ONT Guppy 3.2.10) was selected for the run if the final
concentration of the library was less than 10 ng/µL. If the final
library concentration was too large, the basecalling would lag
behind and significantly extend the time of the run. For these
samples, high-accuracy basecalling was performed after the run
was complete (ONT Guppy 3.2.10). For each run, the sequencing
time was set to end at 20 h.

Analysis
After basecalling, passed fastq files were processed by an in-
house metagenomic pipeline (Figure 2, panel 1 outline). If
samples were barcoded, demultiplexing was performed using
qcat (ONT, version 1.0.1) with the minimum barcode quality
set to 10. Centrifuge (Johns Hopkins University; Baltimore, MD,
United States) was then run to align reads using Centrifuge’s
pre-indexed database (h + p + v + c.tar.gz) to determine

FIGURE 2 | CoV-2 analysis and assembly pipeline. A schematic showing
analysis of sequencing data starting with sequencing using the MinION and
MinIT and creation of basecalled data (fastq) (Wang et al., 2020). The fastq
files are demultiplexed if appropriate and Centrifuge is used to map reads and
deliver a report of the ranked organisms and visual report (Krona). The
basecalled data is also analyzed using (Wu et al., 2020) RAMPART software
and the sequences with high coverage are assembled using Medaka. Fasta
files are generated for subsequent analyses.

the organisms present in each sample. The Centrifuge database
includes human, prokaryotic and viral genomes, and has been
updated to include 106 SARS-CoV-2 genomes2. A report
containing the top ten organisms sorted by number of reads
aligned, and excluding human hits, was generated as shown
in Table 2. The data was also visually compiled using Krona
(National Biodefense Analysis and Countermeasures Center;
Frederick, MD, United States) to produce a visual and interactive
report as shown in analysis pipeline schematic (Figure 2).

The ARTIC Network’s RAMPART (Read Assignment,
Mapping, and Phylogenetic Analysis in Real Time)
software was downloaded with instructions from: https:
//hub.docker.com/r/ontresearch/artic_rampart. RAMPART
was used to align passed reads to the SARS-CoV-2 genome
(Wuhan-Hu-1 isolate; Accession MN908947) and provided
read mapping statistics and visual representations of coverage
across the genome.

Additionally, bioinformatics tools for ARTIC3 version artic
1.1.3 were downloaded and installed inside an anaconda ver
4.8.34 environment to facilitate reference based genome assembly.
Assemblies with at least 89% coverage of the genome with
sequencing depth of 10X were selected for whole genome
assembly. Assembly was performed using a medaka5 based
workflow for our analysis (Figure 2, panel 2 outline). The
assemblies were submitted to GenBank and accession numbers
are provided in Table 3. These sequences are also provided in a
fasta file as Supplementary Material. Based on feedback from
the GenBank submission process, we had to make corrections
to P12 and P15 assemblies. There was a frameshift in P12 and
upon comparison with the reference sequence at position 26,655,
we found that there was an extra T after a series of 5 Ts.
Since nanopore sequencing can result in errors in homopolymer
regions (Watson and Warr, 2019), we corrected the assembly
by removing the extra T. For P15, we found a deletion of
one nucleotide in P15 sequence TTTCTTCAC was causing a
frameshift and stop codons in the translation as compared to the
reference sequence of TTGGCTTCAC at position 3011. This was
also attributed to being error due the homopolymer region and
was corrected with the addition of a T to TTTTCTTCAC.

Classification and Mutational Analyses
A FASTA file containing the six assembled genomes was uploaded
to the CoVSurver app (A∗STAR Bioinformatics Institute,
Singapore) located on the GISAID site. The GISAID reference
strain, hCOV-10/Wuhan/WIV04/2019, was used as the reference
strain for comparison. The app computes and provides a list
of variations and mutations in the genome. It also provides
clade classification as per the GISAID classification scheme. CoV-
GLUE (Singer et al., 2020), as enabled by GISAID, was used
to look at the frequency of mutations in CoV-2 as observed in
GISAID sequences. CoV-GLUE contains database of reported
CoV-2 amino acid replacements, insertions, and deletions.

2https://ccb.jhu.edu/software/centrifuge/index.shtml
3https://github.com/artic-network/fieldbioinformatics
4www.anaconda.com
5https://github.com/nanoporetech/medaka
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TABLE 2 | Pilot study evaluating ARTIC-based assays for sequencing SARS-CoV-2 from clinical specimens.

Centrifuge RAMPART

Sample ID RT-PCR
Diagnosis

Seq Assay Total Reads # CoV-2
Reads

# Unique
CoV-2 Reads

% CoV-2
Reads

#CoV-2
Reads

Median
Length

% CoV-2
Genome

Depth > 10x Depth > 100x Depth > 1,000x

BEI RNA n/a ARTIC v3 179,391 170,400 168,872 95.0 119,188 500 97.3 99.8 99.8 83.1

BEI RNA n/a ARTIC + Rapid 2,256,855 1,896,808 1,896,808 84.0 2,148,026 290 95.2 99.9 99.8 99.8

P02 + ARTIC v3 547,474 483,403 470,900 88.3 327,577 490 77.74 98 92.9 72

P02 + ARTIC + Rapid
Barcoding

24,000 15,507 15,507 64.6 ND ND ND ND ND ND

P02 + ARTIC + Rapid 443,368 370,676 370,676 83.6 418,818 270 94.46 99.1 95.8 80.6

P03 + ARTIC v3 344,910 73,885 73,867 21.4 29,429 300 15.24 56.5 20.6 15.8

P03 + ARTIC + Rapid
Barcoding

11,000 1,011 1,011 9.2 ND ND ND ND ND ND

P03 + ARTIC + Rapid 645,017 490,929 490,929 76.1 545,826 270.00 84.62 48.20 41.40 30.10

P04 + ARTIC v3 543,005 119,657 118,894 22.0 39,939 310 12.2 73.1 22.6 15.8

P04 + ARTIC + Rapid
Barcoding

13,000 1,597 1,597 12.3 ND ND ND ND ND ND

P04 + ARTIC + Rapid 861,734 121,254 120,491 14.1 748,263 260.00 86.21 64.90 53.80 35.90

N01 - ARTIC v3 568,266 59,246 59,246 10.4 10,482 300 3.02 82.6 22.5 4.1

N01 - ARTIC + Rapid
Barcoding

32,000 – – 0.0 ND ND ND ND ND ND

N01 - ARTIC + Rapid 578,916 446,225 443,662 77.1 495,874 280 85.66 62 58.8 43.8

Neg. Ctl 1/Water n/a ARTIC + Rapid 25,173 7,487 7,487 29.7 8,336 190 33.11 1.5 1.4 1.3

Neg. Ctl 2/Water n/a ARTIC + Rapid 12,131 – – 0.0 0 - 0 0 0 0
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Nextclade6 was used to generate CoV-2 clade assignments.
Phylogenetic Assignment of Named Global Outbreak LINeages
(pangolin, version v2.3.5, lineages version 2021-03-167) was used
to assign genome sequences to global CoV-2 lineages (Rambaut
et al., 2020). After P12 and P15 sequences were corrected, the
analyses were performed again on all the sequences using the
most current versions of each of the apps: GISAID CoVsurver,
Nextclade v.14.1, and Pangolin v4.0.6.

RESULTS

The goal of the study was to test the ARTIC CoV-2 protocol
and make modifications to simplify and streamline the approach
to make it faster and more accessible in its employment. We
first performed a pilot, proof of concept study using a small set
of previously diagnosed clinical samples. Three positive samples
(P02, P03, P04) and one negative (N01), as previously diagnosed
via EUA-cleared RT-PCR assays, were tested in this pilot study.
CoV-2 RNA that was obtained from BEI Resources (NR-52285,
from isolate USA-WA1/2020, Accession MN985325.1) was used
as? A positive control for the assay and using the standard ARTIC
protocol, 95 and 97% of 170K reads mapped to the CoV-2 genome
as analyzed by Centrifuge and RAMPART, respectively (Table 2).
Of note, the depth of coverage at over 100X was 99.8%, while
at over 1,000X it was 83%. Over 344K total reads were obtained
from each of the barcoded positive samples, but only a fraction of
them mapped to CoV-2 (21–22% for P03 and P04, 88% for P02)
as determined by analysis using Centrifuge and (12, 15, and 78%
for P03, P04, and P02) by RAMPART. In this sample set, P02 had
the most CoV-2 mapped reads (327,577), and depth of coverage
of 98% at 10X as determined by RAMPART analysis. P03 and
P04 had less CoV-2 mapped reads, with less of the genome
covered (56.5–73.31%) at 10X depth of coverage. Unexpectedly,
N01 also had several CoV-2 specific reads: 59,246 and 10,482
by Centrifuge and RAMPART, respectively. Next, we used the
same amplified PCR products, but barcoded and completed
sequencing library preparation using the Rapid Barcoding Kit.
While this method identified CoV-2 specific reads in the positive

6clades.nextstrain.org
7https://pangolin.cog-uk.io/

samples by Centrifuge analysis, the number of reads returned
averaged 60-fold less in comparison to the standard ARTIC v3
protocol. The ARTIC with Rapid Barcoding Kit approach did
not identify any reads for the N01 sample. Finally, amplified
PCR sample from the pilot samples were tested individually
(and with no barcoding) via the ARTIC with Rapid Sequencing
approach. This approach generated the most CoV-2 specific
reads for all the positive samples, including the control RNA
from BEI, especially as analyzed by the RAMPART pipeline. In
addition, a greater percentage of the reads were mapped to CoV-
2 by RAMPART (range of 84–95%) for P02-P04. The depth of
coverage at over 10X for these ARTIC with Rapid sequencing
positive samples were 99, 48, and 65% for P02, P03, and P04.
Finally, N01 as prepared by the ARTIC with Rapid sequencing
approach yielded a high number of reads (446,225 and 495,874
by Centrifuge and RAMPART, respectively) with a 62% depth
of coverage at over 10X. Negative control water samples were
also amplified via PCR and prepared using the Rapid Kit to
generate background/baseline levels to expect from this assay.
Two samples returned 0 and 7,487 reads by Centrifuge analysis
and 0 and 8,336 by RAMPART of analysis with a depth of
coverage of 1.5% at 10X depth of coverage for the negative sample
that returned reads. Since the pilot study revealed that the ARTIC
with Rapid sequencing approach was promising due to reduction
in steps, time, and increase in CoV-2 specific reads and coverage,
additional positive and negative samples were prepared and
sequenced using the ARTIC with Rapid sequencing approach.

In total, 20 positive samples (P01-P20) and 12 negative
samples (N01-N12) were sequenced using the ARTIC with
Rapid sequencing approach (Table 4). The number of reads that
were specifically mapped to CoV-2 as determined by Centrifuge
ranged from 1,511 to 4,538,653, with a median of 150,000 in the
positive sample set. The sample with the least reads was P10,
which was below the estimated baseline of the assay (Table 4
and Figure 3A), but the other positive samples generated at least
15.8 K reads. For a subset of samples that were analyzed by
both Centrifuge and RAMPART pipelines, CoV-2 reads ranged
from 15,807 to 4,538,653 (median 336,264) using Centrifuge
and 18,607–5,065,568 (median 482,322) using RAMPART. This
indicated that the RAMPART pipeline was able to map more
CoV-2 reads than Centrifuge (Table 4 and Figure 3B). In

TABLE 3 | Assemblies with GenBank accession numbers.

ID Seq assay Assembly Accession #

BEI RNA ARTIC v3 C0V2_lsk109/ARTIC/medaka MN908947.3 ON311289

BEI RNA ARTIC + Rapid C0V2_rad004/ARTIC/medaka MN908947.3 ON311149

P02 ARTIC v3 1P2_lsk109/ARTIC/medaka MN908947.3 ON311288

P02 ARTIC + Rapid 1P2_rad004/ARTIC/medaka MN908947.3 ON310862

P11 ARTIC + Rapid P11_rad004/ARTIC/medaka MN908947.3 ON310894

P12 fixed ARTIC + Rapid P12_rad004 (organism = Severe acute respiratory syndrome coronavirus 2)

(isolate = P12) reference assembly to MN908947.3 ON398848

P14 ARTIC + Rapid P14_rad004/ARTIC/medaka MN908947.3 ON310966

P15 fixed ARTIC + Rapid P15_rad004 (organism = Severe acute respiratory syndrome coronavirus 2)

(isolate = P15) reference assembly to MN908947.3 ON398955

P18 ARTIC + Rapid P18_rad004/ARTIC/medaka MN908947.3 ON311005

Frontiers in Microbiology | www.frontiersin.org 7 June 2022 | Volume 13 | Article 91095524

https://clades.nextstrain.org
https://pangolin.cog-uk.io/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fm
icb-13-910955

M
ay

31,2022
Tim

e:14:54
#

8

A
révalo

etal.
R

apid
C

O
V

ID
-19

N
anopore

S
equencing

A
ssay

TABLE 4 | Sequencing of previously diagnosed clinical specimens by ARTIC with rapid sequencing approach.

Centrifuge RAMPART

Sample ID RT-PCR
Diagnosis

Seq Assay Total Reads # CoV-2
Reads

# Unique
CoV-2 Reads

% CoV-2
Reads

#CoV-2
Reads

Median
Length

% CoV-2
Genome

Depth > 10x Depth > 100x Depth > 1,000x

P01 + ARTIC + Rapid 462,000 71,138 71,138 15.4 ND ND ND ND ND ND

P02 + ARTIC + Rapid 443,368 370,676 370,676 83.6 418,818 270 94.46 99.1 95.8 80.6

P03 + ARTIC + Rapid 645,017 490,929 490,929 76.1 545,826 270 84.62 48.2 41.4 30.1

P04 + ARTIC + Rapid 861,734 121,254 120,491 14.1 748,263 260 86.21 64.9 53.8 35.9

P05 + ARTIC + Rapid 44,838 18,779 18,779 41.9 ND ND ND ND ND ND

P06 + ARTIC + Rapid 5,136,573 4,260,587 3,808,126 82.9 4,361,013 280 84.9 99.8 99.8 98.9

P07 + ARTIC + Rapid 1,523,922 1,189,946 1,189,171 78.1 1,331,034 290 87.34 62.2 61.3 56.2

P08 + ARTIC + Rapid 701,282 66,782 66,782 9.5 ND ND ND ND ND ND

P09 + ARTIC + Rapid 2,245,950 59,114 59,114 2.6 66,862 340 2.98 57.6 42.2 18

P10 + ARTIC + Rapid 16,691 1,511 1,511 9.1 ND ND ND ND ND ND

P11 + ARTIC + Rapid 3,417,719 2,816,093 2,724,325 82.4 3,087,854 290 90.35 99.8 98.3 91.5

P12 + ARTIC + Rapid 861,623 301,852 293,972 35.0 339,009 280 60.65 89 80.2 54.5

P13 + ARTIC + Rapid 360,276 23,244 23,244 6.5 26,335 280 7.31 7.1 6.8 4.3

P14 + ARTIC + Rapid 3,437,488 875,159 853,443 25.5 3,136,063 290 91.23 99.9 99.8 98.2

P15 + ARTIC + Rapid 2,100,544 1,822,242 1,754,580 86.8 1,982,939 290 94.4 97.4 96.3 82.9

P16 + ARTIC + Rapid 237,504 15,807 15,807 6.7 18,607 280 7.83 5.7 4.4 2.7

P17 + ARTIC + Rapid 526,781 178,745 174,792 33.9 198,615 300 37.7 25.6 24 26

P18 + ARTIC + Rapid 5,724,659 4,538,653 4,460,075 79.3 5,065,568 280 88.49 99.9 99.8 99.8

P19 + ARTIC + Rapid 162,340 35,574 35,574 21.9 39,440 290 24.29 38.2 34.5 7.7

P20 + ARTIC + Rapid 286,145 41,196 41,196 14.4 46,575 230 16.28 44.1 21.4 4.6

N01 - ARTIC + Rapid 578,916 446,225 443,662 77.1 495,874 280 85.66 62 58.8 43.8

N02 - ARTIC + Rapid 121,813 15,313 15,313 12.6 ND ND ND ND ND ND

N03 - ARTIC + Rapid 67,918 – – 0.0 – - 0 0 0 0

N04 - ARTIC + Rapid 141,075 1,273 1,273 0.0 1,407 290 1 2 1.9 0

N05 - ARTIC + Rapid 649,918 – – 0.0 431 340 0.07 1.30 1.20 0.00

N06 - ARTIC + Rapid 168,575 – – 0.0 ND ND ND ND ND ND

N07 - ARTIC + Rapid 111,549 – – 0.0 ND ND ND ND ND ND

N08 - ARTIC + Rapid 30,365 – – 0.0 ND ND ND ND ND ND

N09 - ARTIC + Rapid 91,432 14,671 14,656 16.0 16,219 280 17.74 2.60 2.50 2.10

N10 - ARTIC + Rapid 574,708 183,764 183,764 32.0 208,541 280 36.29 33.90 31.70 25.50

N11 - ARTIC + Rapid 395,322 166,603 166,603 42.1 189,251 290 47.87 64.40 56.50 33.70

N12 - ARTIC + Rapid 512,171 386,424 386,424 75.4 441,824 270 82.26 50.30 49.70 43.30
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FIGURE 3 | Plot of CoV-2 Reads and Coverage as analyzed using Centrifuge and RAMPART. The number of SARS-CoV2 specific reads for sequenced COVID-19
RT-PCR positive (POS) and RT-PCR negative (NEG) and genome coverage are presented. (A) Plot of CoV-2 reads identified using Centrifuge in all POS versus NEG
samples sequenced using the ARTIC with Rapid sequencing protocol. (B) Comparison of POS versus NEG samples that were analyzed using both Centrifuge and
RAMPART pipelines. The number of CoV-2 specific reads are shown. (C) The depth of coverage at > 10X, > 100X, and > 1,000X as determined by RAMPART
analyses are shown for POS versus NEG samples.

addition, RAMPART analysis indicated that coverage varied in
these positive samples from as low as 5.7% to as high as 99.9%
(median 64.9%) at > 10X depth, 4.4–99.8% (median 53.8%)
at > 100X depth, and 2.7–99.8% at > 1,000X depth (Table 4 and
Figure 3C). RAMPART also offers graphical representations of
coverage, plotting the number of reads that map to each specific
region of the CoV-2 genome (Figure 4). P09 is shown as a
graphical representative of a sample with coverage just below the
median (Figure 4A), while P14 represents a sample with high
coverage of 99.9% (Figure 4B), both at > 10X depth of coverage.

Some unexpected results were encountered upon analysis of
negative samples N01-N12. Besides the N01 sample in the pilot
study, six other negative samples had reads that mapped to CoV-
2 ranging from 1,273–446,225 as per analysis with Centrifuge
(Table 4 and Figure 3A). Upon more careful inspection of
RAMPART figures and statistics, N04 and N09 were ruled as
negative because of the low number of reads (1,407 and 16,219),
low depth of coverage at > 10X (2 and 2.6%), and just 2 peaks or
areas of coverage on the map of the CoV-2 genome (Figure 4D
for N04, Table 4). In contrast, sequencing of clinical specimens
N01, N10, N11, and N12 resulted in 189,251–495,874 mapped
reads, 36.29–62% depth of coverage at >10X, and multiple areas
of coverage on the CoV-2 genome map (Figures 4E,F for N11
and N12, Table 4). N03 (Figure 4C) is shown in comparison as
a negative clinical specimen that results in 0 CoV-2 specific reads
when sequenced while clinical specimens P09 (Figure 4A) and
P14 (Figure 4B) are shown as positive specimens with different
percentages and areas of coverage

Next, six positive samples with relatively high genome
coverage were chosen for assembly using the Wuhan-Hu-1
isolate (Accession MN908947.3) as the reference sequence. Once
the sequences were successfully assembled, we used CoVsurver
for clade classification and mutational analyses (Table 5). For

comparison to work by others, we also included Nextstrain clade
and Pango lineage classifications. As a control and reference
point, we also assembled sequences generated using the CoV-
2 RNA (Isolate USA-WA1/2020) from BEI that were generated
using the standard Artic v3 protocol versus the Artic with Rapid
modification method The comparison of the reference strain
from BEI using the standard ARTIC v3 method versus the ARTIC
with Rapid sequencing modification gave us the same results
when performing mutational analyses using CoVsurver, as well
as other lineage and classification analyses.

As expected, this isolate was assigned to GISAID clade S, and
contained the NS8 L84S mutation that is one of the markers of
this clade (see Table 1). We also performed this comparison for
the P02 assemblies were sequencing was performed using the
same standard and modified approaches. We expected similar
results, but found that while the percentage of nucleotides
missing (Table 5) were higher for the P02 sequenced using
the ARTIC with the Rapid modification versus the standard
assay, these nucleotides missing may be in 5′, 3′, or other
unstranslated regions as the CoVSurver report showed only
four amino acids were missing, and these were located in the
NSP6 region (Supplementary Material). However, there were 26
amino acid deletions in the Spike region for the P02 sequenced
using the standard ARTIC v3 assay (with LSK-109 kit). These
deletions in the P02 sequenced using the standard ARTIC v3
assay may have affected the classification of this sample into clade
G. Mutations in spike at D614G and P521R were also found.

For the six genomes assembled from clinical specimens
that were sequenced using the ARTIC with Rapid Sequencing
protocol, we identified the Spike protein D614G mutation. P02,
P12, P14, P15, and P18 were classified in clade GH. P11 was
classified into clade GR, which diverged after GH, and deviates
from GH in that it carries the N R203K mutation, but not the
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FIGURE 4 | CoV-2 Reads mapped over reference genome. Representative
plots showing the number of CoV-2 reads mapping over specific regions of a
CoV-2 reference genome after sequencing using the ARTIC with Rapid
sequencing protocol and RAMPART analyses. (A) P09 is shown as positive
sample just below the median coverage for the positive sample cohort; (B)
P14 is representative of high coverage samples; (C) N03 is a negative sample
with zero CoV-2 reads identified; (D) N04 is a negative sample with possible
non-specific amplification or contamination; (E,F) are two RT-PCR negative
samples with 50–60% CoV-2 genome coverage following sequencing.

NS3 Q57H mutation (see Tables 1, 5). Overall, the number of
mutations as compared to the WIV04 reference isolate were
minimal ranging from 3 to 7 amino acid changes (0.05–0.10%).
There were a number of mutations that had been previously
observed by others, more notably, the Spike D614G, Nsp12
P323L, and NS3 Q57H mutations. There were also five mutations
that were unique to these samples when we first analyzed them
using CoVsurver on October 20, 2020: Spike P521R, NS3 G76S,
N P364L, Nsp13 V209I, and Nsp15 D212V. Of note, the Spike
P521R mutation was observed in 3 of these assemblies.

DISCUSSION

It is not surprising that an RNA virus would mutate over
time, especially during an extended period of human-to-human
transmission as has been the case with the pandemic caused
by SARS-CoV-2. One important mutation that arose early
on was the D614G mutation in the Spike protein, and this
mutation quickly becoming prevalent upon its introduction or
emergence in different areas of the world (Korber et al., 2020).
Of note, while the rate of mutation in the CoV-2, including
in the Spike protein was low at the time, the D614G mutation
was caused by a single nucleotide mutation from A-to-G at

position 23,403 in the Wuhan reference strain (Korber et al.,
2020). Our sequence assemblies all carried this substitution
D614G in the Spike protein, and the P323L mutation in the
Nsp12 (RNA-dependent RNA polymerase) that frequently co-
evolves with it (Coppee et al., 2020). GISAID and others
began to track the mutation in March 2020, and the clade
carrying the substitution was designated as G. Within that
month, the variant went from being present in 10% of global
sequences, to 67% of global sequences (Korber et al., 2020).
Given the speed at which the D614G variant was able to spread,
higher Ct counts in patients (Korber et al., 2020), and higher
infectivity of VSV-pseudotyped virions (Korber et al., 2020;
Li et al., 2020), the mutation may offer a fitness advantage
that makes the virus more infectious. Furthermore, other
important variants with increased transmissibility continued
to emerge that carried the D614G mutation, along with a
number of other mutations. These variants emerged in the fall
of 2020 and were reported by the United Kingdom (B.1.1.7,
WHO designation Alpha, GISAID Clade GRY), South Africa
(B.1.351), and Brazil (P.1, WHO designation Gamma) (CDC,
2021a). We also found a P521R mutation in the Spike RBD
in three of our six assemblies. The GISAID site reports that
this mutation was first reported in March 2020 as found in
an Israeli strain: hCoV-19/Israel,CVL-n2487/2020. Additional
analyses on sequences containing this mutation as reported by
CoV-GLUE confirm the mutation’s presence in New Mexico
and Arizona from strains collected in April 2020 to June 2020.
Skipping a year forward, and there was the emergence and
eventual global dominance of the WHO label Delta variant
(B.1.617.2, GISAID clade GK), that carried 15 substitutions or
deletions in the Spike protein including the aforementioned
D614G (CDC, 2021b). Once again, this newer variant was
observed to have increased transmissibility, with reduction in
neutralization by post-vaccination sera was observed. By the
November 2021, South Africa had reported and identified yet a
new variant that contained at least 30 amino acid substitutions, 3
deletions and an insertion in the Spike protein alone. This new
variant was designated as the Omicron variant of concern by
the WHO (B.1.1.529, GISAID clade GRA) and while vaccines
are still considered to be effective in preventing severe illness
and hospitalizations, break-through infections are observed
(CDC, 2021c).

Besides the D614G and P323L mutations that as previously
mentioned have a tendency to co-evolve, another frequent
mutation observed in our assembled genomes was ORF3a or NS3
Q57H (P02, P14, P15, P18, and P12 once corrected). Coppée
et al. reported this mutation as the fourth frequent mutation
observed in European populations after D164G, P323L, and
L84S as accessed in sequences collected through April 17, 2020.
The Q57H mutation was frequent in samples from France and
Belgium, but not Italy and Spain (Coppee et al., 2020). By
November 2020, the introduction of a GISAID clade GH virus
with this G57H mutation had lead to a fourth wave of CoV-
2 infections in Hong Kong (Chu et al., 2021). While they did
not find enhanced replication kinetics or increased induction of
cytokines/chemokines by this virus (Chu et al., 2021), a different
study showed that the Q57H mutation increased the intraviral
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TABLE 5 | Mutation analysis of assembled sequences using CoVsurver and comparison to Pangolin and Nextclade classifications.

ID Seq Assay Query %N Length
(nt)

Length
(aa)

#Muts %Muts Comment Unique
Mut

Existing
Mut

GISAID
Clade

Pango
lineage

Nextstrain
Clade

BEI
RNA

ARTIC v3 C0V2_lsk109/ARTIC
/medaka MN908947.3

0.00% 29,903 9,710 1 0.01% NS8_L84S S A 19B

BEI
RNA

ARTIC + Rapid C0V2_rad004/ARTIC
/medaka MN908947.3

0.00% 29,903 9,710 1 0.01% NS8_L84S S A 19B

P02 ARTIC v3 1P2_lsk109/ARTIC
/medaka MN908947.3

1.18% 29,903 9,710 4 0.04% Stretches of NNNs
(1.18% of overall
sequence).

NSP12_P323L, Spike_D614G,
Spike_D138Y, Spike_P521R

G B.1.473 20A

P02 ARTIC + Rapid 1P2_rad004/ARTIC
/medaka MN908947.3

2.91% 29,903 9,710 6 0.06% Stretches of NNNs
(2.91% of overall
sequence).

NSP12_P323L, Spike_D614G,
Spike_D138Y, Spike_P521R,
NS3_Q57H, NS3_G76S

GH B.1.473 20A

P11 ARTIC + Rapid P11_rad004/ARTIC
/medaka MN908947.3

0.00% 29,903 9,710 6 0.06% NSP12_P323L, NSP12_H613Y,
NSP14_A274S, Spike_D614G,
N_G204R, N_R203K

GR B.1.1 20B

P12 ARTIC + Rapid P12_rad004/ARTIC
/medaka MN908947.3

15.51% 29,904 9,534 6 0.06% Long stretches of NNNs
(15.51% of overall
sequence). Insertion of 1
nucleotide(s) found at
refpos 26653
(FRAMESHIFT). M
without BLAST coverage.
NSP3 has 103 1s, NSP4
has 22 1s; NSP16 has
80 1s

NSP3_V477F, NSP12_P323L,
Spike_D614G, Spike_P521R,
NS3_Q57H, M_R44S

GH B.1 20A

P14 ARTIC + Rapid P14_rad004/ARTIC
/medaka MN908947.3

0.00% 29,903 9,710 5 0.05% NSP2_T85I, NSP12_P323L,
Spike_D614G, NS3_Q57H,
N_P364L

GH B.1 20C

P15 ARTIC + Rapid P15_rad004/ARTIC
/medaka MN908947.3

3.30% 29,902 9,710 10 0.10% Stretches of NNNs
(3.30% of overall
sequence). Gap of 1
nucleotide(s) found at
refpos 3013
(FRAMESHIFT). NSP3
has 2481s

NSP3_L98I NSP3_A99S, NSP3_T1456I,
NSP3_V477F, NSP12_P323L,
Spike_D614G, Spike_V308L,
Spike_P521R, NS3_Q57H,
N_R209I

GH B.1 20A

P18 ARTIC + Rapid P18_rad004/ARTIC
/medaka MN908947.3

0.00% 29,903 9,710 6 0.06% NSP15_D212V NSP2_T85I, NSP12_P323L,
NSP13_V209I, Spike_D614G,
NS3_Q57H

GH B.1 20C

P12
fixed

ARTIC + Rapid P12_rad004
(organism = Severe acute
respiratory syndrome
coronavirus 2)
(isolate = P12) reference
assembly to
MN908947.3

15.51% 29,903 9,534 6 0.06% Long stretches of NNNs
(15.51% of overall
sequence). NSP3 has
103 1s, NSP4 has 22
1s; NSP16 has 80 1s

NSP3_V477F, NSP12_P323L,
Spike_D614G, Spike_P521R,
NS3_Q57H, M_R44S

GH B.1 20A

P15
fixed

ARTIC + Rapid P15_rad004
(organism = Severe acute
respiratory syndrome
coronavirus 2)
(isolate = P15) reference
assembly to
MN908947.3

3.30% 29,903 9,710 10 0.10% Stretches of NNNs
(3.30% of overall
sequence). NSP3 has
2481s

NSP3_A99S, NSP3_T1456I,
NSP3_V477F, NSP3_L98F,
NSP12_P323L, Spike_D614G,
Spike_V308L, Spike_P521R,
NS3_Q57H, N_R209I

GH B.1 20A
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protein affinities (Wu et al., 2021). Moreover, while Q57 was
not involved in protein-binding interfaces, Q57H was a hotspot
for protein-interactions (Wu et al., 2021). The emergence of
Q57H earlier on during the pandemic as reported here and by
others, and more recent reemergence associated with a wave of
infections may suggest an advantage to the virus. Besides the
Q57H mutation, we also found a mutation in NS3 that was
unique to our subset: G76S.

Other unique mutations to our assemblies included those in
the multidomain, multifunctional Nsp3 protein (Santerre et al.,
2020) in sample P15: A99S and L98I or L98F. However, because
the Nsp3 region in this assembly had significant gaps, it is difficult
to ascertain that these mutations are real. In one of our better
assemblies, using sample P18, we found mutations in the helicase
Nsp13 V209I and endoribonuclease Nsp15 NSP15D212V.

A subset of negative samples, as determined by PCR analyses
returned hits that mapped to SARS-CoV-2 as analyzed by
Centrifuge and RAMPART. A caveat of this study is that we
did not have detailed PCR assay information with the samples,
including which PCR test was used or Ct values. However,
the PCR tests with EUA at the time from April to May 2020
consisted of single to three target site assays (FDA, 2022). Since
the ARTIC primers span the entire genome, the assay is likely
more sensitive, and is likely to pick up samples that were found to
be negative by the assays. For clinical specimens N01, N10, N11,
and N12 we had 189,251–495,874 mapped reads, and multiple
areas of coverage on the CoV-2 genome map (Figure 4), and
thus it is possible that these specimens were in fact positive, but
missed by the one to three-target PCR tests. At the same time,
because of the high number of primers/targets and amplification
cycles that we used, there was also a chance for non-specific
amplification as may have been the case with N04 and N09,
which have low read numbers, and very little coverage of the
CoV-2 genome. Thus, we don’t think that N04 and N09 are
positive for CoV-2. On the other hand, positive sample P10
seemed to generate very few reads, and even fewer CoV-2
specific reads similar to subject N04. Because we don’t have
corresponding PCR information, including Ct value, we can’t
rule out if this was a false positive, a sample with a very low
viral load, or a sample that got degraded after processing and
shipment to our lab.

Non-specific or contaminating reads that we observed in
the samples as reported by Centrifuge mapped to Escheria
coli, Shigella boydii, Shigella flexneri, Shigella phage, and
Escheria phage Mu as examples. These reads may be related
to contaminating bacterial DNA derived from the extraction
kit or library preparation kits. These hits were associated
with a low percentage of unique reads (e.g., E. coli 6.5%,
Escheria phage Mu 0.1%). There were also reads that failed
to map using Centrifuge, and these could have been reads
associated with the host (human). However, human/host reads
can now be filtered out during sequencing using “adaptive
sequencing” from MinKNOW and selecting for depletion of
human sequences. This is an approach that may be used
in future studies.

In short, the work presented shows that it is possible to
streamline the Artic v3 protocol for nanopore sequencing, saving

an hour and 10 min in sample and library preparation time
(Figure 1),and still acquire data for sensitive and confident
identification of CoV-2 in human nasopharyngeal swab samples.
For a subset of samples, presumably for those with ample viral
loads, whole genome assembly was possible. Future studies will
investigate what additional methods can be used to improve
results, for example, use of primers that generate longer reads
might improve results. One caveat of the current approach is
that the Rapid Sequencing Kit was used to cleave the 400 b
amplicons generated using the ARTIC v3 primer panel. This
could result in failed sequences since the shorter reads may be
misidentified as adapters during acquisition or may be flagged as
failed reads by the basecaller. However, from the samples that
were assembled, we were able to find and confirm deviations
that were previously reported by others, and that were consistent
with geographic location and period in which these samples were
collected. Moreover, we were able to identify a few mutations that
were unique to these samples. This work suggests that accessible,
portable, and relatively fast sample-to-sequence processes can
be effectively used to characterize viral outbreaks. Processes like
this are needed to bring sequencing and characterization to the
initial sites of emerging outbreaks, even if they are occurring in
remote regions, and will help us be better prepared to respond.
There are additional modifications that could make this approach
more field-friendly. One modification would be to move from
RNA extraction kits that use Trizol and require centrifugation
with benchtop instruments to kits that use a different lysis
buffer and can use either a magnetic, RNA-binding bead-
based method or a syringe-based silica-based column method.
Adding an automated software package that can perform analysis
in real time as the sample is being sequenced would also
help expedite the process by providing faster identification of
the sample. If the sample of interest is positive, additional
sequencing time can be used to generate enough reads for further
characterization and assembly. Another time-saving modification
could be focusing on a single area of interest such as the spike
protein gene to simplify the library preparation process and
reduce analysis time. Although this would further streamline
the approach, it would not be as powerful as whole genome
sequencing that would provide further insight as to how the
whole virus is evolving. Furthermore, as this virus continues
to mutate and affect the global population, an all-hands/all-
methods approach to surveillance may be needed to finally get
ahead of the curve.
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Focusing on the utility of ticks as xenosurveillance sentinels to expose circulating
pathogens in Kenyan drylands, host-feeding ticks collected from wild ungulates
[buffaloes, elephants, giraffes, hartebeest, impala, rhinoceros (black and white), zebras
(Grévy’s and plains)], carnivores (leopards, lions, spotted hyenas, wild dogs), as well as
regular domestic and Boran cattle were screened for pathogens using metagenomics.
A total of 75 host-feeding ticks [Rhipicephalus (97.3%) and Amblyomma (2.7%)]
collected from 15 vertebrate taxa were sequenced in 46 pools. Fifty-six pathogenic
bacterial species were detected in 35 pools analyzed for pathogens and relative
abundances of major phyla. The most frequently observed species was Escherichia
coli (62.8%), followed by Proteus mirabilis (48.5%) and Coxiella burnetii (45.7%).
Francisella tularemia and Jingmen tick virus (JMTV) were detected in 14.2 and 13%
of the pools, respectively, in ticks collected from wild animals and cattle. This is
one of the first reports of JMTV in Kenya, and phylogenetic reconstruction revealed
significant divergence from previously known isolates and related viruses. Eight fungal
species with human pathogenicity were detected in 5 pools (10.8%). The vector-borne
filarial pathogens (Brugia malayi, Dirofilaria immitis, Loa loa), protozoa (Plasmodium
spp., Trypanosoma cruzi), and environmental and water-/food-borne pathogens
(Entamoeba histolytica, Encephalitozoon intestinalis, Naegleria fowleri, Schistosoma
spp., Toxoplasma gondii, and Trichinella spiralis) were detected. Documented viruses
included human mastadenovirus C, Epstein-Barr virus and bovine herpesvirus 5,
Trinbago virus, and Guarapuava tymovirus-like virus 1. Our findings confirmed that
host-feeding ticks are an efficient sentinel for xenosurveillance and demonstrate clear
potential for wildlife-livestock-human pathogen transfer in the Kenyan landscape.
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INTRODUCTION

Tick-borne infections account for a major portion of all
vector-borne diseases in many developed and underdeveloped
countries, with significant health, economic, and food security
consequences (Rochlin and Toledo, 2020). The incidence of tick-
borne infections is increasing due to environmental changes at
both local and global scales, resulting in changing habitats and
geographical repartition of ticks, with subsequent novel pathogen
exposure in naive populations (Ogden et al., 2013).

Ticks can transmit a diverse array of microbial pathogens
including viruses, bacteria, and protozoans to humans and
susceptible animals (Rochlin and Toledo, 2020). Tick-borne
infections in humans are of zoonotic origin, with pathogens
maintained in natural cycles involving various domestic and
wild animal hosts (Wikel, 2018). Timely identification of the
circulating pathogens and assessment of potential public health
threats rely on effective surveillance, especially considering
that most zoonoses originate from wildlife (Woolhouse and
Gowtage-Sequeria, 2005; Miller et al., 2013). Many tick-borne
agents of concern might already be circulating in wildlife
awaiting detection. Microbial pathogens may be overlooked
until the emergence of a case cluster or a local epidemic. An
effective surveillance strategy should be based on surveying
a wide range of pathogens and hosts, prior to the spread
and symptomatic disease. The availability of metagenomic
sequencing platforms and approaches offers great advantages and
possibilities to explore microbial diversity (Brinkmann et al.,
2016). Metagenomic investigations in tick vectors collected
from wildlife hosts provide opportunities to obtain spatial
and temporal microbial genome data as well as from tick-
borne pathogens, and are likely to facilitate predictions on
possible emergents.

The Republic of Kenya is a large sub-Saharan country
in eastern Africa, with an area of 580,367 square kilometers
and a population of over 47 million (Kenya National Bureau
of Statistics, 2021). In Kenya, the pastoralist population
make up around 20% of the population with an agricultural
land use of nearly 50% (State of Wildlife Conservancies in
Kenya Report, 2016). National parks, nature reserves, and
conservancies account for about 11% of the Kenyan landmass
with increased human and livestock populations in peripheries
(Wellde et al., 1989: Ogutu et al., 2016). These trends facilitate
interactions between livestock, humans, and wildlife in a complex
environment, increasing the opportunity for pathogen spill-over
events (Okal et al., 2020). Several tick-borne bacterial, viral,
and parasitic agents have been documented in Kenya, including
agents of anaplasmosis, ehrlichiosis, rickettsiosis, Crimean-
Congo hemorrhagic fever (CCHF), babesiosis, and theileriosis
(Omondi et al., 2017; Morrison et al., 2020; Okal et al., 2020;
Chiuya et al., 2021; Getange et al., 2021; Peter et al., 2021),
with occasional reporting of novel pathogens (Mwamuye et al.,
2017). However, reports from wildlife are relatively rare and
often focus on well-documented bacterial agents. This study
aims to screen ticks collected from wildlife hosts using an
unbiased metagenomic approach, to investigate a broad spectrum
of circulating microbial pathogens in Kenya dryland ecosystems.

MATERIALS AND METHODS

Tick Specimens
Tick specimens were collected by the Kenya Wildlife Service
(KWS) from animals in wildlife conservancy sites in Isiolo
county, Kalama, Lewa, Ol Pejeta, Samburu, Sangare gardens,
Sarara, Solio ranch and Oljogi, between October 2013 and April
2019 (Figure 1). The host animals included black rhinoceros
(Diceros bicornis), buffalo (Syncerus caffer), elephant (Loxodonta
africana), giraffe (Giraffa camelopardalis), Grévy’s zebra (Equus
grevyi), hartebeest (Alcelaphus buselaphus), impala (Aepyceros
melampus), leopard (Panthera pardus), lion (Panthera leo),
plains zebra (Equus quagga), spotted hyena (Crocuta crocuta),
white rhinoceros (Ceratotherium simum), and wild dog (Lycaon
pictus), as well as farmed Boran (Bos indicus) and cattle
(Bos taurus) (Table 1). The Boran and cattle were kept
in ranches without fencing, in direct contact with wildlife.
The ticks were collected opportunistically from wild animals
immobilized by the KWS for veterinary intervention, and ticks
were kept in 70% ethanol and stored at −80oC prior to
processing. Information on the collection site, date, and the
host was recorded. Ticks were morphologically identified as
Rhipicephalus spp. or Amblyomma spp. and pooled according
to individual host and genera, prior to pooling and DNA
extraction (Table 1).

Metagenomic Sequencing and Molecular
Testing
Tubes containing tick pools (1–8 ticks/pool) were dipped
in liquid nitrogen and homogenized using beads. Nucleic
acid purification was conducted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany), and complementary DNA (cDNA)
synthesis with random hexamers was performed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Hennigsdorf, Germany), as per the manufacturer’s
recommendations. Tick nucleic acid extraction and cDNA
conversion were carried out at IPR laboratories in Kenya, and
cDNAs were sent to WRBU (United States) for further testing.

The cDNA was quantified using Quant-iT OliGreen
ssDNA Assay Kit (Thermofisher Scientific, MA, United States)
on a Fluoroskan FL instrument (Thermofisher Scientific,
MA, United States). Libraries were prepared using KAPA
HyperPlus Kits (Roche, CA, United States), as recommended
by the manufacturer, with fragmentation step of 20 min at
35oC, ligation step of 90 min, and 20 PCR cycles. Library
quantification and quality control were performed using the
TapeStation 4,200 Automated Electrophoresis instrument
(Agilent Technologies, VA, United States). Excess adapter
dimer and small fragments were removed using KAPA pure
beads (Roche, CA, United States). Unbiased metagenomic
sequencing was performed on the NovaSeq platform (Illumina,
CA, United States) (PE 2 × 150) at the Walter Reed Army
Institute of Research (WRAIR). Samples were run on one lane
of an S4 flow cell with XP workflow designed to maximize
the overall raw reads output. Read quality was assessed using
fastqc (Wingett and Andrews, 2018), and adapter trimming
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FIGURE 1 | Map indicating the counties where ticks were collected and sampled when feeding on domestic and wild animals in Kenya.
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TABLE 1 | Overview of the tick specimens and their hosts included in the study.

Host Pool Code Filtered Read Count Pooled Individuals Identification Ticks from Host

Elephant (n:7, 15.2%) #71 8,122 1~ Rhipicephalus spp. 8/75 (10.6%)

#65 6,426 1|

#52 564,490 2|

#48 71,616 1~

#42 4,882 1|

#41 3,294 1|

#6 31,338 1|

Lion (n:7, 15.2%) #53 1,631,344 1~ Rhipicephalus spp. 7/75 (9.3%)

#47 2,851,375 1~

#45 1,350 1~

#43 216,970 1~

#23 15,276 1|

#22 918 1| Amblyomma spp.

#10 84,976 1~ Rhipicephalus spp.

Grévy’s zebra (n:7, 15.2%) #83 144,564 1| Rhipicephalus spp. 7/75 (9.3%)

#78 3,552 1~

#70 441,284 1|

#69 28,338 1|

#67 1,544 1|

#25 5,296 1~

#13 2,548 1|

Buffalo (n:4, 8.7%) #84 43,042 5 (3~2|) Rhipicephalus spp. 21/75 (28%)

#58 33,668 1|

#9 34,960 7 (4~3|)

#8 6,186 8 (5~3|)

Cattle (n:4, 8.7%) #31 8,596 1| Rhipicephalus spp. 10/75 (13.3%)

#19 598 1~

#11 247,466 7|

#3 501,204 1~

Hyena (n:4, 8.7%) #79 186 1| Amblyomma spp. 4/75 (5.3%)

#68 156,604 1| Rhipicephalus spp.

#36 3,494 1|

#12 1,182 1|

Plains Zebra (n:3, 6.5%) #66 1,010 1| Amblyomma spp. 3/75 (4%)

#40 3,698 1| Rhipicephalus spp.

#35 4,752 1~

Hartebeest (n:2, 4.3%) #57 155,402 1| Rhipicephalus spp. 2/75 (2.6%)

#54 1,013,892 1|

Wild dog (n:2, 4.3%) #60 602012 3~ Rhipicephalus spp. 4/75 (5.3%)

#56 37,670 1|

Boran (n:1, 2.1%) #30 23,186 4(2~2|) Rhipicephalus spp. 4/75 (5.3%)

Impala (n:1, 2.1%) #55 600 1~ Rhipicephalus spp. 1/75 (1.3%)

Giraffe (n:1, 2.1%) #20 52,486 1| Rhipicephalus spp. 1/75 (1.3%)

Leopard (n:1, 2.1%) #81 439,608 1~ Rhipicephalus spp. 1/75 (1.3%)

B. Rhino (n:1, 2.1%) #21 92,750 1| Rhipicephalus spp. 1/75 (1.3%)

W. Rhino (n:1, 2.1%) #72 74,580 1| Rhipicephalus spp. 1/75 (1.3%)

Total: 46 pools 75 ticks

and sequence filtering were performed using Trimmomatic
(Bolger et al., 2014).

Jingmen tick virus (JMTV) screening was performed by
a specific nested PCR assay, targeting the viral NS5-like
protein located on the genome segment 1, as described

previously (Yu et al., 2020). Amplified products were visualized
on 1% agarose gels, stained with GelGreen nucleic acid
stain (Biotium, California, United States), and visualized after
electrophoresis in a SmartDoc 2.0 blue light imaging system
(Accuris Instruments, New Jersey, United States). PCR products
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were purified with ExoSapIT Express (Applied Biosystems,
California, United States) using the manufacturer’s instructions
and prepared for sequencing with BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, California, United States),
with the PCR primers used for the second nested PCR step
for JMTV (Yu et al., 2020). Capillary sequencing was done on
an ABI 3,730 automated sequencer (PE Applied BioSystems) at
the Laboratories of Analytic Biology, Smithsonian Institution—
National Museum of Natural History.

Bioinformatics and Phylogenetic
Analysis
Raw data from the Illumina NovaSeq sequencing runs were
uploaded to the CZ-ID platform (formerly ID-Seq), a publicly
accessible cloud-based storage and analysis platform for
metagenomic pathogen detection (Kalantar et al., 2020), and
were analyzed using the built-in pipeline (version 6.8). The
pipeline is open source and incorporates various steps for
validation, which include selected host, human and barcode
adaptor removal, quality assessment, alignment, assembly,
and taxonomic identification using the National Center for
Biotechnology Information (NCBI) nucleotide and protein
databases. Pathogens were considered as significant when ≥ 2
nucleotide reads or contigs were verified in the final output.
Relative abundances were calculated in samples with bacterial
reads ≥ 102 and expressed as taxon read count/total bacteria
read count. Reads and contigs from viruses, parasites, and
tick-borne bacteria were manually reviewed with the taxon
identity confirmed using BLAST (Altschul et al., 1990).

Viral reads were also recovered using the VirIdAl pipeline
(Budkina et al., 2021). This pipeline merged paired-end reads
to increase sequence length after which sequences were adapter-
trimmed and quality-filtered using fastp (Chen et al., 2018).
Sequences with a complexity of <30%, with an average
PHRED quality score of <20, and with <36 bases were
removed. Host sequences were also removed with Bowtie2
(Langmead and Salzberg, 2012), using the most closely related
available tick reference genome (Rhipicephalus sanguineus,
ASM1333969v1). Data were then clustered using vsearch (Rognes
et al., 2016) to recover “centroid” sequences formed with a
0.9 identity threshold. These sequences then entered a two-
step alignment process. First, sequences were blasted against
both viral NT and NR databases at high sensitivity (e-value
10−3) to give “virus-like” sequence matches. These were then
passed to a second step alignment to the complete NCBI
NT and NR databases (e-value 10−10) for final classification.
We used CZ-ID for the initial workup and VirIdAl on
samples with detectable virus signal. Outputs from both
pipelines were combined for producing final contigs, following
duplicate removal.

Virus genome assemblies and Sanger sequencing data analyses
were carried out using Geneious Prime version 2022.0.21.
Nucleotide and deduced amino acid sequence alignments
and pairwise comparisons were generated using CLUSTAL W
(Thompson et al., 1994). MEGA11 was used for estimating the

1https://www.geneious.com

optimal substitution model on individual alignments and to
infer evolutionary history according to the Bayesian information
criteria (Tamura et al., 2021).

The raw reads from tick pools tested in this study are freely
available in https://idseq.net/ under the project name “KWS ticks”
and in National Center for Biotechnology Information (NCBI)
biosample database with the ID: SUB11147880.

RESULTS

A total of 75 adult ticks collected from 15 animal species were
sequenced in 46 pools. Most of the pools (84.8%) comprised
single ticks, whereas multiple ticks (c. 2–8 individuals) were
screened in 7 of the 46 pools (15.2%) (Table 1). Majority of
the samples comprised Rhipicephalus spp. (73/75, 97.3%) and
Amblyomma spp. (2/75, 2.7%). Host sequence data were utilized
to confirm the genus-level identification in the tick pools. The
average raw reads count of 9,313,080 was recorded per sample,
whereas it was noted as 190,915 following the low-quality read
and host removal.

Bacteria
Of the 46 pools sequenced, 35 tick pools were analyzed for
pathogenic bacterial species and relative abundances of major
phyla. Eleven pools were omitted from the analysis due to the
relatively low number of total bacteria reads (<102). Members
of the phylum Proteobacteria were abundant in the bacterial
composition of the tick pools, comprising 51.6–97.5% of the
total bacterial reads in 17 (48.6%) pools, regardless of the host
species (Supplementary Table 1). Actinobacter and Firmicutes
species provided the major source of bacterial reads in 6 (17.1%)
and 2 (5.7%) pools, respectively. Predominance of a single
bacterial species (with reads constituting over 50%) within a
phylum was observed in certain pools, namely, Proteus mirabilis
(pools #6, #48, #52, #53, #56, and #60), Clostridium botulinum
(pools #3, #69, and #84), Coxiella burnetii (pool #21), and
Enterobacter cloacae (pool #78). Other than these instances,
no particular tendency in relative bacterial abundances or host
species was noted.

A total of 56 bacterial species documented as human
and/or animal pathogens were identified across the 35
pools examined (Figure 2). The most frequently detected
pathogen was E. coli (22/35, 62.8%), followed by P. mirabilis
(17/35, 48.5%) and C. burnetii (16/35, 45.7%). C. burnetii
is the etiologic agent of Q fever, characterized by febrile
and respiratory symptoms. Infections are zoonotic and are
initiated by inhalation of particles contaminated by infected
animals, most commonly sheep, goats, and cattle, with ticks
implicated in transmission (Körner et al., 2021). E. coli and
P. mirabilis are Gram-negative bacteria classified in the
family Enterobacteriaceae alongside other potential pathogenic
species in the genera Klebsiella, Enterobacter, Citrobacter,
Salmonella, Shigella, and Serratia. Many are found in the
normal gut flora of humans and animals, and others are
widely distributed in soil and water. Commonly associated
with infections of the urinary and gastrointestinal tracts,
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FIGURE 2 | Heatmap of the detected bacterial pathogens according to the hosts. Pathogen detection rates were calculated as positive tick pools divided by the
number of hosts examined.

they can also produce severe and life-threatening, as well
as nosocomial, infections (Mairi et al., 2018). Other Gram-
negative bacteria of the genera Achromobacter, Aeromonas,

Aggregatibacter, Hemophilus, Morganella, Moraxella, Neisseria,
Vibrio, and Yersinia were detected in this dataset, with varying
prevalences (Figure 2).
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TABLE 2 | Overview of non-bacterial pathogens detected in tick pools.

Species Prevalence Host1 Pool Code Read Count

Fungi Aspergillus flavus 1/46 (2.1%) Hartebeest (1/2) #54 4
Candida parapsilosis 2/46 (4.3%) Hartebeest (1/2) #54 7

Lion (1/7) #23 2
Cladophialophora bantiana 1/46 (2.1%) Lion (1/7) #10 2
Cladophialophora carrionii 1/46 (2.1%) Leopard (1/1) #81 4
Cryptococcus neoformans 1/46 (2.1%) Leopard (1/1) #81 2

Cryptococcus gattii 1/46 (2.1%) Hartebeest (1/2) #54 2
Pneumocystis jirovecii 1/46 (2.1%) Lion (1/7) #47 3
Rhizopus microsporus 1/46 (2.1%) Leopard (1/1) #81 2

Parasites Brugia malayi 2/46 (4.3%) Leopard (1/1) #81 2
Lion (1/7) #47 4

Dirofilaria immitis 1/46 (2.1%) Elephant (1/7) #52 2
Encephalitozoon intestinalis 1/46 (2.1%) Lion (1/7) #47 2

Entamoeba histolytica 1/46 (2.1%) Hyena (1/4) #68 2

Loa loa 1/46 (2.1%) Elephant (1/7) #52 2

Naegleria fowleri 1/46 (2.1%) Elephant (1/7) #52 3

Plasmodium falciparum 3/46 (6.5%) Lion (3/7) #43,#47,#53 8,2,4

Plasmodium malariae 1/46 (2.1%) Hartebeest (1/2) #54 3

Plasmodium vivax 1/46 (2.1%) Hartebeest (1/2) #54 2

Schistosoma haematobium 1/46 (2.1%) Cattle (1/4) #3 2

Schistosoma mansoni 4/46 (8.7%) Hartebeest (2/2) #54,#57 2,3

Lion (1/7) #47 5

Elephant (1/7) #52 4

Toxoplasma gondii 2/46 (4.3%) Leopard (1/1) #81 2

Wild dog (1/1) #60 2

Trichinella spiralis 6/46 (13%) Lion (2/7) #47,#53 4,736

Elephant (1/7) #52 54

Leopard (1/1) #81 4

Grévy’s zebra (1/7) #83 7

Hartebeest (1/2) #54 8

Trypanosoma cruzi 3/46 (6.5%) Grévy’s zebra (1/7) #70 2

Leopard (1/1) #81 2

Lion (1/7) #47 2

Viruses Human mastadenovirus C 10/46 (21.7%) Grévy’s zebra (2/10) #67,#83 4,6

Leopard (1/10) #81 22

Elephant (3/10) #6,#65,#71 2,2,4

Lion (3/10) #10,#22,#43 2,4,4

Wild Dog (1/10) #56 2

Bovine alphaherpesvirus 5 4/46 (8.7%) Buffalo (1/3) #84 34

Leopard (1/3) #81 24

Cattle (1/3) #3 72

Grévy’s zebra (1/3) #69 3

Epstein-Barr virus 1/46 (2.1%) Lion (1/1) #47 1660

Jingmen tick virus 6/46 (13%) Elephant (2/7) #41,#52 2, n.a.

Cattle (1/4) #11 2

Lion (1/7) #10 2

Hartebeest (1/2) #54 n.a.

Wild Dog (1/2) #60 n.a.

1Positive/total number of the species.
n.a.: not applicable due to detection by specific PCR.

Of special note is the identification of
Francisella tularensis and Bacillus anthracis, two
zoonotic agents classified as Category A pathogens
(National Institutes of Allergy and Infectious Diseases, 2018),

owing to their significant public health threat and bioterrorism
potential. F. tularensis was detected in 5 tick pools (5/35, 14.2%,
read count range: 2–60) collected from cattle, lions, an elephant,
and a Grevy’s zebra, whereas B. anthracis was identified in

Frontiers in Microbiology | www.frontiersin.org 7 July 2022 | Volume 13 | Article 93222437

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-932224 June 27, 2022 Time: 15:42 # 8

Ergunay et al. Metagenomics in Wildlife Ticks

a single pool (1/35, 2.8%, read count: 22) collected from an
elephant. A Gram-negative facultative intracellular bacterium,
F. tularensis, causes tularemia, an anthropozoonosis that occurs
via contact with wild animals, arthropod bites, or environment
through respiratory, oral, or cutaneous routes (Maurin, 2020).
Symptomatic disease may present with distinct clinical forms and
can be mild or severe, depending on the entry route. As Ixodidae
ticks are common arthropod vectors, detection of F. tularensis in
tick pools indicates probable activity in the region. B. anthracis
is an endospore-forming Gram-positive rod, causing anthrax
in livestock and humans. In humans, cutaneous, respiratory, or
gastrointestinal infections have been described, which can be
fatal without proper treatment (Finke et al., 2020). A related
bacteria, Bacillus cereus, mostly associated with gastrointestinal
symptoms, was also detected (Figure 2).

We identified other Firmicutes such as Burkholderia
pseudomallei, an opportunistic environmental bacterial pathogen
of humans and animals, causing melioidosis (Limmathurotsakul
et al., 2016). Moreover, pathogenic Vibrio, including Vibrio
cholerae, were also detected. Facultative anaerobic cocci of the
Streptococcus and Staphylococcus genera and anaerobic cocci and
bacilli of various genera including Clostridium spp. were also
observed. Most of the listed bacteria are ubiquitous in soil and gut
microbiota of various animals as well as humans. Interestingly,
C. botulinum, producer of the botulinum neurotoxin, was
detected in 4 tick pools and emerged as the single predominant
bacterial species in 3 of these pools, collected from cattle,
buffalo, and Grevy’s zebra. Documented pathogens within the
Actinomycetota phylum include Corynebacterium, Gardnerella,
and Mycobacterium species. Fusobacterium necrophorum,
classified in the phylum Fusobacteriota, is observed as the only
pathogen outside the aforementioned bacterial phyla (Holm
et al., 2016; Figure 2).

Fungi
Eight fungal species listed as human pathogens were detected
in 5 tick pools (10.8%) with low number of reads (range:
2-7). Candida parapsilosis was the most frequent pathogen
(4.3%) identified in ticks collected from a hartebeest and a
lion (Table 2). It is among the major causative agents of
hospital-acquired invasive fungal disease, with severe outcomes
in critically ill patients (Tóth et al., 2019). Not being an
obligate pathogen, C. parapsilosis can be found in domestic
animals, insects, soil, and marine environments, as well as
a commensal of the human skin. Similarly, the remaining
fungi are mostly opportunistic pathogens frequently found
in the environment. They are associated with transcutaneous
inoculation (chromoblastomycosis, Cladophialophora spp.) or
diagnosed as opportunistic pathogens in immunocompromised
hosts, with the exception of Crypotococcus spp., and are mainly
disseminated by inhalation of the infectious particles from
environmental sources (Gushiken et al., 2021).

Parasites
A total of 14 protozoan or nematode species listed as human
pathogens were detected in 13 pools (28.2%), mostly in low to
moderate number of reads (range: 2–736) (Table 2). The most

frequent of these was Trichinella spiralis, detected in 6 pools
(13%) collected from various hosts. It is a nematodal parasite
of many carnivorous and omnivorous animals, where infections
occur by ingestion of muscle tissue with encysted larvae (Ribicich
et al., 2020). Human infections called trichinellosis or trichinosis
are due to the consumption of undercooked meat. In most hosts,
adult worms present in the intestine may continue to produce

FIGURE 3 | The maximum likelihood analysis of the Jingmen tick virus (JMTV)
partial segment 1 sequences (366 nucleotides). The tree is constructed using
a gamma-distributed Kimura 2-parameter model for 500 replications. JMTVs
included in the analysis are indicated by GenBank accession number, name,
isolate/strain identifier, host, and detection region. JMTV sequence
characterized in this study is marked. Bootstrap values greater than 75 are
displayed.

Frontiers in Microbiology | www.frontiersin.org 8 July 2022 | Volume 13 | Article 93222438

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-932224 June 27, 2022 Time: 15:42 # 9

Ergunay et al. Metagenomics in Wildlife Ticks

larvae for prolonged periods. Other than Trichinella, Schistosoma
mansoni, Trypanosoma cruzi, and Plasmodium spp. were also
detected, with prevalences of 6.5–8.7% (Table 2). However, co-
detection of several parasites in particular pools [such as pool
#52 from an elephant (T. spiralis, S. mansoni, Naegleria fowleri,
Loa loa, Dirofilaria immitis) and pool #47 from a lion (T. spiralis,
S. mansoni, T. cruzi, Brugia malayi, Encephalitozoon intestinalis)]
strongly suggests an environmental origin for most of the
identified pathogens. Moreover, human Plasmodium falciparum
sequences detected most likely indicate prior feeding of the ticks
on infected humans, evidencing the potential for cross-species
zoonotic pathogen transfer from wildlife to humans via tick bites
in African dryland ecosystems (Cable et al., 2017).

Viruses
We recovered 4 viruses with significant human or veterinary
health impact (Table 2). Human mastadenovirus C was most
frequent viral pathogen, detected in 10 tick pools (10/46, 21.7%).
Commonly referred as the adenoviruses, mastadenoviruses
comprise a separate genus in the Adenoviridae family. They
are non-enveloped viruses with double-stranded DNA genomes.
Human mastadenovirus C is among the 51 currently described
species of the genus, for which humans and other mammals such
as bats, bovids, canine, equids, caprids and suids serve as natural
hosts (Harrach et al., 2019). Symptomatic infections in humans
may result in acute respiratory illness of variable severity, as well
as conjunctivitis and gastroenteritis, which are usually mild.

Bovine alphaherpesvirus 5 (BHV-5) was detected in 4 tick
pools (8.7%), including one collected from cattle (pool #3,
Table 2). It is an enveloped double-stranded DNA virus classified
in the Varicellovirus genus of the Alphaherpesvirinae subfamily.
Similar to other alphaherpesviruses, BHV-5 establishes latency
in the central nervous system of the exposed animals and
is excreted in ocular, nasal and genital secretions upon
reactivation (Del Médico Zajac et al., 2010). It causes severe
meningoencephalitis in cattle, with high mortality in young

calves. Sporadic cases and outbreaks have been reported in
several countries in South America, Europe, and Asia. Another
herpes virus, Epstein-Barr virus (EBV), was also detected in
a tick pool collected from a lion (Table 2). It is another
globally prevalent human herpesvirus and the causative agent
of infectious mononucleosis. Originally discovered from African
Burkitt’s lymphoma cells, EBV mainly infects B lymphocytes, may
cause reactivating infections, and is associated with particular
autoimmune syndromes (Houen and Trier, 2021).

Jingmen tick virus is the only virus where tick-borne
transmission appears as the main mode of spread in the study.
JMTV sequences were detected in a total of 6 pools (13%)
(Table 2). Metagenomic screening initially revealed 3 positive
pools (from an elephant, cattle, and lion), whereas 3 additional
pools were subsequently identified using JMTV-specific PCR
amplification. Initially described from China, JMTV is the index
of a new group of viruses (called the Jingmenvirus group)
tentatively classified within Flaviviridae family (Temmam et al.,
2019). JMTV possesses an RNA genome of 4 segments, where
two segments encoding for the non-structural proteins are related
to those from flaviviruses (Qin et al., 2014). It is reported as a
human pathogen causing tick-borne infections presenting with
mild to severe febrile diseases (Jia et al., 2019). We recovered
a 366-nucleotide segment of the JMTV NS5-like protein-coding
region by sequence analysis of the amplified product in pool #52
(GenBank accession: OM913596). The sequence displayed up to
94.62% nucleotide and 99.23% deduced amino acid identities to
previously characterized JMTVs. Maximum likelihood analysis
showed that the sequence is phylogenetically distinct from all
previously described JMTV clades from various regions, as well
as from related viruses such as Mogiana tick virus (Figure 3).
The closest relative appeared as the JMTV-RC27, identified in a
plasma sample of an eastern or Tana River red colobus monkey
(Piliocolobus rufomitratus) from Uganda.

In addition to those listed above, we identified other viruses
not currently associated with disease in vertebrates. In 8 (17.3%)

TABLE 3 | Viruses further detected in tick pools.

Pool Read Count Host Contig Length Genome Location1 Similarity1

nt aa

Trinbago virus 3 18 Cattle 338 bp 12823-13160 93.7% 97.3%

11 14 Cattle 436 bp 12042-12477 91.9% 95.1%

43 13 Lion 334 bp 10488-10821 87.4% 85.5%

53 2 Lion 217 bp 12680-12896 71.4% 70.4%

57 2 Hartebeest 230 bp 13839-14068 92.6% 94,7%

70 3 Grévy’s zebra 246 bp 6414-6659 94.3% 95.0%

83 3 Grévy’s zebra 470 bp 925-1394 85,1% 85.8%

81 46 Leopard 1141 bp 4679-5819 89.8% 93.6%

Guarapuava tymovirus-like 1 virus 83 32 Grévy’s zebra 486 bp 4657-5142 79.2% 90.1%

53 78 Lion 1802 bp 3564-5348 82.4% 91.6%

52 2 Elephant 336 bp 3872-4207 81.2% 88.2%

43 1238 Lion 5898 bp 172-6069 80.4% 89.7%

1According to Trinbago virus isolate TTP-Pool-4 (MN025505) and Guarapuava tymovirus-like 1 isolate 3 (MH155881).
bp: base pairs, nt: nucleotide, aa: amino acid.
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of the pools, sequences with the highest nucleotide and deduced
amino acid identities to Trinbago virus (TBOV) were detected.
TBOV is a recently described virus, distantly related to Pestivirus
genus of the family Flaviviridae (Sameroff et al., 2019). The
TBOV sequences identified in ticks vary in size and cover

different parts of the viral genome without overlaps (Table 3 and
Supplementary Table 2). The longest contig (1,141 base pairs),
originating from pool 81 and covering approximately 10% of the
genome, was used for phylogeny construction. In the maximum
likelihood analysis, this sequence remained distinct and shared

FIGURE 4 | The maximum likelihood analysis of the Trinbago virus partial genome sequences (1,141 nucleotides). The tree is constructed using a
gamma-distributed Kimura 2-parameter model for 500 replications. Viruses included in the analysis are indicated by GenBank accession number, name and
isolate/strain identifier. Trinbago virus isolate Kenya-P83 characterized in this study is marked (GenBank accession: OM807120). Beihai barnacle virus 1 strain BHGZ
is included as the outgroup.
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a common ancestor with the initial TBOV isolate (identified
in R. sanguineus ticks from Trinidad and Tobago) and closely
related Bole tick virus 4 isolate Thailand tick flavivirus (Figure 4).

We further identified Guarapuava tymovirus-like virus
(GTLV) sequences in 4 (8.7%) pools and pairwise comparisons
revealed the highest identities to GTLV-1 (Table 3 and
Supplementary Table 3). GTLVs have been recently described
in ticks and appear as highly divergent viruses within the order
Tymovirales (Souza et al., 2018). Partially overlapping contigs
and a complete coding sequence could be obtained from the
pools (tentatively named as GTLV-1 isolate Kenya-P43), with
no further effort to confirm the non-coding 5′ and 3′ ends of
the viral genome.

Similar to GTLVs, two open reading frames (ORFs) are
recognized in the GTLV-1 isolate Kenya-P43 genome, encoding
for the ORF1 polyprotein (nucleotides 1–5031) and viral capsid
(nucleotides 5,041–5,898) (Souza et al., 2018). Analysis of
the deduced amino acid sequences of these viral proteins
revealed several functional motifs pertaining to intracellular
virus replication (Table 4). Phylogeny reconstruction revealed
clustering of GTLV-1 and 2 viruses and a distinct separation of
GTLV-1 isolate Kenya-P4 (Figure 5).

DISCUSSION

Our cross-sectional metagenomic investigation of ticks collected
from wildlife species revealed a broad spectrum of bacterial,
fungal, parasitic, and viral pathogens. We identified tick-borne
pathogens F. tularemia and JMTV in 14.2 and 13% of the tick
pools, respectively, with both agents observed in ticks collected
from wild animals and cattle. Currently, tularemia is considered
a global re-emerging zoonotic disease and F. tularemia as a
potential agent of biological warfare, due to its ease of aerosol
dissemination, low infectious dose, and potential fatal outcomes
(Maurin, 2015). Other than the evidence of probable exposure in
patients with undifferentiated febrile illness (Njeru et al., 2017),
F. tularemia has not previously been reported from Kenya. Our
findings indicate that it is present in potential vectors in livestock
and wildlife, requiring further screening and specific diagnosis in
cases presenting with compatible symptoms.

The JMTV is a recently described virus associated with tick-
borne diseases in humans. Initially discovered in Rhipicephalus
microplus ticks from China, the virus has been shown to be

TABLE 4 | Functional motifs in the Guarapuava tymovirus-like 1 virus isolate
Kenya-P43 genome.

Motif Domain Accession Location1

Viral methyltransferase pfam01660 54-326

UL36 large tegument protein PHA03247 458-623

Tymovirus endopeptidase pfam05381 658-742

Viral helicase pfam01443 836-1071

RNA-dependent RNA polymerase pfam00978 1364-1585

Tymovirus capsid protein pfam00983 1784-1959

1According to polyprotein deduced amino acid sequence (OM807119).

distributed in many countries in Eurasia and the Americas, and
also in a variety of non-tick hosts including cattle, rodents, bats,
and humans (Guo et al., 2020). Human infections were initially
documented in Crimean-Congo hemorrhagic fever cases from
Kosovo (Emmerich et al., 2018) and later confirmed in China (Jia
et al., 2019). Moreover, genetically related viruses with similar
genomic structure—some also associated with human disease
(Alongshan virus) have been described—are collectively referred
to as the Jingmen virus group (Shi et al., 2015; Ladner et al.,
2016; Kholodilov et al., 2020, 2021). The first documentation
of a Jingmen virus in the African continent was a JMTV
variant genome sequence (RC27) in Uganda, detected in plasma
collected from a red colobus monkey (P. rufomitratus), a critically
endangered primate (Ladner et al., 2016). Hereby, we report the
detection of JMTV in ticks from Kenya as well as from Africa.
Interestingly, phylogenetic reconstructions based on a relatively
short segment of the virus genome showed significant divergence
from previously known JMTVs and related viruses, likely to
represent variations due to geographical segregation (Figure 3).
Further screening and sequencing efforts will elucidate JMTV
genome diversity in Kenya as well as the African continent. As
of this writing, JMTV was reported in ticks from two other
pastoralist-dominated areas (Ogola et al., 2022).

We further detected another pathogenic bacteria, C. burnetii
in 45.7% of the tick pools and in all host species except for a
giraffe (Figure 2). It is also observed as one of the frequently
identified bacteria in our tick cohort. C. burnetii is known to
display a wide host range and can replicate in many mammalian,
avian, and reptilian species, as well as arthropods (Yon et al.,
2019). However, the role of wildlife in the Q fever epidemiology
in livestock and humans is yet to be established (Körner et al.,
2020). Moreover, despite evidence for vector potential, the role
of ticks in transmission still remains controversial. The presence
of C. burnetii in Kenya is well established, with detections in
various cohorts of ticks and their hosts, including those from
wildlife and at the wildlife-livestock interface (Knobel et al., 2013;
Ndeereh et al., 2017; Koka et al., 2018; Getange et al., 2021).
It demonstrates a widespread circulation in the country and is
likely to be a causative agent of undiagnosed febrile disease in
pastoral communities. Our findings confirm previous reports and
suggest wildlife-livestock interactions to contribute further to
C. burnetii transmission.

Other bacterial agents with high pathogenicity identified in
the study include B. anthracis and C. botulinum. Anthrax is
among the top priority zoonotic diseases in Kenya (Nderitu
et al., 2021). Infections have been reported in over 30% of
Kenyan wildlife conservancies, with the majority occurring in
dry seasons and primarily affecting herbivore species including
buffalo, black and white rhinos, and elephants (Gachohi et al.,
2019). In this study, we detected B. anthracis in a single tick
(2.8%) collected feeding on an elephant, demonstrating ongoing
activity in wildlife. Botulinum toxin produced by the anaerobic
rod C. botulinum causes severe poisoning, frequently occurring
due to oral intake. C. botulinum is ubiquitously found in soil and
aquatic sediments that serve as an environment for sporulation
(Espelund and Klaveness, 2014). Botulinum toxin produced by
C. botulinum can intoxicate and kill various animal species upon
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FIGURE 5 | The maximum likelihood analysis of the Guarapuava tymovirus-like virus ORF sequences (5,898 nucleotides). The tree is constructed using the general
time reversible (GTR) model, gamma distributed with invariant sites (G + I) model for 500 replications. Guarapuava tymovirus-like 1 virus isolate Kenya-P43
characterized in this study is marked (GenBank accession: OM807119). Bootstrap values greater than 50 are displayed.
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entering their food webs. It has been detected in soil specimens
and has caused documented outbreaks in Kenya (Smith et al.,
1979; Nightingale and Ayim, 1980; Yamakawa et al., 1990). We
identified C. botulinum in a total of 4 pools (8.7%) collected
from cattle, buffalo, and endangered Grevy’s zebra. In this study,
the source is likely to be environmental in origin. However, the
presence of C. botulinum as the single bacterial species in 3 pools
suggests that it can readily predominate and pose a threat to
human and animal health without particular precautions.

In addition to the tick-borne or highly pathogenic species
discussed above, we detected many species of bacteria in
the tick pools, where E. coli and P. mirabilis constitute
the most frequent species, identified in 62.8% and 48.5% of
the pools, respectively. Furthermore, several other species of
Enterobacteriaceae, Staphylococci, Streptococci, and Clostridia
spp. other than C. botulinum were present in tick pools
(Figure 2). These bacteria are either ubiquitously found in
soil or are present in gut or skin microbiota of several host
species including humans, some being consistently shed in
feces. Although they are widespread in nature, they can be
opportunistic pathogens in specific hosts in various settings
(such as nosocomial infections) (Lax and Gilbert, 2015) or
can cause zoonotic infections (such as B. pseudomallei).
Similarly, we identified several fungi including Aspergillus,
Candida, Cladophialophora, Cryptococcus, Pneumocystis, and
Rhizopus species, found widespread in nature, that mostly cause
opportunistic infections. However, Cryptococcus neoformans and
Cryptococcus gattii, detected in the study in 4.2% of the pools, are
documented to produce severe infections in immunocompetent
individuals as well (May et al., 2016; Hsu et al., 2022). Infections
and genotypes of Cryptococcus species have been previously
reported from Kenya (Kangogo et al., 2015).

Our metagenomic analysis displayed several medically
important parasites, most of which are endemic in the region
(Table 2). The vector-borne filarial pathogens (B. malayi, D.
immitis, and L. Loa) and protozoa (Plasmodium spp. and
T. cruzi) detected in ticks probably represent blood meals
from infected hosts. The environmental and water-/food-borne
pathogens Entamoeba histolytica, Encephalitozoon intestinalis,
Naegleria fowleri, Schistosoma spp., Toxoplasma gondii, and
Trichinella spiralis were detected, which indicate, along with the
diversity of parasites detected in single ticks, contamination from
environmental sources. These findings demonstrate a marked
potential for wildlife-livestock-human pathogen transfer. This
is also supported by the frequent detection of adenovirus and
herpesvirus that cause human or cattle infections (Table 2).

We further described two recently characterized viruses
with currently unknown health impact, namely, GTLV-1 and
TBOV, and documented their first reporting from the African
continent. These viruses were prevalent in ticks with co-detection
in three pools (Table 3). TBOV was initially discovered in
Trinidad and Tobago and was present in all Rhipicephalus
and Amblyomma spp. screened in the region (Sameroff et al.,
2019). The TBOV genome shares significant similarities to Bole
tick virus 4, a tick-associated virus discovered in China (Shi
et al., 2015). Particular non-structural proteins from both viruses
share similarities to Pestiviruses in the family Flaviviridae, albeit

forming a distinct phylogenetic clade suggesting a novel genus
(Sameroff et al., 2019). TBOV has been documented in a wide
range of tick species, suggesting acquisition from an unknown
vertebrate host. Since Flaviviridae family includes several tick-
borne viral pathogens, potential association of TBOV with
vertebrate infections or its impact on vector capacity for tick-
borne flaviviruses requires further investigation. Virome analyses
performed in ticks collected from camels in Kenya showed Bole
tick virus 4 in three Hyalomma tick species and virus exposure
in hosts (Zhang et al., 2021). We further detected a local GTLV-1
isolate and analyzed its complete coding region (Table 4). Similar
to TBOV, GTLVs including GTLV 1, 2, and 3 are novel viruses
described recently in R. microplus ticks from Brazil, tentatively
named due to their limited genome similarities to members of
the order Tymovirales (Souza et al., 2018). Tymoviruses are plant
viruses associated with mosaic disease where arthropods facilitate
spread as mechanical vectors (Lefkowitz et al., 2018). Due to
their divergent genomes, GTLVs have been proposed as a novel
family, with currently unknown pathogenicity in invertebrate
hosts (Souza et al., 2018).

Finally, particular limitations or shortcomings of the study
must be addressed. Due to the sampling approach and
storage conditions, we were unable to provide a species-
level identification of ticks. Moreover, the sequencing runs
produced a relatively lower number of reads in the tick
pools, which is probably due to ethanol storage, a frequently
used approach to preserve entomological specimens. For
metagenomic investigations, we used a straightforward cDNA-
based approach, without prior treatment to enrich particular
targets such as viruses. Nevertheless, given the breadth of
microbial pathogens detected, our approach has been successful
even in ethanol-stored specimens, enabling the identification
of many human and animal pathogens, some having been
documented for the first time in the region. We also
observed ticks as a promising sentinel to monitor pathogen
circulation in domestic-wildlife interfaces in the Kenyan
landscape. Due to their natural life cycle that may involve
several host animals, they provide information not only on
tick-borne agents but from hosts and the environment as
well. Despite the costs and requirement of a significantly
equipped laboratory infrastructure and trained personnel,
metagenome-based investigations are capable of producing
crucial information on the identification of circulating pathogens,
prioritization of targets for surveillance, or management of
mitigation efforts.

In conclusion, we detected several microbial pathogens by
a metagenomic approach in ticks collected from animals at
the livestock-wildlife interfaces in Kenya. Tick-borne pathogens
JMTV and F. tularensis were documented in Kenya, as well
TBOV and GTLV-1, with currently unexplored impact on
vertebrate pathogens.
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Background: To study the clinical application of metagenomic next-generation

sequencing (mNGS) in the detection of viral infections in kidney transplant recipients

(KTRs) during the COVID-19 pandemic.

Methods: Using mNGS technology, 50 human fluid samples of KTRs were detected,

including 20 bronchoalveolar lavage fluid (BALF) samples, 21 urine samples and 9 blood

samples. The detected nucleic acid sequences were compared and analyzed with the

existing viral nucleic acid sequences in the database, and the virus infection spectrum of

KTRs was drawn.

Results: The viral nucleic acids of 15 types of viruses were detected in 96.00% (48/50)

of the samples, of which 11 types of viruses were in BALF (95.00%, 19/20), and the

dominant viruses were torque teno virus (TTV) (65.00%; 13/20), cytomegalovirus (CMV)

(45.00%; 9/20) and human alphaherpesvirus 1 (25.00%; 5/20). 12 viruses (95.24%,

20/21) were detected in the urine, and the dominant viruses were TTV (52.38%; 11/21),

JC polyomavirus (52.38%; 11/21), BK polyomavirus (42.86%; 9/21), CMV (33.33%;

7/21) and human betaherpesvirus 6B (28.57%; 6/21). 7 viruses were detected in the

blood (100.00%, 9/9), and the dominant virus was TTV (100.00%; 9/9). Four rare viruses

were detected in BALF and urine, including WU polyomavirus, primate bocaparvovirus

1, simian virus 12, and volepox virus. Further analysis showed that TTV infection with

high reads indicated a higher risk of acute rejection (P < 0.05).

Conclusions: mNGS detection reveals the rich virus spectrum of infected KTRs,

and improves the detection rate of rare viruses. TTV may be a new biomarker for

predicting rejection.

Keywords: metagenomic next-generation sequencing, kidney transplantation, infection, virus, torque teno virus
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INTRODUCTION

COVID-19 has rapidly escalated into a global pandemic, with
more than 276.4 million cumulative cases and five million
deaths worldwide as of December 2021 (1–3). The threats of
the constantly mutating coronavirus continue to emerge. Variant
strains with higher morbidity, stronger transmissibility, broader
epidemic potential and highermortality have been identified with
the help of the development of genetic sequencing technology
over the past 2 years (4–6). Although the worldwide epidemic of
COVID-19 has imposed great challenges and heavy burdens on
global public health, the work of transplantation clinicians has
never halted (7, 8). That is because organ transplantation offers
the greatest hope of survival and functional recovery for patients
with irreversible end-stage organ failure. As far as the end-stage
kidney disease patients are concerned, renal transplantation is
the optimal treatment. And with the widespread application of
potent immunosuppressive agents and the improvement of organ
preservation techniques, the one-year survival rate of kidney
transplantation has increased to more than 90% (9). However,
with the long-term use of large amounts of immunosuppressants,
the immune function of kidney transplant recipients (KTRs)
is obviously impaired, increasing the chance of postoperative
infection. Therefore, KTRs represent a population with an
increased risk for COVID-19 and other pathogens infection,
especially occult viral infections such as BK polyomavirus and
cytomegalovirus, in which the outcomes of the infections are
worse and in severe cases the infections may lead to graft loss and
even death (10, 11).

KTRs can be simultaneously infected by multiple viruses. And
their symptoms induced by infections sometimes are difficult
to differentiate from rejections and drug application. Viral
infections can’t be identified by routine cultures. While detection
of the viral genome by polymerase chain reaction (PCR) has
several limitations, including difficulties in identifying multiple
infections and low-throughput: only one species can be detected
at a time, which causes the challenges for clinical treatment
strategies and prognosis. Therefore, rapid determination of
the presence of viral infections and effective improvement of
accuracy and detection rates are urgent needs in the field of
transplant infections.

Metagenome next-generation sequencing (mNGS) is an
emerging method for pathogen identification. Since its successful
use in the detection of new pathogenic infections in 2008,
mNGS has gradually realized the transition from laboratory to
clinical applications (12, 13). This culture-independent technique
allows for rapid and accurate sequence detection of pathogenic
microorganisms (including bacteria, fungi, viruses, and parasites)
without bias by directly targeting nucleic acids in clinical samples.
mNGS showed promising values in the rapid diagnosis of clinical
infections, and can be applied in transplantation (14).

During the COVID-19 pandemic, factors of occult viral
infections in KTRs are likely to be influenced by the
COVID-19 epidemic in different ways and the management
is more complicated, especially by telemedicine. However,
few studies on this topic are currently available. Given this
global background, in order to have a more definitive and

comprehensive understanding of the viral pathogens following
renal transplantation, we used mNGS in this study to identify
virus spectrum of KTRs with symptoms from infection during
this special period, hoping to provide a basis for improving
clinical management strategies.

MATERIALS AND METHODS

Study Design and Population
This study was performed in Henan Provincial People’s
Hospital, a tertiary teaching hospital in Zhengzhou, China.
KTRs hospitalized with clinical symptoms and relevant signs of
infection or unexplained fever, from May 2020 to May 2021,
were enrolled. After recording demographic and clinical details,
multifarious body fluid samples depending upon the site of
infection at different stages were collected from enrolled KTRs,
which were tested for viral infection profile by mNGS. Additional
data on treatment, response to treatment, outcomes, and any
relevant follow-up data were also collected. The results were
reviewed by at least two clinicians to discriminate infection from
colonization and contamination.

This study was approved by the Ethics Committee of the
Henan Provincial People’s Hospital [(2021)213], and all data
were anonymised prior to analysis. The study was conducted in
compliance with the Declaration of Helsinki.

Sample Collection
The corresponding specimens were collected from each KTR
enrolled in the study according to their symptoms. The exclusion
criteria were consistent for all patients, namely: (1) patients
with a previous history of multiple organ transplantation;
(2) patients with samples sent for testing who were clearly
considered contaminated; (3) kidney transplant patients with
positive pregnancy tests. KTRs, who presented the most common
pulmonary infection manifestations, including fever, cough,
expectoration, shortness of breath, chest tightness, dyspnoea etc.,
were performed with chest CT for confirmation, and then the
bronchoalveolar lavage fluids (BALF) samples collected during
fiberoptic bronchoscopy were sent to laboratory for mNGS.
Urinary tract infection is the second most common infection
among KTRs, mainly manifests as lower urinary tract symptoms,
including urinary frequency, urgency, pain, and a burning
sensation during urination, with or without fever. KTRs with
urinary tract infection were confirmed by routine urine test and
quantitative urine culture, and then the clean midstream urine
samples were sent to laboratory for mNGS. Peripheral blood
samples were collected for mNGS from KTRs with fever of
unknown origin or both of the above-mentioned infections. A
5-mL sample was taken per BALF or peripheral blood specimen.
A 50-mL sample was taken per clean midstream urine specimen.
All samples were collected according to standard operating
procedures in accordance with the rules of aseptic technique,
and were transported to the sequencing laboratory by cold chain
in time.
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Metagenomic Next-Generation
Sequencing and Data Analysis
Nucleic Acid Extraction: TIANamp Micro DNA Kit (DP316,
TIANGEN BIOTECH, Beijing, China) was employed for
the process of DNA extraction. Nucleic acid extraction
were performed according to the manufacturer’s operational
guidebooks. DNA extraction was conducted for all samples.

Library Construction and Sequencing: The total DNA or
cDNA was subjected to library construction through an end-
repair method. A specific tag sequence was introduced at the
end of each library. The library concentration was determined
by Qubit 4.0 nucleic acid fluorescence quantitative analyzer
(Q33226, Thermo Fisher, USA) and Qubit R© dsDNA HS Assay
Kit (Q32854, Thermo Fisher, USA). Agilent 2100 Bioanalyzer
(G2939BA, Agilent, USA) was used to evaluate the DNA
concentration and fragment size in the library to be sequenced
for the quality control of the DNA libraries. DNA nanospheres
were prepared by one-step DNB Kit (1000025076, Huada Zhizao,
China). Quality qualified libraries were sequenced by MGISEQ-
200 platform.

Bioinformatic Analysis: After removing low-quality (< 35 bp)
and low-complexity reads according to prinseq (version 0.20.4),
and computational subtracting the human host sequences
mapped to the human reference genome (hg38) from the
sequencing data by Burrows-Wheeler Alignment (0.7.10-r789),
high-quality sequences were generated (15). The remaining non-
host sequences were matched and classified with dedicated
viral databases which were downloaded from the National
Center for Biotechnology Information (ftp://ftp.ncbi.nlm.nih.
gov/genomes/) and other public databases. So far, more
than 4,000 viral genomes were contained in the integrated
classification reference databases. The mapped data were
processed for advanced data analysis. Lists of suspected
pathogenic viruses were produced, which included the numbers
of strictly mapped reads, coverage rate, and depth (16). The
clinical diagnosis was determined by considering all the clinical
manifestations, possible pathogens identified bymNGS and other
laboratory tests together.

Statistical Analysis
Continuous data were expressed as the mean ± standard
deviation (SD). Counting data were expressed as the number of
cases with percentage (%). The Chi-square test was conducted
for comparing the rate of low concentration group and high
concentration group, rejection group and non-rejection group.
Data analyses were performed using Statistical Package for the
Social Sciences (SPSS) version 24.0 statistical software (IBM
SPSS, Chicago, IL, USA) (17). All P-values were two-sided, and
statistical significance was defined as P < 0.05.

RESULTS

Characteristics of the Patients
A total of 39 KTRs were investigated in the present study. A
total of 50 samples were collected from these KTRs at different
infection phases, including 20 BALF samples, 21 urine samples
and 9 blood samples. Abstractions of patients’ demographic

TABLE 1 | Baseline characteristics of participants.

Characteristics Cases (n = 39)

Gender

Male 22 (56.41%)

Female 17 (43.59%)

Age (years) 39.49 ±10.42

Pre-transplant dialysis durations (months) 25.51 ± 32.92

Comorbidity

Hypertension 32 (82.05%)

Hypertension and Diabetes 1 (2.56%)

Immunosuppressant

Tac+MMF+Pred 32 (82.05%)

Tac+MPS+Pred 7 (17.95%)

Data were provided as n / percentage (%) or mean ± standard deviation. Tac, tacrolimus;

MMF, mycophenolate mofetil; MPS, mycophenolate sodium; Pred, prednisone.

TABLE 2 | Baseline characteristics of patients.

Characteristics Samples (n = 50)

Body temperature

Normal 21 (42.00%)

≥37.3◦C 29 (58.00%)

Serum creatinine (umol/L) 148.26 ± 84.22

Lymphocyte count (x109/L) 0.80 ± 0.57

Lymphocyte ratio (%) 14.64 ±12.09

Acute rejection

Yes 17 (34.00%)

No 33 (66.00%)

Tacrolimus blood concentration

≥8 ng/ml 13 (26.00%)

<8 ng/ml 37 (74.00%)

Data were provided as n / percentage (%) or mean ± standard deviation. Normal

lymphocyte count: (1.1–3.2) × 109/L; Normal lymphocyte ratio: 20–50%.

and clinical information were collected, including age, sex,
dialysis durations, comorbidity, infection signs, application of
immunosuppression, laboratory examinations, as summarized
in Tables 1, 2. The median age of all KTRs was 39.49 (range
20–58) years. The clinical signs on physical examination of the
KTRs were heterogeneous and non-specific. Mean values of
lymphocyte count and lymphocyte proportion were both below
the normal range.

The same renal transplant team performed all the surgical
procedures and postoperative management together. Routine
standard of care and post-transplant medication including
immunosuppressive drug therapy was administered in
accordance to center standard. The standard immunosuppressive
protocol included induction with anti-thymocyte globulin
(ATG), followed by maintenance immunosuppressive regimen
consisting of tacrolimus, mycophenolate mofetil (MMF) /
mycophenolate sodium (MPS) and prednisone. The dosage of
tacrolimus was weight-based (0.05 mg/kg twice daily) started
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FIGURE 1 | The percentage of each virus in their respective samples,

including 20 BALF samples, 21 urine samples and 9 blood samples. BALF,

bronchoalveolar lavage fluids.

at the time of transplantation and then adjusted according to
close monitoring to maintain tacrolimus blood concentrations
within the therapeutic range (6–8 ng/ml) to ensure efficacy
and safety.

Diagnostic Performance of mNGS in Three
Sample Types
Viral nucleic acids were detectable in 48 of 50 samples (96.00%),
for a total of 15 virus types. Of these, 19 (95.00%) of the 20 BALF
samples were positive for viral nucleic acids, for a total of 11
virus types, of which the top five were torque teno virus (TTV) in
13 cases (65.00%), human betaherpesvirus 5 (Cytomegalovirus,
CMV) in 9 cases (45.00%), human alphaherpesvirus 1 in 5
cases (25.00%), human gammaherpesvirus 4 (Epstein-Barr virus,
EBV) in 3 cases (15.00%), and human betaherpesvirus 7 in
2 cases (10.00%). Mixed viral infections were observed in 11
cases (55.00%).

Among the 21 urine samples, viral nucleic acids were detected
in 20 cases (95.24%) with 12 virus types, of which the top five
were TTV in 11 cases (52.38%), JC polyomavirus (JCV) in 11
cases (52.38%), BK polyomavirus (BKV) in 9 cases (42.86%),
CMV in 7 cases (33.33%), and human betaherpesvirus 6B in
6 cases (28.57%). Mixed viral infections were observed in 18
cases (85.71%).

Viral nucleic acids were detected in all 9 samples of peripheral
blood (100.00%) with 7 virus types, namely, 9 cases of TTV
(100.00%), 2 cases each of human alphaherpesvirus 1, CMV and
JCV (22.22%), 1 case each of BKV, human betaherpesvirus 6B and
human betaherpesvirus 7 (11.11%). Four cases were mixed viral
infections (44.44%) (Figure 1).

TABLE 3 | Relationship between tacrolimus concentration and viral infection.

LCG HCG χ
2-value P-value

All cases 37 13

Reads≥10 25 (67.57%) 11 (84.62%) 0.670 0.413

Reads≥100 13 (35.14%) 7 (53.85%) 1.403 0.236

TTV positive cases 22 (59.46%) 12 (92.31%) 3.380 0.066

Reads≥10 9 (24.32%) 5 (38.46%) 0.954 0.329

Reads≥100 6 (16.22%) 4 (30.77%) 0.526 0.468

Data were provided as n / percentage (%). LCG, low concentration group; HCG, high

concentration group; TTV, torque teno virus.

FIGURE 2 | Relative abundance of viral nucleic acids in three types of

samples. BALF, bronchoalveolar lavage fluids.

Relative Abundance of Viral Nucleic Acids
in Three Types of Samples
We used 10% as the threshold to screen out virus types with high
relative abundance, and the results showed that there were 5 virus
types in the alveolar lavage fluid, namely, TTV(n = 12), CMV (n
= 7), human alphaherpesvirus 1 (n= 2), WU polyomavirus (n=
1), and parvovirus B19 (n = 1). Urine had 8 virus types, namely,
JCV (n = 8), TTV (n = 5), BKV (n = 3), CMV (n = 2), human
alphaherpesvirus 1 (n= 2), EBV (n= 2), human betaherpesvirus
6A (n = 1) and human betaherpesvirus 6B (n = 1). There was
only TTV in peripheral blood (n = 9) (Table 3). The only virus
whose relative abundance exceeded 10% in all three samples was
TTV (Figure 2).
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FIGURE 3 | Viral nucleic acid number of detected reads in three types of

samples. BALF, bronchoalveolar lavage fluids.

Reads of Viral Nucleic Acids Detected in
Three Types of Samples
In BALF, 14 cases (70.00%) had a total viral nucleic acid reads≥10
and 6 cases (30.00%) had nucleic acid reads ≥100, The viruses
with reads ≥100 were TTV (n = 4), CMV (n = 2), and WU
polyomavirus (n= 1).

In urine, 14 cases (66.67%) had a total viral nucleic acid reads
≥10, 10 cases (47.62%) had nucleic acid reads ≥100. The viruses
with reads ≥100 were JCV (n = 6), CMV (n = 3), TTV (n =

2), BKV (n = 1), human alphaherpesvirus 1 (n = 1), human
betaherpesvirus type 6A (n= 1), and simian virus 12 (n= 1).

In peripheral blood, 8 cases (88.89%) had a total viral nucleic
acid reads≥10 and 4 cases (44.44%) had nucleic acid reads≥100,
which were TTV (n= 4).

The only virus with a viral nucleic acid reads of more than 100
in all three samples was TTV (Figure 3).

mNGS Improves the Detection of Rare
Viruses
mNGS significantly improved the detection rate of rare or
uncommon viruses. Four rare viruses were detected in this study:
WU polyomavirus, simian virus 12, volepox virus and primate
bocavirus type 1. Among them, simian virus 12 and volepox virus
were detected once in urine samples. Primate baculovirus type 1
was detected once in alveolar lavage fluid. WU polyomavirus was
detected in one KTR’s alveolar lavage sample and another KTR’s
urine sample, respectively.

Nucleic acid reads were less than 10 for all viruses except for
WU polyomavirus in one BALF sample and simian virus 12 in
one urine sample, which had nucleic acid reads greater than 100.

TABLE 4 | Relationship between viral infection and rejection after renal

transplantation.

Rejection group Non-rejection group χ
2-value P-value

All cases 17 33

Reads≥10 16 (94.12%) 20 (60.61%) 4.698 0.030

Reads≥100 10 (58.82%) 10 (30.30%) 3.803 0.051

TTV positive

cases

14 (82.35%) 20 (60.61%) 1.542 0.214

Reads≥10 12 (70.59%) 11 (33.33%) 6.269 0.012

Reads≥100 8 (47.06%) 2 (6.06%) 9.364 0.002

Data were provided as n / percentage (%). TTV, torque teno virus.

Relationship Between Tacrolimus
Concentration and Viral Infection
We divided all samples into low concentration group (LCG, n =

37) and high concentration group (HCG, n = 13) according to
whether the tacrolimus concentration was ≥8ng/ml, and found
that there were 25 (67.57%) and 11 (84.62%) cases with total viral
nucleic acid reads ≥10 in the LCG and the HCG, respectively.
There were 13 (35.14%) and 7 (53.85%) cases with viral nucleic
acid reads ≥100 in the two groups, respectively. No statistical
differences were found between the two groups (P > 0.05).

We focused on the infection of the TTV in the LCG and
HCG, and found that the nucleic acid of the virus was detected
in 22 (59.46%) and 12 (92.31%) cases, respectively, with number
of detected reads ≥10 in 9 (24.32%) and 5 (38.46%) cases, and
≥100 in 6 (16.22%) and 4 (30.77%) cases, respectively, without
statistical difference between the two groups (P > 0.05) (Table 3).

Relationship Between Viral Infection and
Rejection After Renal Transplantation
We compared the viral infections in the rejection group (n =

17) and the non-rejection group (n = 33) and found that the
total nucleic acid reads ≥10 was detected in 16 (94.12%) and 20
(60.61%) cases in the two groups, respectively, with statistically
significant difference between the two groups (χ2 = 4.698, P =

0.030). The patients number of detected reads ≥100 was 10 cases
(58.82%) and 10 cases (30.30%) in the two groups, respectively,
and there was no statistically significant difference between the
two groups (P > 0.05).

We compared the TTV infection in the rejection and non-
rejection groups and found that TTV nucleic acid reads were
detected in 14 (82.35%) and 20 (60.61%) cases, respectively, with
no statistical difference between the two groups (P > 0.05).
Reads ≥10 were detected in 12 (70.59%) and 11 (33.33%) cases,
respectively, with statistical difference in comparison (χ2 =

6.269, P = 0.012). There were 8 (47.06%) and 2 (6.06%) cases
with reads ≥100, respectively, with a statistical difference in
comparison (χ2 = 9.364, P = 0.002) (Table 4).

Treatments and Outcomes
All patients were given empirical anti-infective therapy upon
admission, and the dose of immunosuppressive drugs was
reduced after definitive infection, i.e., MMF or EC-MPS
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was reduced or discontinued directly, and tacrolimus was
maintained in small doses or reduced appropriately. Ganciclovir
or penciclovir was also administered. All patients were cured with
anti-infective treatment and combination therapy.

Among those with pulmonary infections, one case resulted
in eventual failure of the transplanted kidney due to infection
and rejection, and the function of the transplanted kidney was
affected in two patients due to infection and rejection. Among
those with urinary tract infections, 8 cases had recurrent urinary
tract infections the function of the transplanted kidney was
affected in 1 case.

DISCUSSION

The current world is still going through a rough patch for
the outbreak of COVID-19. It causes public health concerns
especially in the field of transplantation. KTRs undergoing post-
transplant immunosuppressive therapy are at the risk of infection
(18). Althoughmany transplant practitioners have studied one or
more pathogenic infections in KTRs, studies revealing their viral
profile have not been seen. Fortunately, mNGS technology, with
the characteristics of fast detection speed, high sensitivity and
wide coverage, is able to effectively compensate for the deficiency
of traditional culture and PCR, particularly offer a very significant
practical advantage for KTRs (19–21). Since traditional culture
cannot detect viruses and PCR is low-throughput, the advantage
of mNGS for virus detection is highlighted. It directly extracts
all viral nucleic acid fragments in the specimen, compares the
reference sequences in the specific database with the specimen
sequences, analyzes them by intelligent algorithms to obtain
viruses in the specimen that have the same sequences as various
reference pathogens, avoiding the missed detection of difficult-
to-identify viruses (22). The findings of this research shed new
light onto the viral infection profile in KTRs during the COVID-
19 pandemic.

mNGS has helped researchers and clinicians solve many
intractable diseases since its initial clinical application. As tested
by Miao et al., the sensitivity of mNGS (50.7%) was higher
than traditional method (35.2%). They considered that mNGS
could yield a higher sensitivity for pathogen identification and
be less affected by prior antibiotic exposure, thereby emerging
as a promising technology for detecting infectious diseases (20).
Jerome et al. (23) performed mNGS among 40 febrile returning
travelers for the pathogenic diagnosis, avoiding the missed
detection by traditional methods, which indicated that mNGS
had the potential to be an all-in-one rapid diagnostic testing.
Palacios et al. (12) reported that 3 patients who received the same
donor organ died of high fever within 4–6 weeks, but the results
of traditional culture were negative. With the help of mNGS, the
patients were clearly diagnosed as arenaviruses infection, which
revealed the mystery of pathogenic microorganisms. Gazzani
reported a case of fatal disseminated cowpox virus infection in an
adolescent renal transplant recipient, which was greatly assisted
by mNGS (24).

In our study, viral nucleic acids were detected in 96.00%
of the samples, involving 15 virus types. Urine positivity

rate was 95.24% with 12 virus types, and the predominant
viruses were TTV, JCV, BKV, CMV, and human betaherpesvirus
6B. The virus-positive rate in urine samples was 95.24%,
and a total of 12 viruses were detected, among which the
predominant viruses were TTV, JCV, BKV, CMV, and human
betaherpesvirus 6B. 95.00% BALF was positive for a total of
11 virus types, with the predominant viruses being TTV, CMV,
human alphaherpesvirus 1, EBV, and human betaherpesvirus
7. Peripheral blood was 100.00% positive for 7 virus types,
with the predominant virus being TTV. All peripheral blood
samples were virus-positive, and TTV was the predominant
one among the 7 viruses detected. It is estimated that 5–
8% of KTRs are infected with BKV in the first 3 years
after transplant, which can lead to nephropathy, impaired
kidney function and graft loss (25–28). In this study, BKV
fragments were detected in only 9 urine samples and 1 blood
sample, and only 1 urine sample had a number of detected
reads more than 100. Accordingly, it is hypothesized that the
relatively low positive rate of BKV and viral load in infected
KTRs is probably due to the reduction of immunosuppression.
Herpesvirus infections, especially CMV infection, have also been
well studied (27, 29, 30). The number of studies on JCV infection
is also increasing (31, 32). We also detected TTV (33–35) and
parvovirus B19 (36–38), which are still relatively rare in the
field of transplantation. Four rare virus types, WU polyomavirus,
primate bocavirus type 1, simian virus 12, and vole pox virus,
have also been detected and have not been reported in KTRs
before, so we cannot be sure if they caused the disease, but
these patients eventually recovered with treatment. Therefore,
mNGS significantly improved the detection rate of common and
rare viruses in KTRs, and the application of mNGS in the renal
transplant is worth promoting.

Next, we studied the nucleic acid read length and relative
abundance of the viruses in each sample, and found that the
top virus in BALF and blood was TTV, while in urine, the
top virus was JCV, followed by TTV. Notably, only TTV was
positive in all three types of samples with nucleic acid reads
≥100 and relative abundance ≥10%, which was completely
unexpected. The detection rate of the TTV was 66.00% in all
samples, and 100.00% in blood samples, which is consistent with
the findings of previous studies (33, 34, 39). In addition to the
detection in these types of samples, detection of the TTV in
cerebrospinal fluid has also been reported (40), suggesting that
the TTV may be widely present in human body fluids and may
be particularly evident in immunosuppressed population. An
Australian cross-sectional study noted that TTV was detectable
in the plasma of 93% of KTRs, suggesting that TTV may be
a novel marker for immunosuppressive therapy for KTRs (39).
Another study has also identified TTV as a predictor of the
level of immunosuppression and infection after solid organ
transplantation (41, 42). We compared TTV infection in the
LCG andHCG. Although the difference did not achieve statistical
significance, we believe that this was due to the very small sample
size. The TTV positivity rate was lower in the LCG than in the
HCG (59.46 vs. 92.31%) and consistent results were obtained in
cases with nucleic acid reads ≥10 and ≥100. It is suggested that
the higher the tacrolimus concentration is, the more susceptible
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the KTRs are to be infected by the virus and higher the viral
load is.

Further, we compared viral infections in the rejection and
non-rejection groups, and the rates of viral infections with
nucleic acid reads ≥10 were 94.12 and 60.61% in the two
groups, respectively, which were statistically different (P < 0.05),
suggesting that the rejection group is more likely to lead to
viral infections. Specifically for TTV, we found that the infection
rate was higher in the rejection group than in the non-rejection
group (82.35 vs. 60.61%). Although the difference was not
statistically significant in the primary analysis, the trend was
obvious. Moreover, the stratified analysis of viral nucleic acid
read lengths showed that the infected cases was significantlymore
in the rejection group than in the non-rejection group (70.59
vs. 33.33% for acid reads ≥10, and 47.06 vs. 6.06% for reads
≥100), indicating a higher proportion of KTRs with TTV load
in the rejection group. These results suggested that TTV may be
a potential biomarker for predicting renal transplant rejection,
which was also tentatively validated by Strassl et al. (43).

Despite the great value of mNGS in infectious diseases,
especially rare infectious diseases, there are still many practical
problems in its clinical application. More than 99% of the
reads generated by sample sequencing are from human hosts
(44), while microorganisms represent only a small percentage.
And sequencing all nucleic acids reduces the sensitivity of
pathogen identification, making it difficult to distinguish between
colonizing, background and pathogenic bacteria among the
various species detected (45). But it is possible to deplete
host nucleic acids by certain methods (46, 47), and reducing
the human-derived nucleic acid sequence proportion can
increase the amount of microbial data and improve sensitivity
to some extent. In any case, the determination of mNGS
results requires a combination of nucleic acid fragment
counts, clinical presentation, other laboratory results and
background microorganisms.

In conclusion, we revealed the viral profile of KTRs by mNGS
technology. Certain viruses infection such as TTV may be a
reflection of the degree of immunity in KTRs, as well as a

potential biomarker for predicting rejection. Therefore, mNGS is
recommend as a routine testing for KTRs tomake real and lasting
benefits for health and healthcare.
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Genomic and virologic 
characterization of samples from 
a shipboard outbreak of 
COVID-19 reveals distinct 
variants within limited 
temporospatial parameters
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Early in the pandemic, in March of 2020, an outbreak of COVID-19 occurred 

aboard the aircraft carrier USS Theodore Roosevelt (CVN-71), during 

deployment in the Western Pacific. Out of the crew of 4,779 personnel, 1,331 

service members were suspected or confirmed to be  infected with SARS-

CoV-2. The demographic, epidemiologic, and laboratory findings of service 

members from subsequent investigations have characterized the outbreak 

as widespread transmission of virus with relatively mild symptoms and 

asymptomatic infection among mostly young healthy adults. At the time, there 

was no available vaccination against COVID-19 and there was very limited 

knowledge regarding SARS-CoV-2 mutation, dispersal, and transmission 

patterns among service members in a shipboard environment. Since that time, 

other shipboard outbreaks from which data can be extracted have occurred, 

but these later shipboard outbreaks have occurred largely in settings where 

the majority of the crew were vaccinated, thereby limiting spread of the virus, 

shortening duration of the outbreaks, and minimizing evolution of the virus 

within those close quarters settings. On the other hand, since the outbreak on 

the CVN-71 occurred prior to widespread vaccination, it continued over the 

course of roughly two months, infecting more than 25% of the crew. In order 

to better understand genetic variability and potential transmission dynamics 

of COVID-19  in a shipboard environment of immunologically naïve, healthy 

individuals, we  performed whole-genome sequencing and virus culture 

from eighteen COVID-19-positive swabs collected over the course of one 

week. Using the unique variants identified in those genomes, we  detected 

seven discrete groups of individuals within the population aboard CVN-71 
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infected with viruses of distinct genomic signature. This is in stark contrast 

to a recent outbreak aboard another U.S. Navy ship with >98% vaccinated 

crew after a port visit in Reykjavik, Iceland, where the outbreak lasted only 

approximately 2 weeks and the virus was clonal. Taken together, these results 

demonstrate the utility of sequencing from complex clinical samples for 

molecular epidemiology and they also suggest that a high rate of vaccination 

among a population in close communities may greatly reduce spread, thereby 

restricting evolution of the virus.

KEYWORDS

shipboard outbreak, COVID-19, genomic characterization, aircraft carrier, molecular 
epidemiology

Introduction

COVID-19, which is caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), has emerged as a public 
health crisis all over the world. Early in the pandemic, in March 
of 2020, an outbreak of COVID-19 occurred aboard the aircraft 
carrier USS Theodore Roosevelt during deployment to the 
Western Pacific. Out of 4,779 ship crew personnel, 1,331 service 
members (27.9%) were suspected or confirmed to be infected with 
SARS-CoV-2 (Alvarado et  al., 2020; Kasper et  al., 2020). 
Subsequent investigations into this outbreak have characterized it 
as widespread transmission of virus with relatively mild symptoms 
and asymptomatic infection among mostly young and healthy 
adults (Alvarado et  al., 2020; Kasper et  al., 2020; Payne et  al., 
2020). This was significant because at the time of this outbreak, 
data from SARS-CoV-2 viral infections were primarily ascertained 
from older and immunocompromised components of the 
population, and there was not much information from outbreaks 
among younger, healthy populations living in close quarters. 
Additionally, at that time, vaccination against COVID-19, a key 
element to limiting the spread of SARS-CoV-2, was not available. 
Since then, there have been documented studies of SARS-CoV-2 
transmission dynamics in the close quarter settings that are 
characteristic of the U.S. military (Letizia et al., 2020, 2021a,b). To 
understand how the SARS-CoV-2 virus is transmitted, mutated, 
and dispersed among unvaccinated service members in a 
shipboard environment, this retroactive study examines viral 
characterization data from nasal swab samples obtained from 18 
individuals with confirmed or suspected infection. Analysis of 
these SARS-CoV-2 genomes demonstrates the existence of 
multiple genetic variants of the virus within the same population 
over a very short length of time.

The shipboard environment is a unique and challenging 
environment, in a number of ways, particularly when it comes to 
infectious disease control. Although it has been 2 years since the 
pandemic began, there are very limited genomic analyses 
performed on viral samples from shipboard outbreaks in general, 
including both military and commercial vessels. Literature 

searches were performed in PubMed, the National Center of 
Biotechnology Information, and Google Scholar for articles 
published in English between 2019 and April 25, 2022, with 
keyword combination of “SARS-CoV-2” or “genomic 
characterization” and “ship.” This search resulted in a few 
COVID-19 outbreak reports on the Diamond Princess cruise ship 
in Japan in February 2020 (Sekizuka et  al., 2020; Yeh and 
Contreras, 2021), a fishing vessel that departed from Seattle, 
Washington, in May 2020 with 122 COVID cases (Addetia et al., 
2020), the USNS COMFORT which was deployed in New York 
City to assist the inpatient health care capacity in New York City 
and later had 13 cases arise onboard (Lalani et al., 2021), the USS 
Ronald Reagan (CVN-76; Mullinax et al., 2022), a Navy vessel off 
the coast of Iceland (Servies et al., 2022), as well as follow-up 
reviews of some of these outbreaks (Batista et al., 2020; Vicente 
et  al., 2021). These studies, however, mainly focused on 
demographic, epidemiologic, and general phenotypic 
characterization of COVID positive samples and hardly on 
genomic characterization of the pathogen itself. Fortunately, not 
every vessel will experience an outbreak, as has been demonstrated 
by the USS Harry S. Truman Strike Group deployed from Norfolk, 
VA, in November 2019, where there was no outbreak and the ship 
returned to its home port in June 2020 with zero COVID-19 cases 
(Bigornia, 2021), but understanding how a novel pathogen may 
spread and diverge in such an environment may help to develop 
effective countermeasure strategies.

A limited number of studies of shipboard outbreaks with viral 
genetic analyses conducted exist, but these include: the Diamond 
Princess Cruise ship study that analyzed SARS-CoV-2 genomes 
from 28 individuals, the fish vessel outbreak study with 39 
genomes sequenced out of 122 individuals infected, and the Navy 
vessel off the coast of Iceland, from which 18 samples were 
sequenced. Widespread vaccination and high rates of natural 
infection have dramatically limited our ability to examine the 
natural history of SARS-CoV-2 transmission and mutation within 
an immunologically naïve population in very close quarters. Here, 
we  present a retrospective study that is the first report of the 
Theodore Roosevelt (CVN-71) outbreak that includes the 
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application of viral genome sequencing with virologic and 
epidemiological data to study pathogen variations arising within 
an immunologically naïve population confined to close quarters. 
Despite the outbreak occurring in an isolated shipboard 
environment where it might be  expected that one viral strain 
might rapidly multiply, we identified distinct variations occurring 
within the cohort in a very short timeframe. Based on some 
unique genetic variations identified in those genomes, we were 
able to categorize the subjects into seven groups with viruses of 
distinct genomic signatures that build upon one another as 
sequential mutations in a very short time, demonstrating possible 
transmission chains. The implications of constant and rapid 
evolution of SARS-CoV-2 could be  relevant in efforts to halt 
transmission chains and to enable a more targeted approach to 
disease control in a shipboard environment for this, and potential 
future, pandemics.

Materials and methods

Study design, sample collection, and 
RT-PCR

Eighteen SARS-CoV-2-positive samples from the COVID-19 
outbreak aboard the USS Theodore Roosevelt (CVN-71) were 
samples of convenience that were randomly selected from 
symptomatic individuals that presented to sick call aboard the 
ship on March 29 and March 30, 2020 (Figure 1), de-identified, 
and sent for viral culture and genome sequencing. These samples 
were collected as part of the ship’s outbreak response, which 
involved testing of suspected COVID-19 cases and close contacts 
as previously reported (Kasper et al., 2020). Briefly, nasopharyngeal 
(NP) swab specimens were collected from individuals using viral 
transport medium (VTM) swab kits. Samples were processed with 
either the Qiagen QIAamp Viral RNA Mini Kit or the Roche 
MagNA Pure 96 instrument for automated nucleic acid extraction 
per the manufacturer’s instructions. The presence of SARS-CoV-2 
infection was determined by the Seegene Allplex 2019-nCOV 
assay test kit (Seegene Technologies) or by the Centers for Disease 
Control and Prevention (CDC) emergency-use-authorization 
(EUA) assay, each using primers targeting two sites in the 
nucleocapsid gene, N1 and N2.

Virus culture

The viral component of each sample was cultured under 
Biosafety Level 3 (BSL-3) conditions and simultaneously sequenced 
from primary material under nonhuman subject research 
determination PJT 20–08. Patient samples were cultured for SARS-
CoV-2 using a standard plaque assay on Vero cells in six-well plates 
as well as by a cytopathic effect (CPE) assay on Vero cells in T-25 cm2 
flasks. For the plaque assay, duplicate wells were infected with 0.2 ml 
aliquots from a 1:2 and serial 10-fold dilutions in Minimum Essential 

Medium (MEM), followed by an hour incubation at 37°C with 5% 
CO2 to allow virus adsorption to occur. After incubation, cells were 
overlaid with MEM containing 0.5% agar supplemented with 5% 
heat-inactivated fetal bovine serum (FBS) and 1% penicillin/
streptomycin and incubated for 72 h at 37°C with 5% CO2. Cells 
were fixed in 10% formalin prior to staining with crystal violet and 
plaque counting. For the CPE assay, cells were seeded in T-25 cm2 
flasks and each flask was infected with 0.5 ml aliquots from a 1:2, 1:5, 
and 1:10 dilution in MEM, followed by a 1 h incubation at 37°C with 
5% CO2. After incubation, 5 ml of MEM was supplemented with 5% 
heat-inactivated FBS, 1% penicillin/streptomycin was added, and the 
flasks were incubated for 5 days at 37°C with 5% CO2. CPE was 
monitored daily and post 5 days, supernatant was passed onto fresh 
cells to allow additional time to amplify.

Library preparation and genome 
sequencing

RNA was extracted from 0.25 ml of VTM using 0.75 ml of 
TRIzol LS reagent (Invitrogen) according to the manufacturer’s 
protocol. RNA concentration was measured using Qubit RNA 
High-Sensitivity assay (Thermo Fisher Scientific) prior to use 
in the ARTIC v3 nCoV-2019 Sequencing protocol (Quick, 
2020) with the exception of one sample (i.e., TR1) that 
required additional sequencing, for which the YouSeq v2 
SARS-CoV-2 Coronavirus NGS Library preparation kit was 
used. In that case, the YouSeq reverse transcriptase was 
replaced with SuperScript IV (Thermo Fisher Scientific). 
Complementary DNA (cDNA) was amplified using multiplex 
PCR and either the associated ARTIC primer pools or YouSeq 
primer pools. Samples prepared via the ARTIC protocol were 
cleaned using 1x AMPure XP beads (Beckman Coulter) and 
resuspended in nuclease-free molecular grade water. 
Sequencing libraries were completed following the QiaSeq FX 
protocol (Qiagen). Libraries were checked for quality using an 
Agilent Bioanalyzer High-sensitivity kit (Agilent) and 
quantitated using the Qubit DNA High-Sensitivity assay 
(Thermo Fisher Scientific) prior to sequencing using Illumina 
MiSeq v3 2×300 chemistry (Illumina).

Bioinformatic analyses

Raw sequencing reads were processed using Viral 
Amplicon Illumina Workflow (VAIW, version 1; Batista et al., 
2020). Briefly, the reads were first assessed for quality (Q20) 
and trimmed using bbduk.1 Then, resulting paired reads were 
merged using bbmerge and aligned to the Wuhan reference 
genome (NC_045512.2) using bbmap (Bushnell, 2014). 
ARTIC or YouSeq primers were trimmed from sequence ends 

1 BBTools User Guide. 
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using align_trim (ARTIC pipeline). The consensus genome 
was generated and Single-Nucleotide Variants (SNVs) were 
determined using samtools mpileup (Li et al., 2009) and iVar 
(Intrahost Variant Analysis of Replicates; Grubaugh et al., 
2019) with a minimum coverage of 10x and minimum 
nucleotide frequency of 30%. Global lineage was determined 
using Phylogenetic Assignment of Named Global Outbreak 
Lineages (PANGOLin v3.1.19). A maximum-likelihood tree 
was generated using 16 representative sequences, the Wuhan 
Hu-1 reference, and the 18 samples collected for this study 
(herein called TR samples) using MAFFT (Katoh et al., 2002) 
and IQ-tree 2 Ml (GTR + G; Minh et  al., 2020). Resulting 
trees were visualized using FigTree (Rambaut, 2012). The 16 
representative sequences were obtained by selecting a subset 
of B.1.1 reference genomes from Global Initiative on Sharing 
All Influenza Data repository (GISAID accessed, April 8, 
2022) by filtering for genome completeness, high coverage, 
and collection date availability up to April 1, 2020, to match 
the timing of the sample collection. These samples were 
further reduced by removing sequences that contain stretches 
of ambiguous or unsequenced bases (represented as “N” in 
reference sequences) and by clustering with mmseqs 
(v13.45111; Hauser et al., 2016) to remove duplicates. The 

remaining samples were processed through nextclade 
(v10.0.10) to identify SNVs present in the samples. Final 
representatives, which had the earliest collection date and the 
same core SNVs as the TR samples, were chosen, thereby 
reducing the dataset from 5,730 samples to 16 samples, 
representing 1,415 identical samples.

Results

PCR testing

Eighteen COVID-positive surveillance samples of 
convenience from patients who presented to sick call aboard 
the Theodore Roosevelt over a 2-day period between March 
29 and 30, 2020, at the peak of the outbreak (Alvarado et al., 
2020; Figure 1) were sent for viral isolation and sequencing 
(Table  1). Three samples, TR16, TR17, and TR18, were 
initially identified as close contacts of other cases on the ship 
and subsequently tested within a pooled testing format and 
found negative on March 24 or March 25, 2020. However, 
when tested again on March 30, 2020, they became COVID 
positive. Most of the cases had very low real-time PCR cycle 

FIGURE 1

Timeline of COVID-19 outbreak on aircraft carrier USS Theodore Roosevelt in 2020. Major events pertaining to and surrounding outbreak of 
COVID-19 on CVN-71 as gathered from available references (Alvarado et al., 2020; Payne et al., 2020; Pike and Koblentz, 2020; Stewart and Ali, 
2020; U.T.R.P. Affairs, 2020) are depicted, including collection of 18 samples of convenience for sequencing-based surveillance. The peak of 
outbreak as per Alvarado et al. (2020) is indicated on the timeline with a star.
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threshold (CT value ~10) to relatively low CT values (<20) 
indicating high viral loads with the exceptions of two 
samples: TR1 (N1: 26.69 and N2: 30.06) and TR3 (N1: 31.32 
and N2: 35.11), for which PCR test result for the latter 
was indeterminate.

Virus culture

Aliquots of VTM from each individual were assessed by 
CPE assay on Vero cells in T-25 cm2 flasks that were 
monitored for signs of growth and by standard plaque assay 
in six-well plates to determine the infectious virus titer. Three 
samples, TR1, TR11, and TR13, were negative by both CPE 
and plaque assays. Two samples, TR2 and TR9, were positive 
for CPE but negative by plaque assay. The remaining 13 
samples were positive by both CPE and plaque (with titers 
ranging from 2.9 to 5.3 log10 plaque-forming units per ml 
PFU/ml) assays (Table  2). Sample TR3, which was 
“indeterminate” by PCR assay, was determined to have a 
midrange titer of 4.5 log10 PFU/ml in the plaque assay. This 
suggests that other factors than low titer may have caused the 
indeterminate PCR result and that indeterminate PCR results 
may still merit genome sequencing in an outbreak 
investigation, particularly if taken from a symptomatic 
patient and/or a patient with epidemiology info such as a 
known exposure.

Genome sequencing and assembly

Despite differences in Ct values and viral titers, including 
some samples that did not grow in cell culture at all, coding 
complete viral genomes were achieved from all eighteen samples, 
indicating that even if the samples did not contain viable virus any 
longer, they did contain sufficient viral nucleic acids. Sample TR1, 
which had higher Ct values (N1: 26.69, N2:30.06) than TR11 and 
TR13 negative by both assays, was sequenced using two different 
and complementary SARS-CoV-2 amplicon sequencing strategies, 
ARTIC and YouSeq. The additional sequencing protocol applied 
to this sample generated more sequence data from the 5′ and 3′ 
noncoding regions than for other samples, resulting in a slightly 
longer consensus genome length of 29,801 nt as opposed to 
29,782 nt in other samples. Another sample with a higher CT 
value, sample TR3 (N1:31.32, N2: 35.11), required multiple library 
preparations to yield a full viral genome.

Overall, all of the 18 genomes were very similar to each other; 
all of them belonged to Pangolin lineage B.1.1, NextStrain clade 
20B, and GISAID clade GR (Table 2; Figure 2). They all contained 
mutations: A23403G (D614G), C241T (5’UTR), C3037T (F924F), 
C14408T (P4715L), G2881A (R203K), G28882A (R203R), and 
G28883C (G204R). This is in contrast to one specific report on 
viral genome sequence analysis from cases on the Diamond 
Princess, in which 8 of 28 cases were identical to the original 
Wuhan WIV-4 sequence (Yeh and Contreras, 2021). This 

TABLE 1 Metadata of samples included in study.

Sample ID Referral 
source

Sample 
collection date

COVID-19 test Ct value

Date Result N1 N2 RNaseP

TR1 Sick call 3/30/2020 3/30/2020 Positive 26.69 30.06 19.28

TR2 Sick call 3/30/2020 3/30/2020 Positive 23.23 25.3 20.28

TR3 Sick call 3/29/2020 3/30/2020 Indeterminate 31.32 35.11 24.35

TR4 Sick call 3/30/2020 3/30/2020 Positive 15.53 15.55 26

TR5 Sick call 3/30/2020 3/30/2020 Positive UND 13.2 24.14

TR6 Sick call 3/30/2020 3/30/2020 Positive 19.59 19.82 23.55

TR7 Missing data 3/29/2020 3/30/2020 Positive 20.02 21.74 18.54

TR8 Sick call 3/30/2020 3/30/2020 Positive 10 9.13 22.31

TR9 Sick call 3/30/2020 3/30/2020 Positive 23.96 24.12 24.69

TR10 Sick call 3/30/2020 3/30/2020 Positive UND 12 19.17

TR11 Sick call 3/30/2020 3/30/2020 Positive 20.36 22.53 24.21

TR12 Sick call 3/29/2020 3/30/2020 Positive UND 12.13 24.39

TR13 Sick call 3/30/2020 3/30/2020 Positive 18.69 19.01 22.72

TR14 Sick call 3/30/2020 3/30/2020 Positive 16.34 17.65 22.62

TR15 Sick call 3/30/2020 3/30/2020 Positive 10.1 10.4 22.26

TR16* Close contacts 3/24/2020 3/24/2020 Negative N/A (pooled) N/A (pooled)

Sick call 3/30/2020 3/30/2020 Positive 14.5 15.57 25.42

TR17* Close contacts 3/24/2020 3/25/2020 Negative N/A (pooled) N/A (pooled)

Sick call 3/30/2020 3/30/2020 Positive 16.7 19.12 25.25

TR18* Close contacts 3/25/2020 3/26/2020 Negative N/A (pooled) N/A (pooled)

Sick call 3/30/2020 3/30/2020 Positive 18.67 20.31 24.55

N/A = not applicable; UND = undetermined; *Identified as close contacts of other cases on the ship and thus tested within a pooled testing format and found negative 5–6 days prior 
before becoming positive on March 30, 2020.
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constellation of multiple variations in common among the 
samples is not surprising since the samples were all collected 
within 2 days and from a closely knit community. Based on the 
phylogenetic tree placement, viral sequences from 18 samples can 

be categorized into seven discrete groups. Group I consisted of 
genomes from the three samples (TR16, TR17, and TR18) which 
were collected from close contacts and tested negative initially on 
March 24 and March 25. Group 1 also included viruses from 
samples TR1 and TR11, which were negative by both CPE and 
plaque assays. Sample TR3, which had the highest CT value 
among the 18 samples with indeterminate PCR result, produced 
the only genome belonging to Group II. Genomes from samples 
TR2 and TR9, which were positive samples for CPE but too low 
titer to quantify, belonged to Groups VI and III, respectively. 
Finally, sample TR13 that was negative by both CPE and titer 
assays produced a genome that belonged to Group V.

Specifically, these groups are based on the presence or absence 
of six high-quality single-nucleotide variations (SNVs): A7929G 
(K2555R in ORF1a), R3164R (T9757C in ORF1a), L37F (G11083T 
in ORF1a), A27V (C21642T in S), A55S (G28056T in ORF8), and 
A119S (G28628T in N; Figure 3; Table 3). These six SNVs are not any 
of the five characteristic mutations of B.1.1: P314L (ORF1b), D614G 
(S), S84L (ORF8), R203K (N), and G204R (N). Briefly, one sample 
each was found to have a non-synonymous SNV in the S gene that 
encodes spike glycoprotein (TR4), ORF8 (TR2), or the nucleocapsid 
phosphoprotein gene (TR13). Notably, the A7929G SNV in nsp3 
that results in a non-synonymous mutation K2555R was shared 
among 33% of the samples (n = 6, TR2, TR4, TR8, TR9, TR12, and 
TR14) and this was the only SNV found in common with any other 
SNV in a single genome. This is in contrast with the findings from 
the Diamond Princess cruise ship study where the G11083T SNV in 
nsp6 that results in an L37F mutation was observed in 14% (4/28) of 
the samples spread during shipboard quarantine and arose through 
de novo RNA recombination under positive selection pressure  

TABLE 2 Virus cultivation results and genome sequencing statistics.

Sample ID Titer (PFU/ml) Cytopathic effect 
(CPE)

Number of raw 
sequencing reads

Consensus genome 
length (bp)

Virus lineage/
nextStrain clade/

GISAID clade

TR1 Negative Negative 5,606,273 29,801 B.1.1/20B/GR

TR2 Negative Positive 7,792,070 29,782 B.1.1/20B/GR

TR3 4.5 log10 Positive 9,483,672 29,782 B.1.1/20B/GR

TR4 4.4 log10 Positive 2,217,062 29,782 B.1.1/20B/GR

TR5 5.3 log10 Positive 6,332,426 29,782 B.1.1/20B/GR

TR6 3.6 log10 Positive 7,750,816 29,782 B.1.1/20B/GR

TR7 2.9 log10 Positive 1,327,290 29,782 B.1.1/20B/GR

TR8 4.5 log10 Positive 4,580,614 29,782 B.1.1/20B/GR

TR9 Negative Positive 8,195,212 29,782 B.1.1/20B/GR

TR10 3.7 log10 Positive 4,096,140 29,782 B.1.1/20B/GR

TR11 Negative Negative 4,375,622 29,782 B.1.1/20B/GR

TR12 4.1 log10 Positive 2,102,416 29,782 B.1.1/20B/GR

TR13 Negative Negative 3,039,242 29,782 B.1.1/20B/GR

TR14 3.6 log10 Positive 10,141,716 29,782 B.1.1/20B/GR

TR15 5.3 log10 Positive 3,130,260 29,782 B.1.1/20B/GR

TR16 3.4 log10 Positive 1,316,262 29,782 B.1.1/20B/GR

TR17 3.5 log10 Positive 6,894,320 29,782 B.1.1/20B/GR

TR18 5.3 log10 Positive 3,130,260 29,782 B.1.1/20B/GR

FIGURE 2

Phylogenetic tree of the eighteen CVN-71 viral genomes in 
relation to representative samples from lineages circulating 
during the beginning of the pandemic in early 2020. Based on 
the SNVs, groupings are shown in different colored boxes. Except 
for the two earliest references from China, which are B and B.1, 
the rest of the sequences included in the tree are B.1.1 lineages.
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FIGURE 3

Seven groupings based on six high-quality single-nucleotide variations and their positions on the genome.

TABLE 3 Single nucleotide variations and effects.

Variant # of 
samples Group Coverage§

Allele 
frequency 
(%)

Gene
Protein 
product 
affected

synonymous/
nonsynonymous

Amino 
acid 
change

Biological 
significance

A7929G 6 III, VI, VII 8495£ 99.7£ ORF1a nsp3 Non-synonymous K2555R No report found

T9757C 1 IV 15913 98.2 ORF1a nsp4 synonymous Not applicable Not applicable

G11083T 1 II 17012 99.9 ORF1a nsp6 Non-synonymous L37F Associated with 

asymptomatic SARS-

CoV-2 infection. 

Linked to viral 

hypotoxicity (Wang 

et al., 2020; Sun 

et al., 2022)

C21642T 1 VII 7117 99.9 S spike Non-synonymous A27V Located on 

N-terminal domain; 

no significant effects 

(Ferrareze et al., 

2021)

G28056T 1 VI 5222 95.4 ORF8 ORF8 protein Non-synonymous A55S Destabilizes the RNA 

binding domain 

(Rahman et al., 2021)

G28628T 1 V 6174 100 N Nucleocapsid 

phosphoprotein

Non-synonymous A119S N:A119S is one of 

the five lineage-

defining SNVs that 

distinguish P.2 

(B.1.1.28.2) 

sequences from all 

other B.1.1.28 

sequences available 

in Brazil (Resende 

et al., 2021)

N/A = not applicable. 
§Number of reads supporting alternative (mutant) allele.
£Average of six samples with read coverage (3253, 5954, 7559, 9790, 11566, 12847).
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TABLE 4 SARS-CoV-2 reference genomes and cases by geographic region at the time of viral genome sequencing from Theodore Roosevelt 
outbreak (up to June 12, 2020).

Geographic region

GenBank/NCBI GISAID

Total number of 
COVID cases

Total number of 
SARS-CoV-2 

genomes

Genome 
sampling %

Total number of 
SARS-CoV-2 

genomes

Genome 
sampling %

By continent Africa 243,125 539 0.22 469 0.19

Asia 1,594,208 3,780 0.24 3,875 0.24

Europe 2,187,307 29,911 1.37 29,980 1.37

Oceania 8,796 2,157 24.52 2,152 24.47

Americas 3,848,098 10,149 0.26 10,160 0.26

By country Philippines 26,420 17 0.06 17 0.06

Vietnam 334 52 15.57 48 14.37

United States 2,150,000 5,973 0.28 8,688 0.40

Italy 237,000 108 0.05 147 0.06

(Yeh and Contreras, 2021). In the Theodore Roosevelt (CVN-71) 
shipboard outbreak, we observed L37F in only 5% (1/18) of the 
group. It is important to note that the K2555R mutation in ORF1a 
appears to be unique to the Theodore Roosevelt shipboard outbreak 
as compared to other published B.1.1 genomes from that period.

Despite all these distinct genomic signatures, sample bias in 
data availability from different parts of the world was an inevitable 
issue that made the confident assignment of the geographic origin 
of the outbreak impossible. In this case, B.1.1 lineage reference 
genomes from samples collected through April 1, 2020, in GISAID 
were mainly from Europe (4,058), followed by North America 
(625), Asia (580), Oceania (284), South America (131), and Africa 
(25). We found certain parts of Asia to be undersampled in SARS-
CoV-2 genome sequencing. For instance, at the time of these 
genomes being sequenced, specifically looking at GISAID 
submission dates through June 12, 2020, to allow time for sample 
processing and submission post sample collection, we found that 
there were 46,636 SARS-CoV-2 genomes available in GISAID, 
without filtering, and of those, only 3,875 (8.31%) were from Asia. 
If we  applied filtering for complete genomes and low depth of 
coverage, 31,729 total genomes were available, of that, 2,796 
(8.81%) were from Asia. In other words, whether with or without 
filtering, the entire continent of Asia was contributing less than 10% 
of the reference genomes for SARS-CoV-2 worldwide, despite the 
outbreak having been observed there first (Table 4) and there being 
~20% of COVID cases worldwide from that area, demonstrating 
strong biases toward sequencing from samples taken in Europe and 
Oceania in general. Specifically analyzing data by country indicates 
undersampling in the Philippines and oversampling in Vietnam. 
That is, within Asia, there were only 17 reference SARS-CoV-2 
genomes available in GISAID for the Philippines although it 
reported 26,420 COVID cases (i.e., 0.06%), whereas Vietnam 
submitted 48 genomes (14.37%) out of 334 COVID cases reported 
at the time (Figure 4). Due to this unevenness in viral genome 
sampling from different geographic regions around the world at 
that time and the possibility that the databases might therefore lack 

enough representative sequences for a given region, speculation on 
the origin of the outbreak based on sequencing-based surveillance 
on the Theodore Roosevelt (CVN-71) was not attempted.

Discussion

Herein, we have presented a unique genetic and virologic 
investigation of a shipboard outbreak of an emerging viral 
pathogen. The 18 viral genomes from servicemen and 
servicewomen onboard the Theodore Roosevelt (CVN-71) were 
sequenced from samples taken in a span of 2 days only 
approximately 1 week post recognition of the outbreak on the 
ship, and represented only a small fraction of the total cases. 
Yet, they contained variations that allowed them to be separated 
into seven distinct groups. One particular variant, A7929G, a 
non-synonymous variation in nsp3, was favored among this 
sample set occurring in 33% of the cohort. Nsp3 is an essential 
component of SARS-CoV-2 replication (Lei et al., 2018) and is 
considered a potential target for antiviral drugs (Baez-Santos 
et  al., 2015). It is interesting to note that despite the close 
timeline of outbreaks between Diamond Princess Cruise ship 
(February 10–25, 2020) and the Theodore Roosevelt ship 
outbreak (March 24, 2020), the most common mutation differed 
between them: L37F and K2555R being the most common, 
respectively. In fact, it is interesting to note that the K255R 
mutation appears to be  unique to the Theodore Roosevelt 
shipboard outbreak. In addition, we  have demonstrated a 
sampling bias in terms of viral genome sequencing in different 
regions around the world at the time, a bias that would 
somewhat limit conclusions that could be drawn regarding the 
potential source of infection. It is important to remember that 
these are potentially important caveats to the interpretation of 
data regarding predominance of a given lineage over another in 
certain geographic regions, as well as the origin of the virus in 
this particular shipboard outbreak.
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Recently, sequencing-based surveillance was applied to 
another Navy shipboard outbreak of COVID-19, and the 
findings were rather different in that more recent study, there 
was much less genetic variation observed. In fact, in that 
more recent study, of the 18 samples sequenced, 16 samples 
were 100% identical to each other. The genome of the 17th 
sample was found to be only one nucleotide different from 
the sixteen samples and the 18th sample did not produce a 
sufficient consensus genome to be analyzed in this manner 
(Servies et al., 2022). The most salient difference between 
these two outbreaks is that the outbreak on CVN-71 occurred 
prior, in an unvaccinated crew, whereas the other outbreak 
occurred more recently among a highly vaccinated crew. 
Taken together, these results suggest that a high rate of 
vaccination among a population in close quarters may greatly 
reduce spread, thereby restricting evolution of the virus; an 
important reminder for future pandemics. In fact, a recent 
analysis published online prior to peer review investigates the 
potential relationship between vaccination rates in various 
countries as compared to viral mutation rate, and this 
preprint suggests that purifying selection pressure on the 

spike gene of SARS-CoV-2 may increase with increasing 
vaccination rate.2 Further study is clearly warranted  
to augment our collective understanding of the biology  
of SARS-CoV-2 and its interplay with the human  
immune system in support of effective countermeasure  
development.

The viral genetic data derived from this study, when 
combined with the epidemiological data, demonstrate 
possible transmission chains and provide new information as 
to how quickly a virus may begin to diverge in a contained, 
immunologically naïve population. Our results demonstrate 
that genetic variations can occur constantly and rapidly over 
a relatively short period and that these mutations may 
be useful for tracking transmission chains. This is important 
because as novel viruses such as SARS-CoV-2 evolve rapidly 
after infection the mutations may affect virulence, infectivity, 
and transmissibility. In addition, this study demonstrates how 
sequencing-based surveillance, whether it be  targeted 

2 https://doi.org/10.1101/2021.08.08.21261768

FIGURE 4

Potential SARS-CoV-2 Genome Sampling Bias. The number of cases per geographic region at the time of the outbreak aboard CVN-71 is 
represented by red bars and the left y axis, the number of viral genomes in GISAID for each geographic region at the time is depicted by blue bars 
and the left y axis, and is depicted by blue bars and the left y axis, and the proportion of viral genomes sampled per geographic region is denoted 
with a gray dot. Number of cases by continent was taken from https://www.ecdc.europa.eu/en/geographical-distribution-2019-ncov-cases 
(accessed on June 12, 2020).
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sequencing as in this study, or whether it be  unbiased  
shotgun sequencing, can be  used for molecular 
epidemiological purposes to support force health protection 
decision-making, such as to track and halt transmission 
chains with additional protective measures. Finally, our  
study confirms the need to accumulate more sequence data 
from this outbreak to better trace the viral genome evolution 
and associate the changes with epidemiological data and 
clinical symptoms. A better understanding of this, and  
other similarly isolated SARS-CoV-2 outbreaks, will  
aid in the preparation for containment of future shipboard  
outbreaks.
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Tick-borne diseases are a major public health concern in Mongolia. 

Nomadic pastoralists, which make up ~ 26% of Mongolia’s population, 

are at an increased risk of both tick bite exposure and economic loss 

associated with clinical disease in herds. This study sought to further 

characterize tick-borne pathogens present in Dermacentor ticks (n  = 1,773) 

sampled in 2019 from 15 of Mongolia’s 21 aimags (provinces). The ticks 

were morphologically identified and sorted into 377 pools which were then 

screened using Next-Generation Sequencing paired with confirmatory 

PCR and DNA sequence analysis. Rickettsia spp. were detected in 88.33% 

of pools, while Anaplasma spp. and Bartonella spp. were detected in 

3.18 and 0.79% of pools, respectively. Khentii had the highest infection 

rate for Rickettsia spp. (76.61%; CI: 34.65–94.79%), while Arkhangai had 

the highest infection rate for Anaplasma spp. (7.79%; CI:4.04–13.72%). 

The exclusive detection of Anaplasma spp. in tick pools collected from 

livestock supports previous work in this area that suggests livestock play 

a significant role in disease maintenance. The detection of Anaplasma, 

Bartonella, and Rickettsia demonstrates a heightened risk for infection 

throughout Mongolia, with this study, to our knowledge, documenting 

the first detection of Bartonella melophagi in ticks collected in Mongolia. 

Further research deploying NGS methods is needed to characterize 

tick-borne pathogens in other endemic tick species found in Mongolia, 

including Hyalomma asiaticum and Ixodes persulcatus.
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next generation sequencing, Dermacentor, Mongolia, tick-bome disease, Rickettsia, 
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Introduction

Ticks and the pathogens they carry pose a significant threat to 
both human and animal health. This holds true in Mongolia, 
where an estimated 26% of the population continues to live a 
nomadic pastoral lifestyle and 37% of households own livestock 
(Odontsetseg et al., 2009; Boldbaatar et al., 2017; Barnes et al., 
2020). These populations spend prolonged periods of time moving 
herds through tick habitats, resulting in a heightened risk for 
exposure to ticks and tick-borne diseases (TBDs). The Mongolian 
economy is also likely impacted by the effects of TBDs, where an 
estimated 67 million heads of livestock are present within the 
country1 and roughly 18% of the nation’s GDP comes from 
animal-related products (Odontsetseg et al., 2009). In neighboring 
China, an estimated $70 million every year is lost due to the 
impact of tick-borne disease impacts on small mammal 
production (Yin and Luo, 2007).

Ticks gathered in Mongolia have previously tested positive for 
various TBDs, including Anaplasma spp., Borrelia spp., Crimean-
Congo hemorrhagic fever, Ehrlichia spp., Rickettsia spp., and tick-
borne encephalitis virus (Moore et al., 2018; Voorhees et al., 2018; 
Černý et al., 2019; von Fricken et al., 2020a). Rickettsial diseases 
are of particular concern due to high rates of severe illness and 
death in previously healthy individuals, (Aung et al., 2014; Biggs, 
2016; von Fricken et al., 2018). A previous study by our team 
found that 20% of humans and livestock animals in Mongolia have 
had past exposure to Rickettsia spp., with variations observed by 
geographic location (von Fricken et al., 2018). This also held true 
when examining previous exposure to Anaplasma spp., which was 
detected in 37% of nomadic herders and over 40% of livestock 
(von Fricken et al., 2018). We also have detected Anaplasma ovis 
infection rates as high as 80% in sheep and 69% in goats, which 
aligns with what has previously been detected in ticks from the 
same region (Ochirkhuu et al., 2017; von Fricken et al., 2018, 
2020a; Enkhtaivan et  al., 2019; Fischer et  al., 2020; 
Chaorattanakawee et al., 2022). Anaplasmosis in livestock can 
result in anoxia, abortions, infertility, significant weight loss, and 
even death, all of which can impact economic security in 
pastoralist communities.

Dermacentor ticks are the most common and one of the more 
important ticks of medical and veterinary concern within 
Mongolia due to their wide geographic range and the pathogens 
they carry (Černý et al., 2019). Ticks collected from southern and 
central aimags have previously had high pool positivity rates 
(> 80%) for Rickettsia spp., with molecular detections of R. raoultii, 
R. sibirica mongolitimonae, and R. sibirica reported (Fischer et al., 
2020; von Fricken et al., 2020b). In contrast, a study of pathogens 
within ticks collected from aimags of central Mongolia found 
lower overall levels of Anaplasma spp. within Dermacentor ticks, 
although the infectivity rates increased substantially when 
specifically examining ticks removed from livestock (von Fricken 

1 https://1212.mn/

et al., 2020a). Additional pathogens have been detected within 
Dermacentor ticks collected from Mongolian aimags include 
Babesia caballi, B. equi, Borrelia afzelii, Candidatus Midichloria 
sp., Candidatus Neoehrlichia mukurensis, Theileria equi, and 
T. orientalis (Battsetseg et al., 2001; Javkhlan et al., 2014; Fischer 
et al., 2020). In neighboring countries, pathogens reported from 
Dermacentor spp. ticks include Babesia venatorum, Borrelia 
miyamotoi, Brucella spp., Francisella tularensis subsp. holarctica, 
Rickettsia aeschlimannii, and the Far Eastern genotype of tick-
borne encephalitis virus (Zhang et al., 2008; Wei et al., 2016; He 
et al., 2018; Yin et al., 2018; Huang et al., 2020; Gao et al., 2021; 
Jiao et al., 2021).

The potential threat tick-borne diseases present to both the 
Mongolian population and its growing ecotourism industry is 
substantial, given the high rates of various pathogens reported in 
previous tick survey studies (Černý et al., 2019; Fischer et al., 2020; 
von Fricken et al., 2020b). Improved molecular characterization 
of TBDs within Mongolia may help inform future preventative 
measures for locals and visitors, while also establishing baseline 
sequence data to monitor evolution over time. The variety of tick-
borne pathogens found within Mongolia complicates attempts to 
fully characterize pathogens found in samples collected within the 
country. Our research group has recently used an analytical 
workflow on livestock blood samples from three aimags in 
Mongolia, initially applying next-generation sequencing (NGS) to 
obtain a snapshot of pathogen groups present, followed by 
conventional PCR and Sanger sequencing for confirmation and 
species characterization (Chaorattanakawee et al., 2022). In this 
study, we deploy Next-Generation Sequencing for on Dermacentor 
ticks collected from a wide geographic range of Mongolia to 
further our understanding of tick-borne pathogens in this region.

Materials and methods

Dermacentor ticks were collected from the environment 
(questing) and off domestic animals from 15 aimags across 
Mongolia in 2019 (Uvs, Khovd, Govi-Altai, Zavhan, Khuvsgul, 
Arkhangai, Bayankhongor, Arkhangai, Uvurkhangai, Bulgan, Tuv, 
Dundgovi, Khentii, Dornogovi, Sukhbaatar, and Dornod; Figure 1). 
Adult ticks were morphologically identified as D. nuttalli or to the 
genus level as Dermacentor spp. by entomologists using local keys 
(Boldbaatar and Byambaa, 2015). In total, 7,275 ticks were collected 
and sorted into 1,489 pools according to location and collection 
source (environment vs. animal). Of these pools, 377 pools of adult 
stage ticks, representing pools from all sampled provinces, were 
selected for analysis by next-generation sequencing, including 51 
pools collected from livestock (Tables 1, 2). Whole ticks in 250 μl 
of ATL buffer were punctured with a fine tip under a 
stereomicroscope to release the tissue from the hard chitin 
exoskeleton prior to adding 2 mg/ml of Proteinase K solution. 
Samples were then incubated at 55°C overnight. A total volume of 
250 μl homogenized solution was then used for DNA extraction on 
the QIAsymphony® SP instrument with QIAsymphony® DSP 
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FIGURE 1

Distribution of tick collection events symbolized according to collection source. A map of Mongolia representing the location of tick pools that 
were chosen for further analysis. Tick pools are symbolized according to their collection source off animals (brown circle) or from the environment 
(green square). Individual aimags are colored according to the number of pools analyzed per aimag to demonstrate sampling intensity.

TABLE 1 Samples selected for pathogen screening by next-generation sequencing (NGS) in this study.

Provinces Number of tick pools Number of ticks Number of tick pools 
selected for NGS

Number of ticks in pools 
selected for NGS

Arkhangai 61 305 27 135

Bayankhongor 101 496 29 143

Bulgan 14 56 14 56

Dornod 122 599 34 159

Dornogovi 5 18 5 18

Dundgovi 47 226 27 126

Govi-Altai 135 675 24 120

Khentii 8 17 8 17

Khovd 162 810 26 130

Khuvsgul 223 1,050 51 232

Sukhbaatar 140 693 27 133

Tuv 4 21 4 21

Uvs 162 810 29 145

Uvurkhangai 124 594 42 188

Zavhan 181 905 30 150

Total 1,489 7,275 377 1773

TABLE 2 Pool positivity rate by collection source [% and (95% CI)].

Pathogens
Sources (% Infection, 95% CI)

Animals (N = 51) Environment (N = 307) Rock and bush (N = 19) Total

Rickettsia 41 [80.4% (69.5, 91.3%)] 275 [89.6% (86.2, 93.0%)] 17 [89.5% (75.7, 103.0%)] 333

Anaplasma 12 [23.5% (11.9, 35.2%)] 0 0 12

Bartonella 1 [1.96% (−1.8, 5.8%)] 2 [0.7% (−0.3, 1.6%)] 0 3
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DNA Mini Kit using Tissue LC 200 DSP protocol (Qiagen, 
Hombrechtikon, Switzerland). The DNA was eluted in 50 μl of ATE 
buffer and stored at −20°C until use.

Bacterial 16S DNA amplification

Nested PCR was performed as described in Chaorattanakawee 
et al., 2022 to amplify both the V1-V6 region and V3-V4 region 
of the bacterial 16S rDNA. Each round of PCR included both an 
ultrapure DNA/RNA-free water negative control and a mock 
DNA extraction control. The nested PCR amplicon products were 
isolated using AMPure XP magnetic beads and the quality of the 
products was assessed as previously described (Chaorattanakawee 
et  al., 2022). Amplicon products were stored at −20°C until 
further analysis.

Library preparation and sequencing

The Nextera XT Index Kit v2 (Illumina) was used for index PCR 
to attach the dual indices and Illumina sequencing adapters to 
purified 16S amplicons as previously described. Each batch of 
indexing reactions included a DNA/RNA-free water as a negative 
control. The index PCR products were cleaned using AMPure XP 
beads, followed by library purity analysis using the QIAxcel 
Advanced System (Qiagen). The index libraries were then quantified 
using the Qubit dsDNA HS Assay Kit (Invitrogen). Libraries were 
denatured with NaOH according to the manufacturer’s protocol 
(Ilumina). Sequencing was performed using the MiSeq Reagent Kit 
V3 with the Ilumina Miseq System. A 10% PhiX internal control 
(Ilumina) was included in each low-diversity library run.

NGS data analysis

Sequence reads produced by the Ilumina MiSeq system were 
processed using the CLC Genomics workbench (v 11.0.1) and 
CLC microbial genomics module (v 3.0; Qiagen, Aarhus A/S1), 
which included merging paired reads, primer sequence removal, 
low read sample removal, and chimeric sequence removal. The 
filtered sequences were then clustered into operational taxonomic 
unites (OTUs) using a threshold of 97% sequence identity and the 
reference OTU database downloaded from the Greengenes 
database (v 13.8) and SILVA 16S (v 132). Pathogen reads detected 
in the negative controls represented cross-contamination and were 
used to subtract respective reads detected in samples.

Pathogen characterization by PCR and 
sanger sequencing

To confirm the detection of pathogens and the taxonomic 
assignment as indicated by NGS analysis, PCR and DNA 

sequencing were conducted on NGS samples with read counts 
above a set threshold. The assays and gene targets for selected 
pathogens (Anaplasma, Bartonella, Rickettsia, Coxiella) were 
detailed previously in Takhampunya et al. (2019). PCR 
amplification products were cleaned using the ExoSAP-IT kit 
(Applied Biosystem), followed by cycle-sequencing and sequencing 
using the SeqStudio Genetic Analyzer (Applied Biosystems), as 
previously described (Chaorattanakawee et  al., 2022). Sample 
sequences were assembled using Sequencher (v 5.1, Gene Codes 
Corp.) and aligned with GenBank reference sequences using the 
MUSCLE codon alignment program. Maximum likelihood 
phylogenetic trees were constructed for each bacterial target gene 
using MEGA 6.

Mapping

ArcGIS Pro (v 2.8.0, ESRI) was used for spatial visualizations 
of data, including tick collection events, tick collection source, and 
pathogen detection. The map layer of Mongolia and its delineated 
aimags was accessed from ESRI.2

Statistical analysis

To estimate the probability of pathogen detection within the 
pooled samples, prevalence rates, maximum likelihood estimates 
(MLE) and minimum infection rates (MIR) were calculated, 
which is standard when analyzing pooled tick data. The MLE and 
MIR estimates were conducted in Excel with the use of the CDC’s 
Mosquito Surveillance Software tool which calculate point and 
confidence intervals using pooled data that take into account 
individual pool sample sizes to estimate infection rates.3

Results

Detection of Rickettsia, Anaplasma, and 
Bartonella

The summary results for the Rickettsia spp., confirmed 
through qPCR analysis and DNA sequencing, are presented in 
Table 3 and Figure 2 Overall, Rickettsia spp. were detected in tick 
pools from all aimags sampled, with 88% of pools testing positive 
(333/377). The highest Rickettsia spp. pool detection rate was seen 
in Tuv (100%) followed by: Dornod (97%) Dundgovi (96%) and 
Sukhbaatar (96%), while the Bulgan aimag showed the lowest pool 
positivity rate (57%). Maximum likelihood estimates (MLE) found 
an average prevalence of 37.30% (95%CI: 33.50–41.01%), where 

2 https://services.arcgis.com/P3ePLMYs2RVChkJx/arcgis/rest/services/

MNG_Boundaries_2018/FeatureServer

3 https://www.cdc.gov/westnile/resourcepages/mosqSurvSoft.html
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Dornod aimag had the highest MLE of 55.40% (95%CI: 34.38–
70.67%) and a MIR of 20.75% (95%CI: 14.45–27.06%) and Bulgan 
had the lowest MLE of 18.34% (95%CI: 9.21–30.23%) with a MIR 

of 14.29% (95%CI: 5.12–23.45%). In general, higher MLEs were 
found in tick pools collected from eastern and western aimags of 
Mongolia, with lower MLEs seen in central aimags (Figure 2).

TABLE 3 Maximum likelihood estimates of Rickettsia spp. by region based on confirmatory results including 95% confidence intervals.

Rickettsia spp.

Province Positive pools Total number of 
ticks

MLE

Point Low High

Arkhangai 20/27 (74%) 135 23.7 14.9 33.3

Bayankhongor 24/29 (83%) 143 31.2 20.0 42.4

Bulgan 8/14 (57%) 56 18.3 9.2 30.2

Dornod 33/34 (97%) 159 55.4 34.4 70.7

Dornogovi 4/5 (80%) 18 33.4 12.1 54.9

Dundgovi 26/27 (96%) 126 51.5 31.1 67.1

Govi-Altai 22/24 (92%) 120 39.2 23.7 52.9

Khentii 7/8 (88%) 17 76.6 34.7 94.8

Khovd 24/26 (92%) 130 40.1 24.7 53.7

Khuvsgul 41/51 (80%) 232 31 22.6 39.4

Sukhbaatar 26/27 (96%) 133 48.7 29.2 63.9

Tuv 4/4 (100%) 21 N/A N/A N/A

Uvs 27/29 (93%) 145 41.4 26.2 54.7

Uvurkhangai 39/42 (93%) 188 43.9 31 55.1

Zavhan 28/30 (93%) 150 41.8 26.6 55.0

Total 333/377 (88%) 1773 37.3 33.5 41.0

FIGURE 2

Pool MLE for Rickettsia spp. A map showing the distribution of identified Rickettsia species, with an aimag color gradient representing the 
Rickettsia spp. MLE of sampled pools within the aimag. MLE calculation for Tuv is N/A because detection rate was 100%.
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Summary results for the Anaplasma spp., confirmed through 
PCR and DNA sequencing of the tick pools, are presented in 
Table 4. Pools were found to have an overall positivity rate of 
3.18% for Anaplasma spp. (12/377), with only ticks sampled from 
Arkhangai (33% of pools), Uvs (7% of pools) and Uvurkhangai 
(2% of pools) testing positive. MLE found an average prevalence 
of 0.69% (95%CI: 0.39–1.19%), with Arkhangai having the 

highest MLE of 7.79% (95%CI: 4.04–13.72%) and MIR of 6.67% 
(95%CI: 2.46–10.87%). In contrast, Uvurkhangai had an MLE of 
0.53% (95%CI: 0.09–2.87%) with a MIR of 0.53% (95%CI: 
0–1.57%).

Table 5 summarizes the results for the Bartonella spp., confirmed 
through PCR and DNA sequencing of the tick pools. The overall 
Bartonella spp. pool positivity rate was found to be 0.79% (3/377), 

TABLE 4 Maximum likelihood estimates of Anaplasma spp. by region based on confirmatory results including 95% confidence intervals.

Anaplasma spp.

Province Positive pools Total number of 
ticks

MLE

Point Low High

Arkhangai 9/27 (33%) 135 7.8 4.0 13.7

Bayankhongor 0/29 (0%) 143 – – –

Bulgan 0/14 (0%) 56 – – –

Dornod 0/34 (0%) 159 – – –

Dornogovi 0/5 (0%) 18 – – –

Dundgovi 0/27 (0%) 126 – – –

Govi-Altai 0/24 (0%) 120 – – –

Khentii 0/8 (0%) 17 – – –

Khovd 0/26 (0%) 130 – – –

Khuvsgul 0/51 (0%) 232 – – –

Sukhbaatar 0/27 (0%) 133 – – –

Tuv 0/4 (0%) 21 – – –

Uvs 2/29 (7%) 145 1.4 0.4 4.8

Uvurkhangai 1/42 (2%) 188 0.5 0.1 2.9

Zavhan 0/30 (0%) 150 – – –

Total 12/377 (3%) 1773 0.7 0.4 1.2

TABLE 5 Maximum likelihood estimates of Bartonella spp. by region based on confirmatory results including 95% confidence intervals.

Bartonella spp.

Province Positive pools Total number of 
ticks

MLE

Point Low High

Arkhangai 3/27 (11%) 135 2.3 0.8 6.4

Bayankhongor 0/29 (0%) 143 – – –

Bulgan 0/14 (0%) 56 – – –

Dornod 0/34 (0%) 159 – – –

Dornogovi 0/5 (0%) 18 – – –

Dundgovi 0/27 (0%) 126 – – –

Govi-Altai 0/24 (0%) 120 – – –

Khentii 0/8 (0%) 17 – – –

Khovd 0/26 (0%) 130 – – –

Khuvsgul 0/51 (0%) 232 – – –

Sukhbaatar 0/27 (0%) 133 – – –

Tuv 0/4 (0%) 21 – – –

Uvs 0/29 (0%) 145 – – –

Uvurkhangai 0/42 (0%) 188 – – –

Zavhan 0/30 (0%) 150 – – –

Total 3/377 (0.8%) 1773 0.2 0.0 0.5
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with Arkhangai being the only region with positive pools (3/27 
pools). Maximum likelihood estimates (MLE) found an overall 
prevalence of 0.17% (95% CI: 0–0.06–0.50%). Arkhangai had a MLE 
of 2.33% (95%CI: 0.78–6.37%) and a MIR of 2.22% (95%CI: 
0–4.71%). A full list of sequence accession numbers by gene target 
and microorganism can be found in Table 6.

Pathogen detection by tick source

The pathogen pool positivity rate by tick collection source is 
detailed in Table 2. Rickettsia spp. was detected in 80.4% (95% CI 
69.5, 91.3) of tick pools removed from livestock animals, with Tuv 
having the highest pool positivity rate (100%) and Khuvsgul 
having the lowest pool positivity rate (33.3%; Table  3). The 
Rickettsia spp. infection rate in ticks collected from different 
sources (animal vs. environment including from rock and bush) 
was compared using Chi-square test and no significant difference 
was found (Chi-square = 2.7685, df = 1, value of p = 0.09614). Of 
note, Anaplasma spp. was only detected in tick pools collected 
from animals, with a pool positivity rate of 23.5% (95% CI 11.9, 
35.2). Arkhangai had the highest level of pool positivity, with 
47.4% of tick pools collected from animals having Anaplasma spp. 
DNA present (Table 1). Bartonella spp. was detected in 1.96% (95% 

CI -1.8, 5.8) of pools of ticks removed from animals and 0.7% (95% 
CI –0.3, 1.6) of tick pools collected from the environment. As 
discussed above, all three pools testing positive for Bartonella spp. 
came from the Arkhangai aimag, with one pool representing ticks 
collected from animals (5.26% of animal tick pools from Arkhangai 
(Table 2), and the other two pools being ticks collected from the 
environment (25% of environmental tick pools from Arkhangai).

Pathogen species confirmation

DNA sequencing allowed for pathogen species confirmation 
of pools testing positive for the various bacterial groups. Within 
Rickettsia spp. positive tick pools, the gltA and ompA sequences 
were analyzed, with the summarizing maximum likelihood (ML) 
tree presented in Figure 3. As shown in the ML tree, most pools 
were identified as having R. raoultii (n = 332), although one 
environmental tick pool from Govi-Altai had a pathogen 
identified as R. sibirica/Rickettsia slovaca (100% sequence 
identity). Anaplasma species were identified by analyses of both 
the 16S rDNA and groEL, placing Anaplasma-positive pools 
within the A. capra, A. centrale, A. marginale, and A. ovis group, 
with all Anaplasma-positive pools eventually being grouped 
within the A. ovis group (n = 12, Figure 4). Finally, ML gltA gene 

TABLE 6 Identity and Genbank accession numbers for Anaplasma, Bartonella and Rickettsia spp. from pooled samples Dermacentor spp.

Target Gene Organism Location GenBank# Identity

gltA Bartonella schoenbuchii Arkhangai OM281134-OM281135 99.21% AJ564635.1

B. melophagi Arkhangai OM281136 100% AY692475.1

Rickettsia raoultii Arkhangai, Bayankhongor, Dornogovi, Dornod, 

Dundgovi, Govi-Altai, Khentii, Khovd, Khuvsgul, 

Sukhbaatar, Tuv, Uvs, Uvurkhangai, Zavhan

OM28112; OM281162; OM281137-

OM281146; OM281148-OM281155; 

OM281157; OM281160-OM281168; 

OM281170-OM281171; OM2811173-

OM281177; OM281179-OM281185; 

OM281187-OM281192; KU961538;

100% MT178337.1

R. raoultii Dornod, Khovd, Khuvsgul, Uvs OM281156; OM281158; OM281159; 

OM281169; OM281178; OM281186

100% OK638145.1

R. sibirica/R. slovaca Govi-Altai OM281147 100% MG811709.1;

ompA R. raoultii Bayankhongor, Dornod, Govi-Altai, Khentii, Khovd, 

Khuvsgul, Sukhbaatar, Uvs, Uvurkhangai

OM281193-OM281217 100% MK726326.1

16S rRNA Anaplasma ovis

A. capra

A. centrale

A. marginale

Arkhangai OM320148-OM320155 100% MN266936.1

A. ovis Uvs OM320157 100% MN266936.1

groEL A. ovis Arkhangai, Uvs OM281118-OM281120; OM281122-

OM281128

99.69% MT268377.1

A. ovis, A. centrale, A. marginale Arkhangai OM28121 99.39% MT268375.1; 

92.05 KY305559.1

A. ovis Uvs OM281232 100% MH292916.1

A. ovis Arkhangai OM281229-OM281231 100% MH292916.1

16S rRNA Coxiella endosymbiont of 

Dermacentor marginatus

Arkhangai, Dornod, Dornogovi, Khentii, Khuvsgul, 

Sukhbaatar, Uvurkhangai

OM333168-OM333184 99.44% MZ047981.1
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A B

FIGURE 3

Maximum likelihood (ML) tree was constructed from gltA gene (A) and ompA gene (B) of Rickettsia spp. using T92 + G model with 1,000 bootstrap 
replicates (> 50% are shown on each node). Sequences of tick samples in this study are shown in red letters.

A B C

FIGURE 4

ML tree was constructed from 16S rRNA (A) and groEL genes using K9 + G (B) and TN93 + G + I (C) models, respectively, with 1,000 bootstrap and 
value over 50% are indicated on each node.
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analysis of the three pools that tested positive for Bartonella spp. 
identified the species as Bartonella melophagi (Figure 5). Figure 6 
summarizes the geographic distribution of identified microbial 

species as well as the proportion of pools within an aimag that 
tested positive for Anaplasma, Bartonella, or Rickettsia species. A 
higher proportion of tick pools tested positive for a pathogen in 

FIGURE 5

ML tree constructed from gltA gene of Bartonella spp. using T92 + G model with 1,000 bootstrap replicates (> 50% value are shown on each node). 
Sequence of tick samples in this study are indicated in red letters.
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the eastern and western part of Mongolia, which was largely 
driven by high detection rates of R. raoultii.

Discussion

This study continues previous work describing the microbial 
diversity found within Dermacentor ticks of Mongolia, applying 
next-generation sequencing to ticks collected from a wider 
geographic range. Findings from this study reiterate that 
Rickettsia spp., specifically R. raoultii, are highly prevalent across 
Mongolia, with aimag pools having a positivity rate of above 50%. 
While previous work has documented high pool positivity levels 
for Rickettsia spp. in Dermacentor ticks from southern and central 
aimags of Mongolia (Fischer et  al., 2020; von Fricken et  al., 
2020b), this study has a much wider geographic range and 
represents, to our knowledge, the first time NGS methods have 
been applied to testing Dermacentor ticks in Mongolia. The 
finding of higher MLEs and pool-positivity rates in the eastern 
part of Mongolia may indicate a potential hotspot for 
Dermacentor tick-related Rickettsia spp. exposure, warranting 
future human and animal serological studies in these areas. Of 
note, the total MLE in this study (37.30%; 95% CI: 33.50–41.01) 
is similar to a previous work that sampled ticks from five southern 
aimags, where the MLE for Dermacentor spp. was 33.2% (95% CI: 
30.1–36.2; von Fricken et al., 2020b). Additionally, zero larvae 
and few nymphs were found across 191 geographically distinct 
collection events spread out through 15 aimags, which we believe 
is suggestive of Dermacentor ticks spending earlier life cycle 
stages underground in rodent burrows, given harsh dry winter 
seasons common in Mongolia. This theory is also supported by 

high levels of Rickettsia detection in rodent reservoirs, where 
17/18 Meriones unguiculatus (Mongolian Gerbil) tested positive 
for Rickettsia DNA, with this rodent commonly found across 
Mongolia (Pulscher et al., 2018). When paired with evidence of 
transovarial transmission of Rickettsia in Dermacentor ticks from 
Mongolia (Moore et al., 2018), it is not surprising to observe such 
high detection rates across this wide geographic range. The 
Rickettsia species identified through NGS analysis include 
R. raoultii and R. sibirica/R. slovaca, which aligns with previous 
reports of R. raoultii and R. sibirica from Dermacentor spp. 
collected from the Omnogovi, Dornogovi, Govi-Altai, Khovd, 
Khentii and Bayankhongor aimags (Fischer et  al., 2020; von 
Fricken et al., 2020b). Infections with R. raoultii typically manifest 
with eschars and lymphadenopathy, although severe cases have 
been reported with pulmonary edema (Li et al., 2018). Similarly, 
R. sibirica subspecies present with non-specific flu-like symptoms 
accompanied by a rash and eschar, with more severe 
complications such as disseminated intravascular coagulation, 
renal failure, and neurological symptoms (Nouchi et al., 2018). 
Therefore, the detection of these pathogens across a wide 
geographic distribution of ticks within Mongolia represent a 
major public health threat that is likely under reported in pastoral 
communities, due to limited access to healthcare in rural regions 
and low treatment-seeking behaviors within this population 
(Lkhagvatseren et al., 2019).

While only seen in three aimags (Arkhangai, Uvs, and 
Uvurkhangai), Anaplasma spp. was still detected in 3.18% of pools 
overall, eventually being identified as A. ovis. This Anaplasma 
species causes anaplasmosis in sheep, goats, and wildlife 
ruminants, often characterized as a subclinical disease which can 
lead to reduced milk production and spontaneous abortions 

FIGURE 6

Distribution of identified microbial species and pool positivity rate by aimag. A map demonstrating the geographic distribution of microbial species 
identified within the sampled tick pools. Each identified microbial species has a different symbol. The aimags are colored according to the 
proportion of pools that tested positive for Anaplasma, Bartonella, or Rickettsia species.
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(Cabezas-Cruz et  al., 2019). Of note, all positive pools for 
Anaplasma spp. came from ticks removed from livestock, 
primarily sheep and goat, with zero detections occurring in 
environmental samples. A previous study of Anaplasma spp. and 
Ehrlichia spp. within ticks collected from central Mongolia 
reported a similar pattern of high MLE rates when ticks collected 
from animals were considered separately from ticks collected from 
the environment (Shao et al., 2020; von Fricken et al., 2020a). This 
pattern of pathogen distribution within ticks may result from ticks 
taking partial blood meals from infected livestock hosts and then 
detaching and reattaching to other livestock hosts, spreading the 
disease within herds in the process. We do not believe rodents or 
transovarial transmission plays a significant role in A. ovis 
transmission cycles given the absence of detection in such a large 
sample. These findings highlight an important component of 
Anaplasma spp. disease ecology where livestock act as amplifying 
hosts. Given these observed patterns of Anaplasma spp. 
transmission within Mongolia, the lack of Anaplasma spp. 
detection in many of the aimags in this study should not 
be interpreted as an actual absence of this microbe group, as many 
of the pools within these Anaplasma-negative aimags were 
primarily pools collected from the environment. Further 
investigation into co-feeding transmission between ticks and 
potential vectors is warranted, when paired with the high 
seroprevalence and pathogen detection found in previous studies 
screening livestock (Zhang et al., 2008; Jiao et al., 2021).

Bartonella spp. are typically transmitted by fleas and lice, 
however there is an ongoing larger discussion about what potential 
role ticks play within transmission cycles (Angelakis et al., 2010; 
Cheslock and Embers, 2019). Studies that have suggested the 
possible role of ticks as vectors of Bartonella spp. include the 
reported presence of Bartonella spp. DNA within various tick 
groups collected from around the world, including Dermacentor 
ticks, and epidemiological studies have often noted tick bites 
preceding Bartonella spp.-related illnesses (Wikswo et al., 2007; 
Angelakis et  al., 2010; Zając et  al., 2015). Experimental data 
supporting tick-mediated transmission of Bartonella spp. is 
limited, but includes the ability of Bartonella spp. to replicate 
within multiple tick species cell lines (Billeter et al., 2009), the 
ability of Bartonella-infected ticks to transmit Bartonella infection 
between animal models while feeding (Noguchi, 1926; Reis et al., 
2011), and the detection of Bartonella spp. DNA or bacilli in 
infected tick midgut, salivary glands, and feces (Cotté et al., 2008; 
Reis et al., 2011; Wechtaisong et al., 2021). Despite these findings, 
there is still a lack of consensus regarding the ability of ticks to 
vector Bartonella species. Regardless of whether ticks play a role 
in transmitting Bartonella in Mongolia, here we provide further 
evidence that Bartonella melophagi is present in Mongolia. Within 
this study, Bartonella melophagi was found in 11.1% of tick pools 
from the Arkhangai aimag, including a tick pool collected from 
sheep. Sheep are considered the reservoir host for B. melophagi, 
with sheep keds being the common insect vector of this pathogen 
(Maggi et al., 2009). Human infections with this microbe have 
been reported, resulting in flu-like symptoms, bite-site lesion, 

neurological symptoms, and heart irregularities (Maggi et  al., 
2009). Although our group has previously reported B. melophagi 
within Mongolian sheep, to our knowledge, this is the first report 
of B. melophagi within ticks collected from Mongolia 
(Chaorattanakawee et al., 2022). Of note, this Bartonella species 
has been reported in Dermacentor, Hyalomma, and Rhipicephalus 
ticks collected from Xinjiang, China (Ni et al., 2021). The detection 
of B. melophagi in both domestic animals and ticks of Mongolia 
emphasizes a need for future studies to characterize the disease 
ecology of this pathogen, including determining the role of ticks 
in disease transmission and the possibility of transboundary 
disease movement between Mongolia and China.

All tick pools analyzed by qPCR and conventional PCR 
targeting the Coxiella burnetii transposase gene were negative, 
suggesting the absence of this pathogen from the ticks sampled. 
Of note, 35.8% of pools tested positive for a Coxiella-like bacteria, 
warranting further investigation.

This study illustrates the utility of NGS in characterizing the 
diversity of tick-borne pathogens found in Dermacentor ticks 
collected from geographically distinct locations. We applied NGS 
to receive a “snapshot” of the various bacterial groups present 
within tick pools, which then guided confirmatory assays to allow 
for accurate identification of tick-borne pathogen species. Given 
the large number of tick-borne pathogens present within 
Mongolia, the use of a nontargeting analytical method is 
appropriate to avoid unintentionally excluding the detection of 
certain microbial species which might be missed relying on other 
detection processes. Importantly, certain results of this study 
corroborate what has previously been reported concerning the 
epidemiology of tick-borne pathogens within Mongolia. This 
includes the high prevalence of Rickettsia spp., particularly 
R. raoultii, among Dermacentor ticks collected across the country 
(Fischer et al., 2020; von Fricken et al., 2020b). We also report the 
detection of A. ovis exclusively in ticks removed from livestock, 
which is in agreement with a previous study demonstrating higher 
levels of Anaplasma spp. in ticks collected from animals (Shao 
et al., 2020; von Fricken et al., 2020a). While this study expands 
on the knowledge concerning the geographical distribution of 
Rickettsia spp. and Anaplasma spp. within Dermacentor ticks, the 
observation that many of the results are in agreement with 
previous studies indicates that NGS offers a valid, novel approach 
for the characterization of tick-borne pathogens. Of note, the 
novel detection of Bartonella spp. DNA within Dermacentor spp. 
ticks collected within Mongolia also demonstrates the ability of 
NGS to discover new pathogen-vector relationships, which may 
be more difficult to detect using other molecular processes. Future 
use of NGS to describe the microbial diversity found in the various 
tick species from Mongolia will further contribute to a more 
complete characterization of the tick-borne pathogens in 
circulation within the country. The results from this study will 
contribute to more detailed risk mapping for tick-borne 
pathogens, which will help inform disease prevention 
interventions that benefit populations at increased risk of disease 
exposure. The abilities of NGS to identify novel vector-pathogen 
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associations will also prove to be  vital for local health care 
practitioners by informing them on the various tick-borne 
diseases they should include as part of differential 
diagnoses strategies.

The use of NGS in epidemiological surveys of vector species 
such as ticks has many advantages over pathogen detection 
methods that are typically used in such studies, such as PCR and 
immunofluorescence. While this study focused primarily on 
clinically relevant pathogens, sequencing data resulting from NGS 
allows for the creation of a library of microbial sequences, which 
can promote the tracking of microbial evolution overtime 
(Deurenberg et al., 2017). Importantly, by surpassing the need for 
selecting pathogen-specific molecular probes, the use of NGS 
streamlines the ability of groups to rapidly identify uncommon or 
previously uncharacterized microbial agents, which may represent 
emergent diseases (Wu et al., 2021).

Limitations

In this study, ticks were only identified morphologically, 
which limits our ability to infer findings beyond the genus 
level. The reliance on morphological identification of ticks 
may have led to misidentification of the tick species analyzed 
in this study, hence the decision to keep most of our discussion 
at the genus level. The decision to pool ticks within this study 
also introduces some limitations, including difficulties in 
determining the true prevalence of the various microbial 
agents that were detected. For example, in instances in which 
100% of tick pools are positive, it is not possible to calculate a 
maximum likelihood estimate, which is what occurred for the 
Tuv aimag pools for our Rickettsia results. Although there was 
one pool in which all three pathogens were detected and 12 
pools in which two pathogens were detected, discussion of 
co-infection status of ticks is also complicated by pooling of 
ticks. While the use of NGS may prove useful for the 
characterization of pathogenic microbes within ticks and 
other vector insect species, it is important to note that the 
detection of microbial DNA does not necessarily indicate the 
presence of viable microbial organisms within the tick sample. 
The detection of microbial DNA may also represent remnant 
DNA from a recent bloodmeal (Tokarz et al., 2019). Therefore, 
caution must be taken when interpreting NGS results from 
blood-feeding arthropods.

Conclusion

Here we  report the use of NGS to assess the diversity of 
pathogens within Dermacentor ticks collected from 15 different 
aimags of Mongolia. The results of this study highlight a high level 
of Rickettsia detected across all sampled aimags, including the 
presence of R. sibirica/R. slovaca in Govi-Altai, as well as detections 
of A. ovis in samples removed from livestock. These findings also 

highlight the first reported detection of B. melophagi in ticks from 
this region. Future studies should make use of NGS analysis to 
further characterize the diversity of pathogens found in other 
medically relevant tick species within Mongolia, as this method 
allows for the detection of multiple pathogens simultaneously.
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Accurate prediction of zoonotic spillover events requires a detailed 

understanding of baseline pathogens circulating in differing global 

environments. By characterizing the diversity and determining the natural 

baseline of pathogens in a given biological system, any perturbations to this 

balance can be detected, leading to estimates of risk for emerging diseases. 

As epidemics and probability for pandemics increase, there is a fundamental 

need for building global collaborations to fill gaps in the surveillance effort, 

especially to build remote in-county capacity and standardize timely sample 

processing and data analysis. To this point, a new consortium, the Remote 

Emerging Disease Intelligence-NETwork (REDI-NET) has been established 

to enhance surveillance approaches and characterize natural pathogens 

in temperate, tropical forest, and tropical grassland biomes. The REDI-NET 

is envisioned to be  a long-term, phased initiative. All phases will integrate 

accompanying training resources such as videos reflecting SOPs and Quick 

Reference Guides. Routine bio- and xenosurveillance will facilitate the 

characterization of ecological parameters, enhance the accuracy of vector 

species identification using artificial intelligence technology, and guide the 

establishment of epidemiological risk thresholds critical for mitigating disease 

outbreaks in a timely manner. A key deliverable of the REDI-NET is a custom-

designed electronically merged (e-MERGE) data pipeline and alert dashboard 

that integrates remotely captured data with state-of-the-art metagenomic 

next-generation sequencing technology. This pipeline incorporates data 

generated from field and laboratory best practices, to furnish health decision-

makers with a centralized, timely, and rigorous database to efficiently search 

interdisciplinary and heterogeneous data sources necessary to alert, prepare 

and mitigate health threats. The e-MERGE pipeline, once fully established, 

will be a flexible, scalable, and expandable tool for varied health applications. 

Program success will result in an operational framework that addresses 

resource gaps in pathogen surveillance and enhances health protection with 

broad global applicability. The objective of this manuscript is to introduce the 

REDI-NET framework to anticipated stakeholders engaged in metagenomics, 

epidemiological surveillance, and One Health with a focus on Phase 1.
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Introduction

An estimated 75% of emerging infectious diseases are 
zoonotic in nature, arising when pathogens in animals are passed 
to humans (Gebreyes et  al., 2014), with vector-borne diseases 
accounting for more than 17% of all infectious diseases (World 
Health Organization, 2020). As the human population expands in 
number and into new geographical regions, the possibility that 
humans will come into close contact with animal species that are 
potential hosts of an infectious agent increases, including vector-
borne diseases (VBD). Never before has the catastrophic impact 
of zoonotic spillover on humans needed less introduction. The 
World Health Organization (WHO) warned in its 2007 (World 
Health Organization, 2007) report that infectious diseases are 
emerging at a rate that has not been seen before. Since the 1970s, 
about 40 infectious diseases have been discovered, including SARS 
(Likhacheva, 2006), MERS (Lu and Liu, 2012), Ebola (Peterson 
et  al., 2004), swine flu (Cohen and Enserink, 2009) and most 
recently SARS-CoV-2 (Sun et al., 2020). VBDs represent a major 
threat to public health worldwide. The re-emergence of dengue is 
recognized as a major concern by the WHO with more than 40% 
of the world’s population at risk and estimates of more than 300 
million infections every year (World Health Organization, 2021). 
Chikungunya virus (CHIKV) recently received considerable 
attention due to outbreaks in the Indian Ocean, India, Europe, and 
Americas, with over 1 million cases recorded to date. After limited 
early outbreaks in the Pacific in 2007 and 2013, the Zika virus has 
spread to more than 30 countries in the Americas and the 
Caribbean, infecting over 100 million people (Moore et al., 2020). 
The recent rise of microcephaly cases and other neurological 
disorders reported in Brazil prompted the WHO to declare Zika 
as a Public Health Emergency of International Concern (WHO, 
2017). Beyond these diseases that receive global attention, other 
VBDs of human health importance occur in the United States, 
such as West Nile Virus (World Health Organization, 2016) and 
Eastern Equine Encephalitis (Lindsey et al., 2015). In addition, 
across North America, the incidence of tick-borne diseases is 
increasing. The Center for Disease Control and Prevention (CDC) 
estimates that there are approximately 300,000 cases of Lyme 
disease (LD) annually, making LD the most common vector-
borne disease in the U.S. (Molaei et al., 2015).

Universities can serve as important resources for technical 
training and education related to estimating disease threats and 
are leaders in the development of risk models and forecasting. 
Local health jurisdictions represent the first line of defense for 
preventing and controlling disease outbreaks and are tasked with 
carrying out limited surveillance activities in response to emerging 
pathogens; however, surveillance efforts are often narrow in scope 
(targeting a predetermined cohort of biological samples and 
testing for known pathogens) and reports can be seriously delayed 
if samples are sent to overloaded reach-back laboratories, taking 
weeks or months to be  processed with data release occurring 
much later. Despite this heavy reliance on local authorities for a 
coordinated response to emerging pathogens, critical gaps exist in 

their ability to effectively do so. A recent evaluation found that 
local health personnel “expressed a lack of capacity to respond 
appropriately and effectively to emerging pathogens” (Center for 
Disease Control and Prevention, 2019). Respondents cited several 
areas of greatest weakness within their programs that included: (1) 
a lack of appropriate epidemiological surveillance tools 
(RESEARCH GAP), (2) a lack of adequately trained staff to carry 
out surveillance activities (TRAINING GAP), and (3) a lack of a 
uniform approach to data warehousing and analysis for risk 
assessments (COLLABORATION GAP).

The overarching aim of the REDI-NET is to develop a new 
U.S. and international laboratory consortium between academia 
and the Department of Defense (DoD) along with domestic and 
international partnering institutions to detect, predict, and 
mitigate emerging and re-emerging infectious disease threats and 
improve the accuracy and timeliness of the “data-to-decision” 
pipeline. Key expected deliverables include state-of-the-art 
standard operating procedures (SOPs), a functional e-MERGE 
data pipeline and REDI-NET database that includes custom-
designed field data collection and web-based laboratory data 
collection applications, and a dashboard with built-in functionality 
to forecast emerging pathogens with user-friendly actionable 
outputs. Program success will result in an operational framework 
that addresses resource gaps in emerging disease surveillance and 
health protection with broad applicability.

Greater numbers of empowered remote laboratory and field 
personnel with a foundational background in monitoring and 
detecting pathogens will immediately benefit institutions and 
serve as local source guidance on appropriate surveillance 
methods, sample processing, and data usage to detect and mitigate 
potential zoonoses spill-over events. The computational 
infrastructure interface designed, built, and validated in this 
program will offer a broad range of tools for modeling data, 
simulations, data analysis, and the management of distributed 
data sources for health-decision making and future development 
of potential novel technologies such as vaccines and drugs.

Materials and methods

The REDI-NET is envisioned to be  a long-term, phased 
initiative (Table  1): Phase 1 leverages existing partnerships to 
provide a solid foundation of excellence to construct robust 
Standard Operating Procedures (SOPs) for field sampling and 
pathogen assessment in ticks, leeches, water and sediment and 
validate genomic outputs across laboratories; Phase 2 will expand 
upon environmental and invertebrate sentinel sample types, 
integrate stakeholder training, and optimize the platform through 
user feedback; while Phase 3+ will advance toward a One Health 
Approach with the inclusion of active animal sampling in new 
ecologies related to DoD Force Readiness; while the goal of Phase 
4 is to roll the platform out to DoD Commands. All phases will 
integrate accompanying training resources such as videos 
reflecting SOPs and Quick Reference Guides.
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In each Phase, we will build new scientific collaborations and 
capacity by expanding consortium partnerships across institutions 
and bring the best HPDC practices to the utility of emerging 
infectious disease surveillance. A tiered laboratory schema will 
be applied throughout the initiative, whereby Gold Laboratories 
will serve as reach-back, verification centers and Silver 
Laboratories will serve as field-sample source locations. All 
laboratories will have matched capability for sample processing 
and testing.

Phase 1 centers on enhanced surveillance approaches to 
characterize natural pathogens in select temperate [CONUS—
Navy Entomology Centers of Excellence (NECE)], tropical forest 
(OCONUS—Belize), and tropical grassland (OCONUS—Kenya) 
sites. Sentinel sample types will include ticks, leeches, water, and 
sediment (Figure  1). These invertebrate and environmental 
sample types were selected based on their high probability of 
containing pathogens that permit total nucleic acid (TNA) 
extraction for metagenomic analyses. Tick surveillance 
conducted in Belize has shown a presence of tick-borne 
rickettsioses relevant to humans and animals (ASTHO, 2007). 
Several studies have documented the recovery of pathogens 
(Polsomboon et al., 2017; Gogarten et al., 2019) in water bodies, 
including watering holes and wastewater (Huver et al., 2015; 
Mosher et al., 2017; Alfano et al., 2021), and in larger invertebrate 
“blood-bags,” such as leeches (Herder et al., 2014; Huver et al., 
2015; Mosher et  al., 2017; Alfano et  al., 2021). These results 
suggest that iDNA/eDNA-based surveillance approaches may 
complement efforts to proactively identify pathogens that could 
potentially spill over to humans or livestock. In addition, high-
throughput automated AI technology for morphological tick 
species identification will be developed thus facilitating distance 
and real-time tick identification. The remote Tick e-ID platform 
(IDX) will be verified through the molecular identification of 
tick species.

The four specific aims in Phase 1 (Table 1):

Aim 1: Establish Robust Sops for Rigorous Data Capture and 
Matched Laboratory Capabilities.

To ensure consistent and reproducible pathogen detection 
results, a set of robust SOPs encompassing field collection, sample 
storage, laboratory processing and testing, and sample shipping 
have been developed, tested, optimized, and validated by all 
consortium laboratories through an iterative process. 
Corresponding digital data collection sheets (DCS) have also been 
developed from each SOP, which reflects the essential field and 
laboratory data required to capture throughout the REDI-NET 
e-MERGE pipeline. Training, and enabling of Gold and Silver 
laboratories through capacity strengthening to proficiently 
perform SOPs, has occurred either in-person or through remote 
sessions due to COVID-19 restrictions to ensure reproducibility 
of electronically sourced results from the remote locations using 
the REDI-NET e-MERGE pipeline. To maintain data rigor and 
identify any initial capability deficiencies, aliquots of reference 
materials containing the same mixture of bacteria (3 Gram-
negatives and 5 Gram-positives including Pseudomonas 
aeruginosa, Escherichia coli, Salmonella enterica, Lactobacillus 
fermentum, Enterococcus faecalis, Staphylococcus aureus, Listeria 
monocytogenes, and Bacillus subtilis), viruses (Epstein–Barr virus 
and Human Immunodeficiency Virus 1), and fungi (Saccharomyces 
cerevisiae and Cryptococcus neoformans) organisms have been 
distributed to all current Consortium laboratories for output 
verification. Proficiency testing based on nanopore sequencing 
read number, length, quality, and coverage depth of each microbe 
has been conducted for current Gold/Silver individual operators 
and will be  performed for any future laboratories joining the 
Consortium. This proficiency testing will be performed on an 
annual basis across the entire Consortium to ensure optimal and 
consistent data output from each partner laboratory. A second 
layer of verification has been implemented to have periodical 
submission of subsets of field-collected samples from Silver 
laboratories to the Gold reach-back laboratories to allow 
verification on the sequencing output and resultant microbe 
classification and abundance. In the event that human pathogens 
are detected, an Illumina sequencer equipped in all Gold 
laboratories will be  used to confirm the initial findings from 
nanopore data.

TABLE 1 REDI-NET program scope.

Phase I (completed) Aim 1: Establish robust SOPs for rigorous data capture and matched capabilities at Gold reach-back laboratories

Aim 2: Active field surveillance across varied ecologies for broad-spectrum pathogen detection.

Aim 3: Enable remote, verified in-situ, near real-time data acquisition for actionable reporting.

Aim 4: Institute a data management pipeline for actionable reporting and threat forecasting.

Phase II (current) Aim 1: Expand REDI-NET pathogen portfolio to include opportunistic vDNA outputs and an enhanced data warehouse.

Aim 2: Develop an actionable workflow for early pathogen detection by remote forward-facing laboratories using the REDI-NET e-MERGE pipeline.

Aim 3: Transfer knowledge of REDI-NET technologies and processes

Phase III: (planned) Aim 1: Expand REDI-NET pathogen portfolio to include active vDNA sampling and field metadata collection for Force Health  

Protection / Force Readiness.

Aim 2: Establish, maintain, and expand REDI-NET active surveillance across varied ecologies in existing and new Geographical Combatant 

Commands (GCCs) for broad-spectrum pathogen detection using established SOPs which include metagenomic approaches.

Aim 3: Readiness for roll-out of the REDI-NET platform to Senior DoD Officials in six GCCs [NORTHCOM, SOUTHCOM, EUCOM, AFRICOM, 

CENTCOM, and INDOPACOM], and the AFHSC-GEIS partner network.
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Aim 2: Active Field Surveillance Across Varied Ecologies for 
Broad-Spectrum Pathogen Detection.

Tick collections are conducted monthly using dragging 
methodology in Belize, Florida, and Kenya from ecologically 
diverse areas of high animal footfall (i.e., woodland, forest-field 
margin, and around watering holes). Tick dragging is standardized 
across REDI-NET Silver field locations using a fixed sampling 
scheme, allowing aggregated analysis of presence/absence data 
along with densities and species composition. Ticks from domestic 
and/or wild animal collection based on the local approved 
protocols with the assistance of local veterinarians are also being 
processed as opportunistic samples. Standardized tick species 
identification capability in Gold laboratories will be developed 
from computer-vision, deep-learning algorithms using the IDX 
device (Brey et al., 2022) originally developed for mosquito species 
identification (Goodwin et al., 2021). Free-living leeches are being 
collected from water bodies using traps baited with beef liver 
(Ratnasingham and Hebert, 2013). Environmental samples (i.e., 
water and sediment) are being collected from the same Belize, 
Florida, and Kenya surveillance sites. Water and sediment samples 
are being gathered in triplicate using standard dip cups at each 
edge and 1 m into the water body. Invertebrates are kept alive, and 
both invertebrate and environmental samples are being 
transported to Silver laboratories at 4°C. All field samples will 
be stored at −80°C where possible or placed in the best RNA 

stabilizers (as determined by REDI-NET SOP development) or 
kept alive at 4°C (ticks, leeches; Herder et al., 2014; Mosher et al., 
2017) until processing. Any samples shipped to the Gold labs for 
reach-back support and remote data validation will be shipped 
without breaking cold-chain and accompanied by the proper 
approved import/export permits according to the REDI-NET best 
practice shipping SOP. All specimens in each Gold and Silver 
laboratories are inventoried and entered into a custom-designed 
data management system.

Aim 3: Enable Remote, Verified in-Situ, Near Real-Time Data 
Acquisition for Actionable Reporting.

A newly developed REDI-NET data warehouse with seamless 
integration of environmental and bio-/xeno-surveillance pathogen 
data will facilitate the development of the comprehensive 
e-MERGE pipeline, accessed through the newly established REDI-
NET website (REDI-NET Consortium, 2022). The UND CRC 
team has developed and maintains a secure data repository to 
meet the REDI-NET project needs. The repository has been 
developed using modern web and database technologies to 
support data ingestion, validation, storage, and export for analysis 
(Figure 2).

An important aspect of the study will be the ability for REDI-
NET consortium members to be  able to monitor, access, and 
interact with the data and metadata being collected. The 

FIGURE 1

REDI-NET Phase I Concept Overview: (1) Establish robust SOPs for rigorous data capture and matched capabilities at Gold reach-back 
laboratories; (2) Active field surveillance across varied ecologies for broad pathogen catchment; (3) Enable remote, verified in-situ, near real-time 
data acquisition for actionable reporting; and (4) Institute a data management pipeline for actionable reporting and threat forecasting.
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REDI-NET database allows dynamic data entry from each study 
site using a custom-designed mobile application for field data 
entry, hosted by CommCare, as well as a custom-designed 
web-based application for laboratory data entry providing the 
ability for near real-time data uploading and viewing. Critical 
functions of the REDI-NET data management system are provision 
of a digital library and data warehouse containing all available 
pathogen and vector-related data in a format that facilitates users 
to search and retrieve data and references pertaining to user-
specified areas of interest. The data portal also hosts digital SOPs, 
Data Collection Sheets (DCSs), training videos, and reference 
materials. The digital library holds datasets of extracted parameter 
values for all primary vectors. Along with raw access to the data 
and metadata, the data portal will provide access to filterable 
visualizations of risk projections. Ultimately, the data portal 
provides decision-support tools and brings together the data, 
cutting-edge mathematical and statistical methods to improve 
emerging infectious disease modeling, validation, and prediction.

The REDI-NET mobile and web-based applications have been 
designed to assure data rigor based on SOPs. The DCSs were 

developed from the SOPs to establish quality control rules (i.e., 
drop-down lists, user entry fields) and inform the logic of the field 
data entry mobile application and REDI-NET database. In 
addition, the DCSs can be utilized if the field mobile application 
is unavailable all the while ensuring seamless data ingestion into 
the e-MERGE pipeline. The result will be a repository of both raw 
data and de-identified data, with accompanying metadata, 
immediately available for modeling, statistical analyses, and 
actionable reporting requirements. The data warehouse and file 
repository are backed up daily and weekly at the operating system 
level to ease recovery as needed. All data are stripped of personal 
identifiers (GPS information blurred) at the central data 
warehouse prior to any subsequent analysis and/or data sharing 
restrictions pursuant to DoD data sharing policies. Descriptive 
visualizations of pathogen occurrence or predicted trends in risk 
will be  available via end-user interactive sessions with the 
database dashboard.

Aim 4: Institute a Data Management Pipeline for Actionable 
Reporting and Threat Forecasting.

FIGURE 2

REDI-NET Phase I Data Management Structure.
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A central function of the REDI-NET e-MERGE analysis 
pipeline will be the development of novel risk maps and models. 
Outputs from these models will be accessible to the end user via 
the REDI-NET dashboard. Expected modeling outputs include 
pathogen presence/absence estimates, seasonal projections of 
vector abundance and pathogen prevalence, and predictive disease 
and pathogen spillover risk maps. Surveillance data collected 
through REDI-NET will be combined with environmental and 
ecological data to generate predictive disease risk maps via a 
hierarchical Bayesian modeling framework. Such a framework 
enables the incorporation of multiple data types into the modeling 
process, including both historical and prospective data, both 
epidemiological and environmental data, and data collected at 
different spatial and temporal scales. At the same time, this 
modeling framework allows for the incorporation of associations 
between outcomes of interest and numerous spatial covariates, 
such as satellite-derived measures of temperature, wetness, land 
cover, and elevation. While some data—e.g., satellite-derived 
covariates, data collected prospectively by the REDI-NET—are 
available globally, others are unique to a given setting—e.g., 
historical surveillance data. The modeling framework allows for 
all such data types to jointly inform model-based predictions of 
pathogen risk.

Several types of model predictions will be generated. We will 
use the Bayesian modeling framework to map infection thresholds 
in the environment, and in arthropod and vertebrate animal 
populations. Among other available data types, the e-MERGE data 
analysis pipeline will allow us to integrate novel covariate datasets 
into these models. Surveillance data will be divided into training 

and testing sets, with the training data used to fit the models and 
the testing data used for model validation. Predicted infection 
thresholds from the model will then be resampled to generate 
predictive risk maps that can be used to estimate risk in unsampled 
locations. Where appropriate, we will also integrate point-based 
and polygon-based (areal) data into the predictive models using 
techniques to deal with the spatial misalignment of different 
datasets (Chilès and Delfiner, 2009; Rue et al., 2009). Last, our aim 
is to provide analytical tools that, once monitoring and 
surveillance become routine, can be used to investigate temporal 
trends to track changing pathogen patterns in the future. Spatial 
models will be  extended to include a temporal component to 
capture seasonal patterns in pathogen prevalence and diversity. 
Spatiotemporal models can also be  used to detect changes in 
pathogen distribution over time (seasonality) and to determine 
which ecological and environmental covariates are associated with 
any temporal trends in pathogen distribution, prevalence, or 
diversity (Christakos, 2000).

Results

A total of 21 SOPs spanning field sampling, laboratory 
specimen processing, pathogen testing, specimen storage, 
shipment, and data management have been developed (Table 2). 
Current findings indicate that active field surveillance in Florida, 
Belize, and Kenya using custom-optimized REDI-NET SOPs has 
been capable of generating sequencing data leading to the 
detection of human pathogens in ticks, leeches, water, and soil. 

TABLE 2 Phase I REDI-NET standardized operating procedure (SOP) list.

No. Title Scope description

SOP T-1 Tick field sampling To document the REDI-NET field processes for collecting samples

SOP L-1 Leech field sampling

SOP W-1 Water field sampling

SOP S-1 Sediment field sampling

SOP T-2 Tick processing To outline REDI-NET procedures to process samples for total nucleic acid extraction

SOP L-2 Leech processing

SOP W-2 Water processing

SOP S-2 Sediment processing

SOP T-3 Tick storage To outline steps for properly storing REDI-NET field-collected samples and nucleic acid 

samples purified from these samplesSOP L-3 Leech storage

SOP W-3 Water storage

SOP S-3 Sediment storage

SOP T-4 Tick testing To outline the REDI-NET procedures for properly using the Oxford Nanopore 

Sequencing platforms to sequence DNA and cDNA extracted from collected samplesSOP L-4 Leech testing

SOP W-4 Water testing

SOP S-4 Sediment testing

SOP T-5 Tick shipping To outline steps for proper packaging and shipping of preserved samples from a REDI-

NET Silver lab to a REDI-NET Gold labSOP L-5 Leech shipping

SOP W-5 Water shipping

SOP S-5 Sediment shipping

SOP DE Data entry To outline steps for properly recording and upload of data for the REDI-NET program
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In addition, testing of reference material has generated consistent 
sequencing outputs indicating standardized capabilities 
throughout Consortium laboratories. Barcoding schemes have 
been developed to enable rigorous sample tracking and relating 
field metadata with laboratory pathogen testing outputs. The 
computer-vision algorithm for tick species identification has been 
developed from sample images taken with IDX submitted by all 
Gold laboratories for preliminary deployment in the IDX devices. 
The custom-designed REDI-NET database and both mobile field 
data entry and web-based lab data entry applications have been 
developed and verification of remotely captured data sync along 
with metadata relation functionality completed. The custom-
developed REDI-NET technology (mobile/field, web-based/lab 
data entry applications) includes built-in functionality to ensure 
data integrity and data quality assurances. Additionally, quick 
reference guides and training videos have been developed for 
assuring standardization in methodology. A custom-designed 
REDI-NET sample storage web application has been integrated 
into the REDI-NET data portal to allow users to manage sample 
storage location for individual specimen records. A custom-
designed REDI-NET dashboard and data portal have been 
designed as a resource repository to the database that hosts SOPs 
and DCSs, training videos, quick reference guides, equipment 
manufacturer data, and REDI-NET presentation templates with 
the ability to search/filter based on keywords. A NGS data upload 
mechanism has been established for the REDI-NET database and 
NGS software and data pipelines have been evaluated to identify 
those most appropriate for the REDI-NET pipeline. Risk models 
have been developed using publicly available databases 
(VectorMap and iNaturalist), published literature, and 
de-identified human case data from repositories to validate the 
mathematical model framework(s) for tick-borne disease risk 
estimation in Florida, Belize, and Kenya with model outputs 
available to visualize on the REDI-NET data portal. To ensure that 
the technical feasibility and viability of the REDI-NET framework 
is sustainable, and practical, as an early alarm of emerging 
infection threats, the Consortium will host end-user training 
sessions in each Phase to assess broad platform functionality and 
incorporate user feedback. Additionally, a digital REDI-NET 
resource package will be developed to facilitate ease of roll-out to 
global end users.

Discussion

Epidemics of emerging and exotic nature are becoming more 
frequent and diverse worldwide and these outbreaks will inevitably 
continue into the foreseeable future (Gebreyes et  al., 2014). 
Recently, the Washington Post Editorial Board presented a 
roadmap for living with COVID (Editorial Board, 2022) which 
highlighted gaps in infrastructure for monitoring and informing 
public policies, including the need for systematic surveillance. 
Often there is no overarching database architecture and/or 
platform that supports scalable approaches for building the 

necessary tools and services to facilitate the multi-user needs of 
emerging infectious disease surveillance data. This gap translates 
beyond COVID-19. Accurate prediction of zoonotic spillover 
events requires a detailed qualitative and quantitative 
understanding of the baseline environmental pathogens 
circulating in differing global land biomes, but detailed 
characterization regarding ecology, accurate species identification, 
and epidemiological thresholds, critical for actual success in 
mitigating disease outbreaks in a timely manner, has critical gaps. 
Any solution to alleviate these missing functional capabilities 
must also be cognizant of the underlying capacity, economic and 
sustainability issues at surveillance nodes.

The scientific premise of the REDI-NET was founded on the 
requirement of having tools and processes for near real-time, 
evidence-based, health decision-making with capacity 
strengthening for knowledgeable, competent health professionals 
and facilities for appropriate environmental pathogen surveillance, 
detection, and response. The REDI-NET has connected tangible, 
measurable partnerships amongst stakeholders to leverage 
expertise and resources for disease surveillance and management. 
The initial launch of the REDI-NET program has resulted in an 
operational framework that is meant to address some of the 
known resource gaps in infectious disease surveillance. The REDI-
NET military/civilian collaborations have and will continue to 
broaden the reach of emerging disease surveillance activities for 
more accurate and timely predictive tools. We anticipate continued 
success in capacity-strengthening to occur as the REDI-NET 
initiative progresses. New consortium members will join the 
REDI-NET, remote data collection methodologies will 
be expanded using AI technologies, including drones for semi-
autonomous and/or autonomous sample collection and we will 
consider adding machine learning algorithms to our spatial 
modeling platform, as these methods do not assume an underlying 
model and are robust to sampling biases (Elith et  al., 2008; 
Alpaydin, 2020). Independent publications presenting from 
REDI-NET Phase 1 Aims are anticipated.
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Arthropods have a broad and expanding worldwide presence and can transmit

a variety of viral, bacterial, and parasite pathogens. A number of Rickettsia

and Orientia species associated with ticks, fleas, lice, and mites have been

detected in, or isolated from, patients with febrile illness and/or animal

reservoirs throughout the world. Mosquitoes are not currently considered

vectors for Rickettsia spp. pathogens to humans or to animals. In this study,

we conducted a random metagenome next-generation sequencing (NGS) of

475 pools of Aedes, Culex, and Culiseta species of mosquitoes collected in

Georgia from 2018 to 2019, identifying rickettsial gene sequences in 33 pools

of mosquitoes. We further confirmed the findings of the Rickettsia by genus-

specific quantitative PCR (qPCR) and multi-locus sequence typing (MLST).

The NGS and MLST results indicate that Rickettsia spp. are closely related

to Rickettsia bellii, which is not known to be pathogenic in humans. The

results, together with other reports of Rickettsia spp. in mosquitoes and the

susceptibility and transmissibility experiments, suggest that mosquitoes may

play a role in the transmission cycle of Rickettsia spp.

KEYWORDS

pathogen discovery, Rickettsia, NGS, vector-borne disease surveillance, country of
Georgia, One Health, metagenomic, mosquito

Introduction

Arthropod vectors, such as mosquitoes, ticks, fleas, flies, lice, and midges, have a
broad and expanding worldwide presence and can transmit a variety of viral, bacterial,
and parasite pathogens between animals and humans. Vector-borne diseases (VBDs)
result in millions of cases of illness and hundreds of thousands of deaths each year

Frontiers in Microbiology 01 frontiersin.org

92

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.961090
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.961090&domain=pdf&date_stamp=2022-09-08
https://doi.org/10.3389/fmicb.2022.961090
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.961090/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-961090 September 2, 2022 Time: 14:16 # 2

Pollio et al. 10.3389/fmicb.2022.961090

(Molyneux, 1998; Schmidt et al., 2013; Huntington et al., 2016;
Abdad et al., 2018). VBDs pose enormous social and economic
burdens on the world, particularly on those living in low-income
countries and rural areas, where the public health resources are
insufficient for effective transmission prevention and medical
treatment (Eisen et al., 2017; Wilcox et al., 2019). In addition,
the impact of climate change is increasingly affecting developed
countries due to the expanded mosquito and tick habitats in
these warming areas (Semenza and Suk, 2018; Wilcox et al.,
2019). These interrelated issues have increased VBDs to one
of the top concerns of the One Health program, a global
and multidisciplinary effort to confront health issues that arise
from complex environmental, agricultural, and human factors
(Schmidt et al., 2013; Sánchez-Montes et al., 2021). VBDs by
different pathogens or strains of a pathogen can lead to highly
variable clinical symptoms ranging from mild to severe to
even fatal. The systematic and in-depth surveillance of vectors,
vector-borne pathogens, and genetic evolution of pathogens has
become essential for the prevention and control of VBDs and
prompt outbreak response (Gillespie et al., 2008; Schmidt et al.,
2013; Vayssier-Taussat et al., 2015; Chala and Hamde, 2021).

Rickettsial diseases are caused by infection with members
of the genera Rickettsia and Orientia, the family Rickettsiaceae.
The agents responsible for these infections include spotted
fever group rickettsiae (SFGR), typhus group rickettsiae (TGR),
scrub typhus group orientia, and transition group rickettsiae
(Hechemy et al., 2003; Abdad et al., 2018). Additionally, there
is an ancestral group of rickettsiae, which diverged genetically
earlier than the aforementioned groups and includes agents,
such as Rickettsia bellii, which are not known to cause disease in
humans (Stothard et al., 1994; Weinert et al., 2009). A number
of Rickettsia and Orientia species associated with ticks, fleas,
lice, and mites have been detected in, or isolated from, patients
with febrile illness and/or animal reservoirs throughout the
world (Blair et al., 2004; Abdad et al., 2018). Mosquitoes are
not currently considered vectors for Rickettsia spp. pathogens.
However, there are an increasing number of reports of Rickettsia
spp. in mosquitoes, and, importantly, a recent study by Dieme C.
et al. demonstrated the ability of Anopheles gambiae mosquitoes
to act as a vector and transmit R. felis to mice in a laboratory
setting (Socolovschi et al., 2012a,b; Dieme et al., 2015; Guo et al.,
2016; Maina et al., 2017; Barua et al., 2020). More studies are
needed to identify Rickettsia spp. in mosquitoes, characterize
mosquito-borne rickettsiae, assess the role of mosquitoes in the
transmission cycle of rickettsiae to humans or animals, and
ultimately find evidence for human infections.

In this study, we conducted a random metagenome next-
generation sequencing (NGS) of Aedes, Culex, and Culiseta
mosquitoes captured in the country of Georgia to identify
rickettsial gene sequences in mosquito pools. The findings
were confirmed by Rickettsia genus-specific quantitative PCR
(qPCR) and multi-locus sequence typing (MLST). The results
support our previous report on mosquito-borne rickettsia in

the Republic of Korea (ROK), suggesting a potential role for
mosquitoes in the transmission cycle of Rickettsia spp.

Materials and methods

Mosquito collection

Mosquitoes were collected in Georgia throughout the
2018 and 2019 surveillance seasons (April–October). Multiple
collection methods were utilized to survey a diversity of
mosquito species including battery powered mosquito traps—
BG Sentinel 2 (Biogents AG, Regensburg, Germany), a CDC
light trap (Model 1012 and 1212, John W. Hock Company,
Gainesville, FL, United States), a Stealth Trap (Model 214, John
W. Hock Company, Gainesville, FL, United States), and a Fay-
Prince Trap (Model 812, John W. Company, Gainesville, FL,
United States); mosquito aspiration, mouth aspirators (Model
612, John W. Hock Company, Gainesville, FL, United States),
and an Improved Prokopack aspirator (Model 1419, John W.
Hock Company, Gainesville, FL, United States); mosquito larval
collection—a mosquito dipper (Model 320, John W. Hock
Company, Gainesville, FL, United States). Powered traps were
equipped with mosquito attractants during surveillance: dry
ice (1 KG/trap/24 h) in insulated dry ice containers (John W.
Hock Company, Gainesville, FL, United States) utilized in a
majority of the collections; BG-Lure (Biogents AG, Regensburg,
Germany) with the BG Sentinel 2 traps; CDC-LT and Fay-Prince
traps used either incandescent and ultraviolet (UV) light sources
in addition to CO2. Powered traps were set to work for 24 h
collection periods and all trapped and aspirated specimens were
transported frozen for storage and processing. Collected larval
mosquitoes were placed in sealed containers until emergence,
then frozen and processed with the other specimens. Mosquitoes
were morphologically identified using a stereomicroscope (Leica
S4E, Leica microsystems, Germany) and the ECDC MosKey
Tool.1 Female specimens were sorted by species into pools not
greater than 30 individuals and stored at −80◦C. A subset of
the total collection was shipped frozen from Tbilisi, Georgia
to Walter Reed Army Institute of Research (WRAIR), Silver
Spring, Maryland, United States.

Mosquito extraction and nucleic acids
purification for metagenome
sequencing

Mosquito pools were homogenized in the cell culture
medium by bead beating using a Mini-Beadbeater-16 (BioSpec
Products, Inc., Bartlesvelle, OK, United States) and centrifuged

1 https://www.medilabsecure.com/moskeytool.html

Frontiers in Microbiology 02 frontiersin.org

93

https://doi.org/10.3389/fmicb.2022.961090
https://www.medilabsecure.com/moskeytool.html
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-961090 September 2, 2022 Time: 14:16 # 3

Pollio et al. 10.3389/fmicb.2022.961090

TABLE 1 Primers used for PCR, nested PCR, and Sanger sequencing.

Gene Primer Sequence (5′-3′) References

rrs 16SU17F AGAGTTTGATCCTGGCTCAG Jiang et al., 2012

16SOR1198R TTCCTATAGTTCCCGGCATT Maina et al., 2017

16SU547F CAGCAGCCGCGGTAATAC Maina et al., 2017

16SU833R CTACCAGGGTATCTAATCCTGTT Maina et al., 2017

23S 23SU14F AAGAGCATTTGGTGGATG This study

23SR2753R AATCAATCGAGCTATTAGTATC This study

23SOR655F TGAATTAGACCCGAAACCG This study

23SU1240F TCGGAAGTGAGAATGCT This study

23SOR1897F GTGAAGATGCGGAGTTC This study

23SR722R CCTTCAGCGGATTTTACTC This study

23SOR1371R TACGCCTTTCAGCCTCA This study

23SU2054R CAAAAGGGTGGTATCTCAA This study

gltA CS151F CCGGGYTTTATGTCTACTGC Guo et al., 2016

CS1259R AGCTGTCTWGGTCTGCTGATT Guo et al., 2016

ompA 190-70F ATGGCGAATATTTCTCCAAAA Fournier et al., 1998

RompA642R ATTACCTATTGTTCCGTTAATGGCA Jiang et al., 2012; Minh et al., 2020

190-701R GTTCCGTTAATGGCAGCATCT Fournier et al., 1998

RompA58F GGAGTAHKTTAGAKTTTAACGG Jiang et al., 2005

RompA657R TATTTGCATCAATCSYATAAGWA Jiang et al., 2005

ompB 120-M59F CCGCAGGGTTGGTAACTGC Roux and Raoult, 2000

120-807R CCTTTTAGATTACCGCCTAA Roux and Raoult, 2000

ompB1570R TCGCCGGTAATTRTAGCACT Jiang et al., 2013

RBelB-1F ATGATGATGAATGAAGCCTCTAAT This study

RBelB-28F ATTTTAGGACCTAATGGTGTT This study

RbelB2742R CTAGAAGTTTAGGCGGACT This study

RbelB1427R TCACCTTGGATTAAAGTATAGG This study

RbelB1283F CTTTGACATCAGATGAAGTTATG This study

sca4 RrD749F TGGTAGCATTAAAAGCTGATGG Jiang et al., 2005

RrD928F ATTTATACACTTGCGGTAACAC Jiang et al., 2005

RrD1826R TCTAAATKCTGCTGMATCAAT Jiang et al., 2005

RrD2685R TTCAGTAGAAGATTTAGTACCAAAT Jiang et al., 2005

to harvest clear supernatant, as described previously (Sanborn
et al., 2019, 2021). After pre-treatment of incubation with
nucleases to reduce host DNA and RNA contents, clear
supernatant was extracted to purify nucleic acids using the
MagMAX Pathogen RNA/DNA Kit and the KingFisher Flex
Purification System (Thermo Fisher Scientific) by following the
manufacturer’s user guides.

Metagenome sequencing

Purified nucleic acid samples were subjected to unbiased
random reverse transcription and PCR amplification (RT-PCR),
as described previously (Maina et al., 2017; Sanborn et al., 2019,
2021). Separate reactions of negative control (molecular biology
grade water) and positive control (MS2 bacteriophage RNA)
were included as quality control to estimate background noise

in the lab and to track cross contaminations. Random RT-
PCR amplicons were purified, examined using the TapeStation
System and D5000 ScreenTape (Agilent Technologies, Inc.,
Santa Clara, CA, United States) or using the Quant-iT
PicoGreen dsDNA Assay (Thermo Fisher Scientific), subjected
to library preparation using the Illumina DNA Prep Kit,
followed by NGS using the MiSeq System and Reagent Kit v3
(600-cycle) (Illumina, San Diego, CA, United States).

Metagenomics data analyses

Next-generation sequencing data were processed and
analyzed using a metagenomics analysis pipeline, which
includes sequence read quality processing, host sequence
removal, de novo sequence data assembly and contig
scaffolding, megablast, and discontiguous megablast of the
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TABLE 2 Summary of mosquitoes collected across Georgia from 2018
to 2019 utilized in this study.

Mosquito species by site Total number
of mosquitoes

(pools)

Number of
pools Rickettsia

positive

Training base Krtsanisia

Aedes albopictus 1 (1) 0

Aedes caspius 930 (63) 2a

Aedes surcofi 34 (5) 1a

Aedes vexans 51 (6) 0

Culex pipiens 1037 (71) 25a

Culex pusillus 156 (8) 3a

Culex theileri 17 (4) 0

Culex tritaeniorhynchus 253 (20) 1a

Training base Kutaisia

Aedes albopictus 3 (2) 0

Culex pipiens 119 (13) 0

Training base Norioa,b

Aedes albopictus 5 (2) 1b

Aedes geniculatus 45 (7) 0

Aedes vexans 119 (9) 0

Culex pipiens 145 (17) 0

Culex pusillus 1 (1) 0

Training base Senaki and Camp Ekia

Aedes albopictus 35 (6) 0

Culex pipiens 568 (51) 0

Training base Vaziania

Aedes albopictus 5 (4) 0

Aedes caspius 55 (17) 0

Aedes surcofi 12 (1) 0

Culex pipiens 542 (60) 0

Culex theileri 43 (6) 0

Other sites within Georgiab,c

Aedes albopictus 182 (48) 0

Aedes caspius 2 (2) 0

Aedes vexans 40 (4) 0

Culex pipiens 919 (71) 0

Culex pusillus 28 (2) 0

Culex theileri 20 (2) 0

Culiseta longiareolata 51 (4) 0

Collection methods: aPowered traps.
bLarval dipping.
cAspiration.

contigs and unassembled single reads, and the iteration
of sequence-based taxonomic entities in the specimens
(Kilianski et al., 2015). Assembled sequences from the pipeline
were curated using bioinformatics tools, an NGS_Mapper,
Geneious R10 (Biomatters Ltd.),2 an Integrative Genomics
Viewer (IGV) (Broad Institute),3 for GenBank submission and
phylogenetic analyses. The MUltiple Sequence Comparison by
Log-Expectation (MUSCLE) program was used for multiple
sequence alignment. A maximum likelihood phylogenetic
tree was generated using IQ-TREE version 1.6.12 using these
alignments with 1,000 standard non-parametric bootstrap

2 https://www.geneious.com

3 https://igv.org

replicates specified (-b 1,000) (Minh et al., 2020). Output trees
were visualized and adapted for figures using FigTree version
v1.4.4.4

De novo clustering of the metagenome sequences was
performed using QIIME2 command line version 2022.2 (Bolyen
et al., 2019). The “vsearch dereplicate-sequences” command was
used first, followed by the “vsearch cluster-features-de-novo”
command using a percentage identity (–p) of 0.99. Abundance
counts are provided for each Operational Taxonomic Unit
(OTU). Principal component analysis (PCA) was calculated
on this OTU abundance output using the python scikit-learn
decomposition package and plotted.

Mosquito DNA extraction, rickettsial
real-time PCR assay, and amplicon
sequencing

DNA was extracted from 100 µl of mosquito homogenates
using the DNeasy blood & tissue kit (QIAGEN), along with one
negative control, and the purified DNA was eluted in the 50 µl
of elution buffer. Then, a 1:10 diluted stock was prepared for use
in Rickettsia genus-specific qPCR assays.

Two qPCR assays were attempted: the Rick17b assay targets
the 17 KDa antigen gene (Jiang et al., 2012) and the RickCS assay
targets the citrate synthase gene (gltA) (Stenos et al., 2005). The
reaction final conditions and the cycling parameters were the
same as reported previously (Jiang et al., 2012).

PCR was performed using primers targeting the 16S, 23S,
gltA, ompA, ompB, and sca4 genes (Table 1) (Fournier et al.,
1998; Roux and Raoult, 2000; Jiang et al., 2005, 2012, 2013;
Guo et al., 2016; Maina et al., 2017). Additional primers for
the 23S rRNA gene and ampB gene were designed targeting
the conserved sequences of Rickettsia, or Rickettsia and Orientia
genus based on the sequence alignment using MEGA 11 with
20 Rickettsia species and 5 O. tsutsugamushi strains. Primers
for ompB in this study were designed specifically targeting
R. bellii (GenBank CP000087). The 25 µl reaction mixture
contained 2 µl of purified DNA, the Phusion Flash High-Fidelity
PCR Master Mix (Thermo Fisher Scientific), and 0.3 µM of
forward and reverse primers. PCR reactions were conducted on
a T-Gradient Thermocycler (Biometra, Göttingen, Germany),
incubated at 98◦C for 10 s followed by 35 cycles of denaturation
at 98◦C for 1 s, annealing at 51–61◦C (based on the Tm of the
primers calculated on the website5) for 5 s, and elongation at
72◦C for 30 s. Following the completion of the amplification
steps, the reaction mixtures were exposed to a final elongation
step at 72◦C for 2 min. PCR products were visualized with
GelRed on 1.0% agarose gels following electrophoresis. The

4 http://tree.bio.ed.ac.uk/software/figtree/

5 www.thermofisher.com/tmcalculator
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FIGURE 1

Mosquito collection in Georgia from 2018 to 2019 for this study. Each dot represents GPS coordinates of each mosquito collection site.

mastermix for PCR was prepared in a clean hood separated from
where the DNA templates were added, and negative control
(molecular biology grade water) was run at the same time
under the same condition as the samples. The genomic DNA
of Rickettsia africae was used as a positive control.

For Sanger sequencing, PCR amplicons were purified using
the QIAquick PCR purification kit (QIAGEN). Sequencing
reactions were performed for both DNA strands using the Big
Dye Terminator v3.1 Ready Reaction Cycle Sequencing Kit
(Thermo Fisher Scientific Applied Biosystems, Foster City, CA).
After purification of sequenced products using Performa DTR
Gel Filtration Cartridges (Calibre Scientific EdgeBio, Holland,
OH, United States), Sanger sequencing was run on a 3500
Genetic Analyzer (Applied Biosystems). The primers used for
PCR amplification were also used for the sequencing reactions.
Sequences were assembled using the CodonCode aligner
(CodonCode Corporation, Barnstable, MA, United States).

The nucleotide sequences from this study were deposited
in GenBank with accession numbers ON960050-ON960051 for
gltA genes, OP007139-OP007153 for 16S rRNA genes, and
OP007301-OP007317 for 23S rRNA genes.

Results

In total, 475 pools (5,146 specimens) of Aedes, Culex,
Culiseta mosquitoes were studied in this metagenomics analysis.
The mosquitoes were collected at 112 Global Positioning System

(GPS) locations in 10 provinces across Georgia from 2018 to
2019 (Table 2 and Figure 1). Many mosquitoes were from two
Georgian military training bases, Krtsanisi training area (KTA,
177 pools) and the Norio training area (NTA, 36 pools), both
located in the southeastern province of Kvemo Kartli.

The unbiased metagenomics approach identified a large
variety of viruses and other microbes associated with these
pools of mosquitoes. Rickettsia spp. sequences were found in
33 mosquito pools, with each pool having over 500 rickettsial
reads and/or assembled contig(s) of 500 bp or longer in sequence
length (Table 3). As expected, only 23S and 16S ribosomal RNA
genes were identified by metagenome sequencing, in which the
abundant ribosome RNA transcripts were efficiently amplified
and sequenced. Both Genbank nucleotide BLAST analysis
(Table 3) and phylogenetic analysis (Figure 2) clearly indicated
that Georgian mosquito-associated rickettsiae are closely related
to R. bellii. The phylogeny also suggested that the rickettsiae
found in Georgia clustered with Rickettsia spp. identified in
mosquitoes collected in 2012 in the Republic of Korea (ROK)
(Maina et al., 2017). Together R. bellii and the rickettsiae found
in mosquitoes from ROK and Georgia form a clade with clear
separation from SFGR and TGR.

Of the 475 mosquito pools, there are 302 pools (63.6%) of
Culex and 173 pools (36.4) of Aedes. Rickettsiae were found to
be present in more Culex pools (29/33, 87.9%) than in Aedes
pools (4/33, 12.1%). Additionally, 32/33 positive pools came
from mosquitoes collected with powered traps. A single pool
was positive from specimens collected via larval dipping and
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TABLE 3 Summary of metagenome next-generation sequencing and comparison of assembled rickettsial gene sequences with Rickettsia sp.
MEAM1 (Bemisia tabaci) strain MEAM1 (GenBank accession CP016305).

Mosquito pool
ID

Mosquito
species

Number of
specimens

Total number
of NGS reads

Total number of
rickettsial reads

Rickettsial
gene

Gene
coverage

Percent nucleotide
identity

18KTA68A-172.44 Culex pipiens 4 208636 594 23S rRNA 56.0% 99.87%

16S rRNA 36.0% 99.59%

18KTA68B-172.09 Culex pipiens 15 880748 7398 23S rRNA 65.0% 99.78%

18KTA68B-172.19 Culex
tritaeniorhynchus

6 119378 211 23S rRNA 50.0% 99.91%

18KTA70B-178.19 Culex pipiens 10 205590 4700 23S rRNA 42.0% 97.79%

gltA 82.1% 98.23%

18KTA71-179.13 Aedes caspius 20 419430 13289 23S rRNA 88.0% 99.67%

16S rRNA 85.0% 99.46%

gltA 82.1% 98.23%

18KTA71-179.39 Culex pipiens 20 706380 991 23S rRNA 61.0% 99.54%

16S rRNA 62.0% 99.26%

18KTA71-179.40 Culex pipiens 20 802878 2043 23S rRNA 25.0% 99.13%

16S rRNA 43.0% 94.95%

18KTA71-179.45 Culex pipiens 20 517024 439 23S rRNA 78.0% 99.37%

16S rRNA 44.0% 99.56%

18KTA71-179.46 Culex pipiens 20 695016 35361 23S rRNA 78.0% 99.33%

16S rRNA 48.0% 99.59%

18KTA71-179.48 Culex pipiens 20 804150 5914 23S rRNA 77.0% 99.46%

16S rRNA 73.0% 99.52%

18KTA71-179.51 Culex pipiens 20 767540 13438 23S rRNA 70.0% 99.44%

16S rRNA 87.0% 99.47%

18KTA71-179.55 Culex pipiens 20 918674 10320 23S rRNA 95.0% 99.49%

16S rRNA 71.0% 99.00%

18KTA71-179.57 Culex pipiens 20 915140 558 23S rRNA 78.0% 99.77%

16S rRNA 62.0% 99.48%

18KTA71-179.60 Culex pipiens 20 332702 22833 23S rRNA 97.0% 99.67%

16S rRNA 91.0% 99.41%

18KTA71A-180.16 Culex pipiens 20 811394 72731 23S rRNA 96.0% 99.29%

16S rRNA 65.0% 98.65%

18KTA71A-180.18 Culex pipiens 20 735290 8188 23S rRNA 49.0% 99.64%

16S rRNA 38.0% 98.99%

18KTA71A-180.22 Culex pipiens 20 854426 56583 23S rRNA 92.0% 99.65%

16S rRNA 79.0% 95.00%

18KTA71A-180.23 Culex pipiens 15 897974 3046 23S rRNA 80.0% 99.64%

18KTA71A-180.25 Culex pipiens 20 996682 15129 23S rRNA 63.0% 99.86%

18KTA71A-180.26 Culex pipiens 20 748538 118 23S rRNA 15.0% 99.69%

18KTA71A-180.27 Culex pipiens 20 767576 81 23S rRNA 27.0% 99.13%

18KTA71A-180.29 Culex pipiens 20 784246 110639 23S rRNA 79.0% 99.40%

18KTA71A-180.32 Culex pusillus 20 1148410 330756 23S rRNA 55.0% 99.56%

16S rRNA 67.0% 97.84%

18KTA71A-180.33 Culex pusillus 20 1095486 37082 23S rRNA 83.0% 99.15%

16S rRNA 64.0% 99.18%

18KTA74A-189.01 Aedes caspius 20 697732 32 23S rRNA 20.0% 97.88%

18KTA74A-189.03 Aedes surcoufi 4 926422 3840 23S rRNA 56.0% 99.39%

18KTA74A-189.10 Culex pusillus 16 744216 75 23S rRNA 25.0% 99.73%

18Steg 85-113.16 Aedes albopictus 1 271998 3444 23S rRNA 61.0% 99.67%

16S rRNA 34.0% 99.43%

18Steg 86-115.01 Culex pipiens 1 199090 122 23S rRNA 59.0% 99.92%
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FIGURE 2

Phylogeny of Rickettsia sp. from this study and known rickettsial strains. (A) 16S rRNA gene; (B) 23S rRNA gene; and (C) gltA gene. The maximum
likelihood phylogenetic tree with bootstrap support values from 1,000 replicates is shown at the branches. The scale bar represents estimated
nucleotide substitutions per site. The sequences from this study are shown in red.

rearing them to adults prior to analysis. The 33 pools containing
rickettsial sequences were from training areas KTA and NTA,
with all but one found in KTA. The two training areas located
in the cities of Kvemo Kartli and Norio, respectively, are both
south of the capital city of Tbilisi and 30 km away from each
other. Rickettsiae were not found in any other collection sites
nearby. The PCA performed on all 475 pools revealed neither
a distinct clustering of pools nor a distinct clustering of pools

containing rickettsia species or pools not containing Rickettsia
species (Figure 3).

To confirm the detection of rickettsiae from metagenomic
sequencing and to obtain sequences of additional genes
for further identification, genomic DNA was extracted from
total homogenate and subjected to rickettsial qPCR, PCR
amplification, and Sanger sequencing. Five samples, including
Culex pools 18KTA68B-172.09 and 18KTA70B-178.19 and
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FIGURE 3

Principal component analysis (PCA) analysis of Operational
Taxonomic Unit (OTU) abundances of 475 pools. Pools
containing Rickettsia spp. are colored in orange and pools
without Rickettsia spp. identified are colored in dark blue.

Aedes pools 18KTA70-176.01, 18KTA71-179.13, and 18Steg 85-
113.16, were analyzed. Two samples, 18KTA70B-178.19 (Culex
pipiens pool of 10 specimens) and 18KTA71-179.13 (Aedes
caspius pool of 20 specimens), were both positive in RickCS
qPCR with Ct values of 29.72 and 31.86, respectively. PCR
amplification and Sanger sequencing for 16S, 23S, and gltA
genes were also successful for these two samples. The genus
specific Rick17b qPCR assay and PCR for ompA, ompB, and
sca4 genes were negative for all samples. 16S, 23S, and gltA
sequences from Sanger sequencing were identical between the
two mosquito pools and closely related to R. bellii (Figure 2).

Discussion

Mosquitoes are the most abundant and most widely
distributed arthropod disease vectors, transmitting more
VBDs than any other insects. Although rickettsial infections
occur worldwide, “hot spot” focal areas of endemicity can
present a risk to travelers as well. Rickettsial diseases are
difficult to diagnose and can be severe or even fatal when
treatment is delayed (Stewart and Stewart, 2021). Therefore,
characterizing rickettsiae in mosquitoes and other arthropods
from different regions in the world offers significant medical
relevance. In this study, we sequenced several conserved
and variable rickettsial genes with high sequence identity to
R. bellii from three Culex species and three Aedes species.
Other reports showed Rickettsia spp. of different genotypes
in a variety of mosquito species, including R. felis, which
is a tick-borne human pathogen, in multiple countries
(Socolovschi et al., 2012a,b; Maina et al., 2017; Zhang
et al., 2019; Li et al., 2022). Thus far, there has been
no clear evidence that rickettsiae are transmitted from

mosquitoes to humans or animals outside of the laboratory
setting, however, close attention and more investigation are
needed to continue exploring the role of mosquitoes in
the transmission cycle of rickettsiae and the potentiality of
mosquito-borne rickettsioses.

This study detected rickettsial bacteria within multiple
species of mosquito from the Aedes and Culex genera. We
found one Rickettsia spp. positive pool from a larval dipped
specimen, Aedes albopictus from NTA, which after the collection
was allowed to emerge as an adult for identification and analysis.
This result indicates that the vertical transmission of rickettsial
pathogens is possible (trans-overial and trans-stadial). Our
study only utilized female mosquitoes; however, previous studies
have found male mosquitoes positive for R. felis (Zhang et al.,
2016). These provide evidence that not only can rickettsia
bacteria be acquired in the environment by mosquitoes but they
can also be transmitted vertically.

This study showed the value of metagenomics analysis as
an effective tool to support One Health efforts. The unbiased
approach provides data for a comprehensive understanding of
genetic contents in the study subject and possibly shed light
on associations and interactions among host, viruses, other
microbes, parasites, etc. Metagenomics analysis also reveals
focus topics for further study. In our study, metagenome
NGS detected the presence of rickettsial sequence reads in
a significant number of Georgian mosquito pools, but, due
to the relative abundance of rRNA (rrs) genes, these reads
were limited to 16S and 23S rRNA genes. The results led
to the application of established molecular characterization
methods on selected samples to probe relatedness. It is
intriguing that, in spite of the large number of NGS reads
of rickettsial sequences, we were only able to succeed in
relatively few rickettsial qPCR and MLST experiments. Further
study is warranted to test more pools and obtain deeper
sequencing data on a panel of rickettsial genes, including
rrs, gltA, 17 kDa antigen, ompB, ompA, sca4, and groEL
gene, to achieve taxonomic classification on the species level.
We plan to use the hybridization NGS targeted enrichment
method to obtain full gene sequences to complete MLST
rickettsial genotyping.

We will continue the study to obtain solid evidence
to further investigate the observations made in this work.
Rickettsial DNA was found in both Culex and Aedes mosquitoes
with Culex pools positive at a much higher rate than Aedes
pools. It is noteworthy that all but one rickettsia-containing
mosquito pool were from KTA, given the close proximity of
KTA and NTA to each other. Future work will survey a broader
diversity of mosquito species by surveying from more collection
sites and conducting a statistical analysis on rickettsial carriage
rates for mosquito species and the geographic distribution of
mosquito-associated Rickettsia spp. in Georgia.

In addition to more robust and comprehensive
geosurveillance and characterization studies for mosquito-
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associated rickettsiae, further work on the transmission
and pathogenic potential is also needed. With
increasing evidence on the presence of mosquito species
associated with diverse rickettsial genotypes in different
parts of the world, these studies are important for
addressing fundamental questions on the life cycle,
transmissibility, and pathogenicity of rickettsiae to
humans or animals.
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Background: The pathogens of suspected spinal tuberculosis (TB) include TB 

and non-TB bacteria. A rapid and effective diagnostic method that can detect 

TB and non-TB pathogens simultaneously remains lacking. Here, we  used 

metagenomic next-generation sequencing (mNGS) to detect the pathogens 

in patients with suspected spinal TB.

Methods: The enrolled patients with suspected spinal TB were regrouped three 

times into patients with spinal infection and controls, patients with spinal TB and 

controls, and patients with non-TB spinal infection and controls. We tested the 

three groups separately by using mNGS and conventional detection methods.

Results: Ultimately, 100 patients were included in this study. Pathogens 

were detected in 82 patients. Among the 82 patients, 37 had TB and 45 were 

infected with other bacteria. In patients with spinal infection, the sensitivity of 

the mNGS assay was higher than that of culture and pathological examination 

(p < 0.001, p < 0.001). The specificity of the mNGS assay was not statistically 

different from that of culture and pathological examination (p = 1.000, 

p = 1.000). In patients with spinal TB, no statistical difference was found 

between the sensitivity of the mNGS assay and that of Xpert and T-SPOT.TB 

(p = 1.000, p = 0.430). The sensitivity of the mNGS assay was higher than that 

of MGIT 960 culture and pathological examination (p < 0.001, p = 0.006). The 

specificities of the mNGS assay, Xpert, MGIT 960 culture, and pathological 

examination were all 100%. The specificity of T-SPOT.TB (78.3%) was lower 

than that of the mNGS assay (100%; p < 0.001). In patients with non-TB spinal 

infection, the sensitivity of the mNGS assay was higher than that of bacterial 

culture and pathological examination (p < 0.001, p < 0.001). The specificity of 

the mNGS assay was not statistically different from that of bacterial culture 

and pathological examination (p = 1.000, p = 1.000).

Conclusion: Data presented here demonstrated that mNGS can detect TB 

and non-TB bacteria simultaneously, with high sensitivity, specificity and short 

detection time. Compared with conventional detection methods, mNGS is a 

more rapid and effective diagnostic tool for suspected spinal TB.
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Introduction

Tuberculosis (TB) is the leading cause of death from a single 
infectious agent worldwide and remains one of the top 10 causes of 
death. According to the 2021 global TB report, approximately 5.8 
million people fell ill with TB in 2020, and 1.5 million people died of 
TB globally (Word Health Organization, 2021). Osteoarticular TB is 
one of the common types of extrapulmonary TB, which currently 
accounts for 15 ~ 20% of TB case in Asia, and spinal TB accounts for 
approximately half of bone TB cases (Pigrau-Serrallach and 
Rodríguez-Pardo, 2013). In recent years, the proportion of non-TB 
infections in patients with suspected spinal TB has increased 
gradually (Tsantes et al., 2020). Although non-TB spinal infection 
and spinal TB have similar clinical symptoms and imaging findings, 
their treatment is contradictory (Kafle et  al., 2022). Thus, their 
differential diagnosis is required. The misdiagnosis and delayed 
treatment of suspected spinal TB often lead to death or disability. 
Therefore, making a rapid and accurate diagnosis becomes the key 
to controlling these two diseases.

Conventional detection methods, such as culture, targeted 
nucleic acid amplification tests, and immunological assays, can 
be challenging due to the wide variety of pathogens that cause 
clinically indistinguishable diseases. Bacterial culture has been 
considered as the gold standard for the diagnosis of infectious 
diseases. However, bacterial culture cannot detect many different 
types of bacteria simultaneously; for example, BACTEC MGIT 
960 (MGIT 960) culture can only detect TB and not other bacteria 
(Ma et al., 2020; Tsang et al., 2020). Meanwhile, the administration 
of antimicrobial drugs before culture reduces organism recovery 
rates. In addition, bacterial culture is a time-consuming method, 
i.e., the general bacterial culture takes a few days, and TB bacterial 
culture takes 2 months (Stangenberg et al., 2021; Mingora et al., 
2022). Conventional PCR-based tests are targeted methods, and 
thus cannot be used effectively without some prior knowledge 
regarding the identity of the pathogen in question. Although 
Xpert MTB/RIF (Xpert) has good TB detection ability, it cannot 
detect other bacteria (Ma J. et  al., 2022; Wilson et  al., 2014). 
Immunological tests, such as T-SPOT.TB, have poor specificity for 
TB infections and cannot be used as the main basis for diagnosis; 
moreover, they reflect previous TB infections (Ryang and Akbar, 
2020; Berrocal-Almanza et al., 2022). Therefore, a rapid, accurate 
and extensive method for the detection of pathogenic 
microorganisms is the key to solving the above problem.

Metagenomic next-generation sequencing (mNGS) is an 
unbiased approach to the detection of pathogens. It can overcome the 
limitations of current diagnostic tests, thus allowing for hypothesis-
free, culture-independent pathogen detection directly from clinical 
specimens. It can cover almost all clinical pathogens that range from 
viruses to bacteria, fungi, and parasites, and has a short detection 
time (Gu et  al., 2019). In particular, when conventional testing 
methods cannot provide information about pathogens, mNGS can 
provide a timely and valuable reference for clinicians in most cases. 
Previous studies have shown the promises of mNGS as a diagnostic 
tool for infectious diseases (Simner et al., 2018).

However, only a few reports on the diagnostic efficiency of 
mNGS for suspected spinal TB exist; furthermore, existing studies 
have shortcomings, such as small sample sizes and the lack of 
controls, and are mostly retrospective (Ruppé et al., 2017; Zhao 
et al., 2020; Ma C. et al., 2022). Therefore, the diagnostic ability of 
mNGS for suspected spinal TB has not been accurately evaluated. 
This situation limits the application of mNGS in the clinical 
diagnosis of suspected spinal TB. Thus, a multicenter prospective 
study with a large sample size and control group was designed to 
evaluate systematically the efficacy of mNGS in the diagnosis of 
suspected spinal TB and to guide its clinical application.

Materials and methods

Patient enrollment

From January 2021 to December 2021, patients with suspected 
spinal TB were prospectively enrolled in the Orthopedics Department 
of three TB-specialized hospitals: Beijing Chest Hospital, Hebei Chest 
Hospital, and Tianjin Haihe Hospital. The patients enrolled in the 
study had clinical manifestations suggestive of suspected spinal 
TB. These manifestations included (i) persistent back pain lasted for 
at least 3 weeks, (ii) low fever (< 38°C), (iii) elevated erythrocyte 
sedimentation rate (male > 15 mm/h, female > 20 mm/h), and (iv) 
spinal magnetic resonance imaging abnormalities.

Sample collection and processing

Specimens were collected via surgery or CT-guided puncture. 
Specimens included granulation tissue and pus. Blood specimens 
were obtained when all patients were enrolled in this study. The 
samples then were sent to the laboratory for further processing. 
Granulation tissue samples were cut into small pieces on a disposable 
Petri dish support by using a scalpel. Each granulation tissue sample 
was weighed, and then added with phosphate-buffered saline at the 
rate of 1 g/ml. The mixture was homogenized with a FastPrep-24 
instrument (MP Biomedicals Europe) for 100 s at 6 m/s by using MP 
Bio FASTPREP-24. During homogenization, the tube containing the 
mixture was removed from the FastPrep-24 instrument every 20 s 
and cooled on ice for 30 s. Pus samples or the mixtures of 
homogenized granulation tissue (a 600 μl volume of each) from all 
patients were each mixed with 1 g of 0.5 mm diameter glass beads 
and then placed on a vortex mixer for 30 min at 3,000 rpm.

Conventional testing

Conventional tests included Xpert assay, pathological 
examination, MGIT 960 culture, and T-SPOT.TB test. The 
experimental procedure was consistent with our previous studies 
(Li et al., 2018). Bacterial culture examination: Specimens were 
tested by using aerobic and anaerobic bacterial cultures. Briefly, 
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abscess specimens were plated and incubated for up to 5 days on 
5% sheep blood and MacConkey agar for aerobic culture and on 
5% sheep blood agar for anaerobic culture. Bacterial identification 
was performed with VITEK 2 Compact system (Bio Mérieux, 
France). Operation was conducted in accordance with the 
manufacturer’s instructions.

mNGS

DNA was extracted from 300 μl of each pretreated sample by 
using a TIANamp Micro DNA Kit (Tiangen Biotech, Beijing, 
China) in accordance with the manufacturer’s instructions. 
Purified DNA was fragmented into 200–300 bp segments by using 
ultrasound followed by end-repair, ligation with multiplex barcode 
adapters, and PCR amplification to complete the construction of 
DNA libraries. After the molarities of DNA libraries were 
estimated by using indexing PCR, the DNA concentrations were 
determined via the DNA Qubit Assay (Thermo Fisher). 
Meanwhile, DNA quality was evaluated electrophoretically by 
using an Agilent 2,100 system (Agilent Technologies, Santa Clara, 
CA, United States). Up to 20 qualified DNA libraries were pooled, 
and then pooled libraries were subjected to DNA sequencing 
analysis by using the MGISEQ-2000 platform (MGI Tech Co., 
Shenzhen, China).

Bioinformatics analysis

Low-quality sequences and adaptor sequences were first 
removed to generate clean reads. Subsequently, sequences mapped 
to the human reference genome (hg19) were subtracted from the 
clean reads by using Burrows–Wheeler Alignment software 
(version 0.7.10). Nonhuman sequence reads from each sample 
were submitted to the Genome Sequence Archive of the Beijing 
Institute of Genomics, Chinese Academy of Sciences under the 
accession number PRJCA000880. Additionally, the remaining data 
were further mapped against the RefSeq Microbial Genome 
Database of viruses, bacteria, fungi, and parasites by using 
Burrows–Wheeler Alignment software (version 0.7.10). RefSeq 
Microbial Genome Database was created and maintained by the 
National Center of Biotechnology Information. RefSeq analysis 
yielded 1,798 whole-genome sequences matching the DNA of viral 
taxa, 6,350 bacterial genomes or scaffolds, 1,064 pathogenic fungi 
of human infections, and 234 parasites associated with human 
diseases (Wang et  al., 2019). Reporting criteria for infectious 
pathogens identified by using mNGS included: (i) > 30% relative 
abundance at the genus level in bacteria or fungi; (ii) at least three 
unique reads from a single viral, bacterial, or fungal species; and 
(iii) at least one unique read matching M. TB complex species 
(Wang et al., 2019). If more than one pathogen was detected, the 
species present with the greatest relative abundance yielding the 
highest number of unique reads was deemed as the probable 
species associated with osteoarticular infection in that patient.

Patient categories

On the basis of the composite reference standard (CRS), the 
patients were categorized into three groups: (1) cases with spinal 
TB infection (including A: cases positive for mycobacterial 
culture, B: cases with the pathological result of TB and good 
response to anti-TB therapy, C: cases with the Xpert result of TB 
and good response to anti-TB therapy); (2) non-TB spinal 
infection cases (including A: cases with positive bacterial culture, 
B: cases with the pathological result of infection and good 
response to anti-infection therapy, and C: cases with the 
pathological result of inflammation and good response to anti-
infection therapy); and (3) non-infection spinal diseases cases 
(negative results for spinal TB infection and non-TB spinal 
infection test, and patient improved without receiving anti-TB and 
anti-infection therapy). Pathological result of TB includes typical 
tuberculous granuloma or positive acid-fast staining. Pathological 
result of infection includes presence of white blood cells and pus 
cells. A good outcome was defined as follows: (1) resolution of 
clinical symptoms due to infection, (2) improvement of 
osteoarticular function, and (3) improvement of inflammation, as 
indicated by inflammatory biomarkers and radiological features 
(Wieland et al., 2012).

Statistical analysis

The demographic and clinical data of the study subjects were 
collected by using case report forms. The data included gender, 
age, comorbidities, clinical symptoms, laboratory results, 
radiological features, and treatment regimens. All data were 
entered through double manual data entry with the EpiData Entry 
program, version 3.1 (EpiData Association, Odense, Denmark). 
Statistical analysis was performed by using SPSS software, version 
20.0 (IBM SPSS, Chicago, IL, United States). Chi-square test and 
Fisher’s exact test were used for categorical variables, whereas 
t-test or Mann–Whitney U-test was used for continuous variables, 
as appropriate. A two-sided value of p < 0.05 was considered 
statistically significant.

Results

Study patients

A total of 114 consecutive patients with suspected spinal TB 
were prospectively enrolled. Subsequently, specimens were 
obtained from 100 of the 114 patients through surgery or 
CT-guided puncture. Ultimately, 100 patients were included in 
this study. In accordance with the CRS, 38 patients were diagnosed 
with spinal TB, 53 patients were diagnosed with non-TB spinal 
infection, and nine patients were diagnosed with non-infectious 
spinal diseases. Table 1 shows the demographic characteristics of 
the studied patients in different categories.
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mNGS assay

The detection time of mNGS ranged from 15.0 to 20.5 h, with 
an average of 17.7 ± 1.7 h. The numbers of sequence reads ranged 
from 3.2 × 106 to 6.3 × 107 reads, with an average of (2.7 ± 2.0) × 107 
reads per specimen. The sequencing depth of mNGS for pathogens 
ranges from 1.0 × to 6.5 ×, with an average of (3.4  ± 1.7) × per 
specimen (Supplementary Table S1). The bacteria detected by 
mNGS and culture in this study were consistent.

Pathogen composition

In this study, pathogens were detected in 82 patients with spinal 
infection by using mNGS, MGIT 960 culture, bacterial culture, and 
Xpert. Among the 82 patients, 37 had TB and 45 were infected with 
other bacteria. Brucella, Staphylococcus aureus, Escherichia coli, 
fungi, Streptococcus anginosus, and Klebsiella pneumoniae 
accounted for 28.9% (13/45), 22.2% (10/45), 8.9% (4/45), 6.7% 
(3/45), 6.7% (3/45), and 4.4% (2/45) of the 45 non-TB bacteria. In 
addition, 10 of the 45 non-tuberculous bacteria were detected only 
once. The 3 fungi included 1 Candida albicans, 1 Candida glabrata 
and 1 Candida parapsilosis. Figure 1 shows the composition of 
pathogens detected in 82 patients with spinal infection.

Performance of mNGS and conventional 
detection methods in patients with spinal 
infection

In accordance with the CRS, patients with spinal infection 
included patients with spinal TB and patients with non-TB spinal 

infection, and patients with non-infection spinal diseases were 
used as the control group. In all patients with spinal infection, the 
sensitivities of the mNGS assay, culture (including MGIT 960 and 
bacterial cultures), and pathological examination were 89.0% 
(81/91), 28.1% (25/89), 42.9% (30/70), respectively. The sensitivity 
of the mNGS assay was higher than that of culture and pathological 
examination. Moreover, the sensitivity of the mNGS assay was 
statistically different from that of culture and pathological 
examination (p < 0.001, p < 0.001). In all patients with spinal 
infection, the specificities of the mNGS assay, culture (including 
MGIT 960 and bacterial cultures), and pathological examination 
were 88.9% (8/9), 100.0% (9/9), and 100.0% (9/9), respectively. 
The specificity of the mNGS assay was not statistically different 
from that of culture and pathological examination (p = 1.000, 
p = 1.000). Table  2 shows the performances of mNGS and 
conventional detection methods in patients with spinal infection.

Performance of mNGS and conventional 
detection methods in patients with spinal 
TB

The enrolled patients were divided into two groups in 
accordance with the CRS. One group comprised patients with 
spinal TB, and the other group, which included patients with 
non-TB spinal infection and non-infection spinal diseases, 
served as the control. In patients with spinal TB, the sensitivities 
of the mNGS assay, Xpert, MGIT 960 culture, pathological 
examination, and T-SPOT.TB. were 94.7% (36/38), 94.6% 
(35/37), 45.9% (17/37), 67.9% (19/28), and 89.2% (33/37) 
respectively. No statistical difference was found between the 
sensitivity of the mNGS assay and that of Xpert and T-SPOT.TB 
(p = 1.000, p = 0.430). Compared with that of MGIT 960 culture 
and pathological examination, the sensitivity of the mNGS assay 
was higher and was statistically different (p < 0.001, p = 0.006). In 
patients with spinal TB, the specificities of the mNGS assay, 
Xpert, MGIT 960 culture, and pathological examination were all 
100%. In patients with spinal TB, the specificity of T-SPOT.TB 
(78.3%) was lower than that of the mNGS assay (100.0%), and 
the difference between the specificities of these assays were 
statistically significant (p < 0.001). Table  3 shows the 
performances of mNGS and conventional detection methods in 
patients with spinal TB.

Performance of mNGS and conventional 
detection methods in patients with 
non-TB spinal infection

The enrolled patients were divided into two groups on the 
basis of the CRS. One group comprised patients with non-TB 
spinal infections, and the other group, which served as the control, 
constituted patients with spinal TB and non-infection spinal 
diseases. The sensitivities of the mNGS assay, bacterial culture, and 

TABLE 1 Clinical characteristics of the studied patients.

Clinical 
characteristics

Spinal TB 
infection

Non-TB 
spinal 

infection

Non-infection 
spinal diseases

(n = 38) (n = 53) (n = 9)

Age, years (mean ± SD) 44.1 ± 15.9 51.4 ± 16.5 49.00 ± 17.2

Female, n (%) 20 (52.6%) 23 (43.4%) 5 (55.6%)

Site of spine lesion, n (%)

Lumbar vertebra 19 (50.0%) 36 (67.9%) 4 (44.4%)

Thoracic vertebra 16 (42.1%) 13 (24.5%) 5 (55.6%)

Cervical vertebra 3 (7.9%) 4 (7.6%) 0 (0.0%)

Clinical symptoms

Fever 13 (34.2%) 31 (58.5%) 0 (0.0%)

Pain 28 (73.7%) 43 (81.1%) 7 (77.8%)

Complications

Pulmonary tuberculosis 7 (18.4%) 0 (0.0%) 0 (0.0%)

Diabetes 8 (21.1%) 17 (32.1%) 1 (11.1%)

Autoimmune disease 5 (13.2%) 9 (17.0%) 0 (0.0%)

N: number of patients, TB: tuberculosis

105

https://doi.org/10.3389/fmicb.2022.1018938
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2022.1018938

Frontiers in Microbiology 05 frontiersin.org

pathological examination in patients with non-TB spinal infection 
were 84.9% (45/53), 15.4% (8/52), 26.2% (11/42), respectively. 
Compared with that of bacterial culture and pathological 
examination, the sensitivity of the mNGS assay was higher and 
statistically different (p < 0.001, p < 0.001). The specificities of the 
mNGS assay, bacterial culture, and pathological examination in 
patients with non-TB spinal infection were 97.9% (46/47), 100.0% 
(43/43), and 100.0% (37/37), respectively. The specificity of the 
mNGS assay was not statistically different from that of bacterial 
culture and pathological examination (p = 1.000, p = 1.000). Table 4 
shows the performances of the mNGS and conventional detection 
methods in patients with non-TB spinal infection.

Discussion

Infectious diseases remain the leading causes of morbidity and 
mortality in all patient populations worldwide. They are 
accompanied by a mortality rate of approximately 15% (Michiels 
and Jäger, 2017). Accurate diagnosis can be challenging due to the 
wide variety of pathogens that cause clinically indistinguishable 
diseases. The global TB epidemic remains serious. Spinal TB is a 
special spinal infectious disease that accounts for < 25% of spinal 
infectious diseases in Southern China (Yee et al., 2010). In recent 
years, the proportion of non-TB spinal infections in patients with 
suspected spinal TB has gradually increased in TB-specialized 

FIGURE 1

Composition of pathogens detected in 82 patients with spinal infection.

TABLE 2 Performance of mNGS and conventional detection methods in patients with spinal infection.

Methods Sensitivity Specificity PPV NPV p value p value

(%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (sensitivity) (specificity)

mNGS 89.0% (81/91) 88.9% (8/9) 98.8% (81/82) 44.4% (8/18) – –

(83–96) (52–100) (96–101) (22–69)

Culture 28.1% (25/89) 100.0% (6/6) 100.0% (25/25) 8.6% (6/70) χ2 = 68.997 p = 1.000a

(19–38) (54–100) (86–100) (2–15) p < 0.001a

Pathological 

examination

42.9% (30/70) 100.0% (9/9) 100.0% (30/30) 18.4% (9/49) χ2 = 39.636 p = 1.000b

(31–55) (66–100) (88–100) (9–32) p < 0.001b

N: number of patients, PPV: positive predictive value, NPV: negative predictive value, CI: confidence interval, a: mNGS vs. culture. b: mNGS vs. Pathological examination.
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hospitals in China. In this study, non-TB spinal infection 
accounted for 53% of the patients with suspected spinal TB, 
whereas spinal TB accounted for only 38% of the patients. The 
data showed that the proportion of patients with spinal TB in 
patients with suspected spinal TB is significantly lower than 
before, whereas the proportion of spinal infection is significantly 
higher. This trend is similar to the results reported in the literature 
(Tsantes et al., 2020; Word Health Organization, 2021).

In this study, Brucella and S. aureus accounted for a high 
proportion of the non-TB spinal infection bacteria and were 
present at considerably higher proportions than other bacteria. 
S. aureus is a common bone infection pathogen. The high 
proportion of Brucella is mainly due to the close location of the 
three hospitals to pastoral areas in northern China. At the same 
time, given that Brucella infection has similar symptoms as TB 
infection, the patients went to TB-specialized hospitals for 
treatment. Opportunistic pathogens also account for a certain 
proportion of cases with non-TB bacterial spinal infections 
(Gupta et al., 2022; Mehkri et al., 2022).

The accurate and rapid differential diagnosis of the two 
diseases poses a new challenge to the clinicians. Given that 
conventional detection methods cannot meet the needs of clinical 
diagnosis, so new technologies need to be introduced to solve the 
existing problems. mNGS is an unbiased approach for pathogen 
detection that allows for universal pathogen detection regardless 

of the type of pathogen (viruses, bacteria, fungi, and parasites), 
and mNGS can even be applied for novel organism discovery (Gu 
et al., 2019). Therefore, mNGS is a powerful tool for differential 
diagnosis in patients with suspected spinal TB. Some studies have 
shown that mNGS performs well in the diagnosis of orthopedic 
infectious diseases (Ruppé et  al., 2017; Ma C. et  al., 2022). 
However, only a few reports on the ability of mNGS for the 
differential diagnosis ability of suspected spinal TB exist (Huang 
et  al., 2019, 2020; Zhao et  al., 2020). Therefore, a multicenter 
prospective study was conducted to evaluate the diagnostic 
performance of mNGS in patients with suspected spinal TB.

In this study, the sensitivity of mNGS (89.0%) was significantly 
higher than that of culture (28.1%) and pathological examination 
(42.9%) in patients with spinal infection. These results 
demonstrated the higher sensitivity of mNGS than that of 
conventional detection methods. However, mNGS had a lower 
specificity (88.9%) than culture (100.0%) and pathology (100.0%) 
because it detected bacteria in one uninfected patient. This result 
is similar to previously reported findings (Zhou et al., 2019; Ma 
C. et  al., 2022). In this study, mNGS detected Porphyromonas 
gingivalis in a specimen from an uninfected patient. This situation 
indicated the possibility of false-positives in mNGS results. 
P. gingivalis was likely detected in the uninfected patient because 
it is a bacterium that commonly colonizes the oral cavity. 
Therefore, mNGS should be combined with other clinical tests to 

TABLE 3 Performance of mNGS and conventional detection methods in patients with spinal TB.

Methods Sensitivity Specificity PPV NPV p value p value

(%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (sensitivity) (specificity)

mNGS 94.7% (36/38) 100.0% (62/62) 100.0% (36/36) 96.9% (62/64) – –

(82–99) (94–100) (90–100) (89–100)

Xpert 94.6% (35/37) 100.0% (56/56) 100.0% (35/35) 96.6% (56/58) p = 1.000a –

(82–99) (94–100) (90–100) (88–100)

MGIT 960 culture 45.9% (17/37) 100.0% (41/41) 100.0% (17/17) 67.2% (41/61) χ2 = 68.997 –

(30–63) (91–100) (80–100) (55–79) p < 0.001b

Pathological 

examination

67.9% (19/28) 100.0% (51/51) 100.0% (19/19) 85.0% (51/60) p = 0.006c –

(48–84) (93–100) (82–100) (76–94)

T-SPOT.TB 89.2% (33/37) 78.3% (47/60) 71.7% (33/46) 92.2% (47/51) p = 0.430d χ2 = 15.035

(75–97) (68–89) (57–84) (85–100) p < 0.001d

N: number of patients, PPV: positive predictive value, NPV: negative predictive value, CI: confidence interval, amNGS vs. Xpert, bmNGS vs. MGIT 960 culture, cmNGS vs. pathological 
examination, dmNGS vs. T-SPOT.TB.

TABLE 4 Performance of mNGS and conventional detection methods in patients with non-TB spinal infection.

Methods Sensitivity Specificity PPV NPV p value p value

(%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (%, N, 95% CI) (sensitivity) (specificity)

mNGS 84.9% (45/53) 97.9% (46/47) 97.8% (45/46) 85.2% (46/54) - -

(75–95) (88–100) (88–100) (75–95)

Bacterial culture 15.4% (8/52) 100.0% (43/43) 100.0% (8/8) 49.4% (43/87) χ2 = 50.748 p = 1.000a

(5–26) (91–100) (63–100) (39–60) p < 0.001a

Pathological 

examination

26.2% (11/42) 100.0% (37/37) 100.0% (11/11) 54.4% (37/68) χ2 = 33.381. –

(14–42) (90–100) (72–100) (42–67) p < 0.001b

N: number of patients, PPV: positive predictive value, NPV: negative predictive value, CI: confidence interval, amNGS vs. bacterial culture, bmNGS vs. pathological examination
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enable comprehensive judgment. False-positive results in mNGS 
testing may be related to contamination, unbiased nucleic acid 
amplification, and human-colonizing bacteria.

In this study, mNGS and Xpert showed similar sensitivity 
(94.7% vs. 94.6%) and the same specificity (100.0%) without 
statistically different sensitivities (p = 1.000) for spinal TB. This 
result suggested that mNGS and Xpert have the comparable 
abilities for the diagnosis of spinal TB. The sensitivity of T-SPOT.
TB was not statistically significantly different from that of mNGS 
and Xpert (89.2% vs. 94.7%, 94.6%). However, T-SPOT.TB had 
significantly lower specificity than mNGS and Xpert (78.3% vs. 
100.0%, 100.0%). Therefore, the diagnostic capability of T-SPOT.
TB was lower than that of mNGS and Xpert. This finding is similar 
to the reported results (Zhao et al., 2020; Chen et al., 2022). The 
poor specificity of T-SPOT.TB is mainly due to the high latent 
infection rate of mycobacterium TB in China (Word Health 
Organization, 2021). MGIT 960 culture and pathological 
examination had significantly lower sensitivity than mNGS 
(45.9%, 67.9% vs. 94.7%). However, the specificity of these 
methods was consistent with that of mNGS (100.0%). This result 
suggested that the ability of these methods to diagnose spinal TB 
is lower than that of mNGS.

In patients with non-TB spinal infection, the sensitivity of 
mNGS was significantly higher than that of bacterial culture and 
pathological examination (84.9% vs. 15.4%, 26.2%). The specificity 
of mNGS was 97.9%, and although mNGS had a false-positive 
result for one case, no statistical difference was found among the 
specificities of mNGS, bacterial culture, and pathological 
examination. This result indicated that mNGS has a good 
diagnostic ability in the detection of non-TB spinal infection and 
is similar to previously reported findings (Miao et al., 2018; Huang 
et al., 2020). Given the existence of false-positive test results, the 
results of mNGS junction tests should be  comprehensively 
analyzed in combination with clinical conditions.

The results of this study show that mNGS has higher 
sensitivity and specificity than conventional detection methods in 
the diagnosis of spinal TB and non-TB spinal disease infection, 
except for Xpert. Therefore, mNGS is a powerful diagnostic tool 
for patients with suspected spinal TB and avoids missed diagnosis 
and misdiagnosis. However, conventional methods also have their 
own advantages over mNGS; for example, although Xpert has the 
same ability as mNGS for the diagnosis of spinal TB, it can detect 
rifampicin-resistant gene mutations and provide guidance for TB 
treatment plans (Yu et  al., 2021). In addition, MGIT 960 and 
bacterial cultures can be used to conduct drug sensitivity tests on 
bacteria (Zhou et al., 2019; Chen et al., 2022), and the results of 
drug sensitivity test have important guiding significance for the 
treatment of clinical spinal infections. Currently, mNGS provides 
limited information on the drug sensitivity of the detected 
bacteria, and its ability to detect drug-resistant mutations needs 
further study.

In this study, mNGS did not detect bacteria in ten patients 
with spinal infection and detected bacteria in an uninfected 
patient. Currently, mNGS also has some problems in the diagnosis 

of infectious diseases. These problems are related to the sequencing 
principle of mNGS. Given that mNGS indiscriminately detects all 
nucleic acid molecules in specimens, including pathogenic 
bacteria, colonized bacteria, and exogenous nucleic acid molecules 
previously integrated into the human body, pathogens need to 
be  distinguished from other bacteria. At the same time, the 
possibility of contamination, including contamination from 
specimens, reagents, and operating procedures, exists. mNGS 
provides a massive amount of data, 90% of which is on human 
nucleic acids, and requires information analysis to exclude 
interfering factors and identify pathogenic bacteria (Simner et al., 
2018; Xiao et al., 2022). For the samples with low pathogen load, 
the sequencing depth of mNGS should be increased to improve 
the detection rate of bacteria, but this will lead to the increase of 
sequencing cost and sequencing time. Therefore, it is necessary to 
balance the relationship between the sequencing cost, sequencing 
depth, and sequencing time of mNGS from the aspects of sample 
processing, detection process, and bioinformatics analysis.

This study had several limitations. First, three TB-specialized 
hospitals were selected as research units. Therefore, the representation 
of pathogen com position is limited to a certain proportion. Second, 
RNA sequencing was not carried out because RNA is unstable and 
easily degraded. Therefore, pathogenic microorganism with RNA 
genomes could not be detected. Third, the sensitivity of nonhuman 
DNA detection was removed because human DNA contamination 
was not depleted during sample DNA purification.

In summary, mNGS is a rapid and effective diagnostic tool for 
patients with suspected spinal TB. In contrast to conventional 
detection method, mNGS can detect tuberculous and non-TB 
bacteria infection simultaneously, thus avoiding missed diagnosis 
and misdiagnosis. mNGS also has high sensitivity, specificity and 
short detection time. Nevertheless, mNGS also has some 
shortcomings. Thus, further research is needed.
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