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Editorial on the Research Topic

Application of Next Generation Sequencing (NGS) in Infection Prevention

In the past decade, Next Generation Sequencing (NGS) has become widely applied for diagnostics,
surveillance, and research of infectious diseases. In 2017, Deurenberg et al. published a review
on application of NGS in clinical microbiology and infection prevention (1). Since then, the
field has moved fast. The continuous development of sequencing technology and data handling
software has made NGS accessible even to smaller laboratories. NGS data are easily shared, allowing
collaboration on in silico analyses between institutions. Both microorganisms and host responses
may be analyzed by NGS. Thus, NGS offers new options for current and future prevention of
infections. The aim of this Research Topic is to illustrate various uses of NGS in prevention of
infections by virus, bacteria, and parasites.

The emergence of new variants during the SARS-CoV-2 pandemic has clearly demonstrated
the importance of NGS based surveillance of viral diseases. However, NGS has also revealed other
discoveries on the epidemiology of SARS-CoV-2. Wang et al. report co-existence of genetically
distinct viruses within a host and a narrow transmission bottleneck between patients from the
same households using viral whole genome sequencing (WGS). This finding is important in
understanding the population dynamics of SARS-CoV-2.

For the study of bacteria, Rogers et al. designed a scoping review to determine the value of
WGS in the surveillance of antibiotic resistance in enterococci. These are important bacteria, as
Enterococcus faecalis and E. faecium were each responsible for between 100.000 and 250.000 deaths
associated with antibiotic resistance globally in 2019 (2). Rogers et al. conclude that WGS has
been used with success, especially for detection of new genes and typing of isolates of enterococci.
WGS-based typing and resistance gene detection was used by Marbjerg et al. to characterize
vancomycin-resistant E. faecium in a hospital over 5 years. Using an online software solution
that does not require knowledge in bioinformatics, the authors detected accumulation of specific
clusters over time. Mao et al. used pulsed field gel electrophoresis and WGS to describe the
epidemiology of multidrug-resistant Acinetobacter baumanii in an intensive care unit (ITU). The
high discriminatory power of WGS established transmission as the main mode of acquisition of
multidrug-resistant A. baumanii by patients in the ITU. Surveillance at the local/regional level may
benefit from WGS as discussed in the review by Asare et al.. The authors evaluate the relevance
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of genomic epidemiology in surveillance of tuberculosis in
West Africa with special focus on drug resistant strains of
Mycobacterium tuberculosis.

Although WGS shows superior performance compared
to almost any other microbial typing system, replacement of
previously used methods requires translation of WGS data
into the previously used system, especially during a transition
phase. Examples of established tools for predicting Salmonella
enterica serotypes, E. coli serotypes, Fimtypes, and FumCtypes,
S. aureus SPAtypes, and Pseudomonas aeruginosa serotypes
fromWGS data are found on http://www.genomicepidemiology.
org/services/. Brucella sp. are traditionally typed by Multiple
Locus Variable-number Tandem Repeat Analysis (MLVA),
which is a laborious methology. The work of Pelerito et al.
describes the successful prediction of MLVA types from WGS
data, allowing comparison of present isolates to previously
typed isolates of the bacterium. Qiu et al. used an established
genome database to compare a patient isolate of a rare
Salmonella enterica serovar (S. enterica serovar Telelkebir)
to published sequences of this serovar from various parts
of the world. Core genome Multi Locus Sequencing Typing
and single nucleotide polymorphism analyses suggested
international transmission.

Application of metagenomic NGS (mNGS) for rapid
diagnostics of infectious diseases is demonstrated by a case story
by Zeng et al., who detected Klebsiella pneumoniae DNA in
culture-negative cerebrospinal fluid and blood from a patient
with liver abscesses and meningitis. Also using mWGS, Michel
et al. describes a case of lung infection by Ureaplasma spp. and
Mycoplasma hominis in a patient after lung transplantation and
establishing cure of infection. The diversity of bile bacteria in
cholecystitis was analyzed in four patients by Yan et al. using a

combination of culture, conventional 16S rRNA sequencing and
WGS. This approach brings new knowledge on the role of bile
bacteria in cholecystitis.

Application of NGS for research in parasitic infections is
demonstrated by He et al., who used Single Molecule Real
Time sequencing and Illumina sequencing for transcriptome
analyses of different developmental stages of the mite Otodectes
cynotis. The mite infests a variety of animals, causing allergic
itching external otitis. Almost 2,700 genes that were differentially
expressed by adult mites and nymph/larva were detected. The
analyses allowed identification of almost 400 putative allergen
genes with potential importance for pathogenesis. Furthermore,
the analyses indicated regulation of KEGG pathways in the two
stages. The study provides new knowledge of the biology of the
parasite and the nature of the disease it causes and identifies
targets for further studies.

Next Generation Sequencing provides new insights into the
genetics of pathogens. The papers included in this Research
Topic demonstrate applications of NGS on research in basic
microbiology as well as diagnostics and surveillance of infectious
diseases. Both the laboratory handling and subsequent data
analyses of NGS are under constant development. As NGS
becomes easier, cheaper, more rapid and more scalable, it will be
more widely accessible and gain an even more important role in
future infection prevention.
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The emergence of the novel human coronavirus, SARS-CoV-2, causes a global

COVID-19 (coronavirus disease 2019) pandemic. Here, we have characterized and

compared viral populations of SARS-CoV-2 among COVID-19 patients within and across

households. Our work showed an active viral replication activity in the human respiratory

tract and the co-existence of genetically distinct viruses within the same host. The

inter-host comparison among viral populations further revealed a narrow transmission

bottleneck between patients from the same households, suggesting a dominated role of

stochastic dynamics in both inter-host and intra-host evolutions.

Keywords: SARS-CoV-2, population bottleneck, intra-host variation, human to human transmission, evolution

AUTHOR SUMMARY

In this study, we compared SARS-CoV-2 populations of 13 Chinese COVID-19 patients from
three hospitals in different cities of Guangdong province. Those viral populations contained a
considerable proportion of viral subgenomic messenger RNAs (sgmRNAs), reflecting an active
viral replication activity in the respiratory tract tissues. The comparison of identified intra-host
variants further showed a low viral genetic distance between intra-household patients and a narrow
transmission bottleneck size. Despite the co-existence of genetically distinct viruses within the same
host, most intra-host minor variants were not shared between transmission pairs, suggesting a
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dominated role of stochastic dynamics in both inter-host and
intra-host evolutions. Furthermore, the narrow bottleneck and
active viral activity in the respiratory tract show that the passage
of a small number of virions can cause infection. Our data have
therefore delivered a key genomic resource for the SARS-CoV-
2 transmission research and enhanced our understanding of the
evolutionary dynamics of SARS-CoV-2.

INTRODUCTION

The rapid spread of the novel human coronavirus, SARS-CoV-
2, has been causing millions of COVID-19 (coronavirus disease
2019) cases with high mortality rate worldwide (1, 2). As an RNA
virus, SARS-CoV-2 mutates frequently (8.5 × 10−4 nucleotide
substitutions per site per year) during genome replication (3–
5), leading to the development of genetically different viruses
within the same host. Several studies have reported intra-host
single nucleotide variants (iSNVs) in SARS-CoV-2 (7, 8, 25).
Recently, we investigated the intra-host evolution of SARS-
CoV-2 and revealed genetic differentiation among tissue-specific
populations (9). However, it is still not clear how the intra-
host variants circulate among individuals. Here, we described
and compared viral populations of SARS-CoV-2 among COVID-
19 patients within and across households. Our work here
demonstrated the utilization of viral genomic information to
identify transmission linkage of this virus.

RESULTS AND DISCUSSION

Using both metatranscriptomic and hybrid-capture based
techniques, we newly deep sequenced respiratory tract (RT)
samples of seven COVID-19 patients in Guangdong, China,
including two pairs of patients from the same households,
respectively (P03 and P11; P23 and P24). Among the two intra-
household pairs, patient P03, P23, and P24 had a travel history
to Wuhan city during the early pandemic. The data were then
combined with those of 23 RT samples used in our previous
study (9), yielding a combined data set of 30 RT samples from
13 COVID-19 patients (Supplementary Table 1).

A sustained viral population should be supported by an active
viral replication (10). We firstly estimated the viral transcription
activity within RT samples using viral subgenomic messenger
RNAs (sgmRNAs), which is only synthesized in infected host
cells (11). The sgmRNA abundance was measured as the ratio
of short reads spanning the transcription regulatory sequence
(TRS) sites to the viral genomic reads (as demonstrated in
Supplementary Figure 1). It should be noted that the sgmRNA
abundance might be underestimated, given that only the short
reads with sufficient length to simultaneously cover both
leader and coding flanking regions of the TRS site, which
might be improved with long read sequencing in future.
Nonetheless, the sgmRNA abundance within nasal and throat
swab samples was similar to that within sputum samples
(Figure 1A), reflecting an active viral replication in the upper
respiratory tract. Notably, the patient P01, who eventually
passed away due to COVID-19, showed the highest level of
sgmRNA abundance (Supplementary Figure 2). However, due

to the limited samples of mild cases, we did not observe a
significant difference of sgmRNA abundance between severe
and mild cases. For the patients with chronological samples
and improved clinical outcomes (P10 and P13), their viral load
measured by real-time reverse transcription PCR (qRT-PCR)
negatively correlate with the days post symptoms onset with
marginal significance (Figures 1B,C). Interestingly, the sgmRNA
abundance showed a similar trend across time (Figures 1D,E),
reflecting a direct biological association between viral replication
and viral shedding in the respiratory tract tissues.

Using the metatranscriptomic data, we identified 66 iSNVs
in protein encoding regions with the alternative allele frequency
(AAF) ranged from 5 to 95% (Supplementary Tables 2, 3;
Supplementary Figure 3). Here, an alternative allele was defined
as the allele that is different from the allele at the same
position of the reference genome. The identified iSNVs
showed a high concordance between the AAFs derived from
metatranscriptomic and that from hybrid-capture sequences
(Spearman’s ρ = 0.81, P < 2.2e-16; Supplementary Figure 4).
We firstly looked for signals of natural selection against intra-host
variants. Using the Fisher’s exact test, we compared the number
of iSNV sites on each codon position against that of the other
two positions and detected a marginal but significant difference
among them (codon position 1 [n = 10, P = 0.02], 2 [n = 21;
P = 1], and 3 [n = 35; P = 0.03]). In contrast to the numbers
of iSNV sites, the alternative allele frequency of those iSNVs did
not discriminate among the non-synonymous and synonymous
categories (Figure 2A), suggesting that most non-synonymous
intra-host variants were not under an effective purifying selection
within the host. Among the 66 identified iSNVs, 30 were
coincided with the consensus variants in the public database as
of April 5, 2020 (Supplementary Table 2). Those iSNVs were
categorized into common iSNVs, while the iSNVs presented in a
single patient were categorized into rare iSNVs. Interestingly, the
common iSNVs had a significant higher minor allele frequency
compared to the rare iSNVs (Supplementary Figure 5; Wilcoxon
rank sum test, P = 2.7e-05), suggesting that they may
have been developed in earlier strains before the most
recent infection.

We then estimated the viral genetic distance among samples
in a pairwise manner based on their iSNVs and allele frequencies.
The samples were firstly categorized into intra-host pairs (serial
samples from the same host), intra-household pairs and inter-
household pairs (Figure 2B and Supplementary Table 4). As
expected, the intra-host pairs had the lowest genetic distance
compared to either intra-household pairs (Wilcoxon rank sum
test, P = 0.018) and inter-household pairs (Wilcoxon rank sum
test, P < 2.22e-16). Interestingly, the genetic distance between
intra-household pairs was significantly lower than that of inter-
household pairs (Figure 2B; Wilcoxon rank sum test, P = 0.03),
supporting a direct passage of virions among intra-household
individuals. Nonetheless, we only observed a small proportion
of (3/14 for P03 and P11; 1/20 for P23 and P24) minor intra-
host variants shared among intra-household pairs, suggesting
that the estimated genetic similarity was mostly determined by
consensus nucleotide differences (Figures 2C,D). Based on the
AAF of iSNVs in transmission pairs, it seems only the minor
virion groups carrying three (from P03) and one variants (from
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FIGURE 1 | Subgenomic messenger RNAs (sgmRNAs). (A) The ratio of sgmRNA of each respiratory sample type (nasal, throat swabs, and sputum). For the patients

with multiple samples from the same sample type, only the samples with the median sgmRNA ratio were displayed. (B,C) Correlation between the cycle threshold and

the days post symptoms onset for patient P10 and P13, respectively. (D,E) Correlation between the sgmRNA ratio and the days post symptoms onset for patient P10

and P13, respectively.

P23) were passed to the recipient, respectively. Specifically, in one
intra-household pair (P23 and P24), one patient (P23) contained
iSNVs that were coincided with the linked variants, C8782T and
T28144C, suggesting that this patient may have been co-infected
by genetically distinct viruses. However, the strain carrying
8782C and 28144T was not observed in the intra-household
counterpart (P24). Given the small number of COVID-19 cases
in Guangdong (about 2,000 total cases), secondary infection from
other sources is not likely. Within this intra-household pair, it
is likely that there is a narrow transmission bottleneck allowing
only the major strain to be circulated, if P23 was infected by all
the observed viral strains before the transmission.

The transmission bottlenecks among intra-household pairs
were estimated using a beta binomial model, which was designed
to allow some temporal stochastic dynamics of viral population
in the recipient (12). Here, we defined the donor and recipient
within the intra-household pairs according to their dates of
the first symptom onset. The estimated bottleneck sizes were
6 (P03 and P11) and 8 (P23 and P24) for the two intra-
household pairs (Supplementary Table 5). The observed narrow
bottleneck is consistent with two recent studies of SARS-CoV-
2 (13, 14). Nonetheless, a loose transmission bottleneck was
also observed (8). Similarly, many animal viruses and human
respiratory viruses showed a narrow transmission bottleneck
(15, 16), while the only study reporting a loose bottleneck among

human respiratory viral infections (17) was argued as the generic
consequence of shared iSNVs caused by read mapping artifacts
(18). The relatively narrow transmission bottleneck sizes are
expected to increase the variance of viral variants being circulated
between transmission pairs (19). However, given that we can
only measure the viral population that were descendants of the
founding population, the actual population could have been
much larger. Even after successful transmission, virions carrying
the minor variants are likely to be purged out due to the frequent
stochastic dynamics within the respiratory tract (9), which is also
consistent with the low diversity and instable iSNV observed
among the RT samples.

The observed narrow transmission bottleneck suggests that,
in general, only a few virions successfully enter host cells and
eventually cause infection. Although the number of transmitted
virions is sparse, they can easily replicate in the respiratory tract,
given the observed viral replication activities in all the RT sample
types and the high host-cell receptor binding affinity of SARS-
CoV-2 (6). The narrow transmission bottleneck also indicate
that instant hand hygiene and mask-wearing might be particular
effective in blocking the transmission chain of SARS-CoV-2.

In summary, we have characterized and compared SARS-
CoV-2 populations of patients within and across households
using both metatranscriptomic and hybrid-capture based
techniques. Our work showed an active viral replication activity
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FIGURE 2 | Allele frequency changes of transmission pairs. (A) Box plots showing the alternative allele frequency (AAF) distribution of synonymous and

non-synonymous intra-host variants. Each dot indicates the median AAF of each iSNV sites of samples from same patient. (B) Box plots representing the L1-norm

distance distribution among sample pairs. Each dot represents the genetic distance between each sample pair. (C) The AAF of donor iSNVs in transmission pairs.

Allele frequencies under 5% and over 95% were adjusted to 0% and 1, respectively. (D) Heatmap representing the alternative allele frequencies (AAFs) of consensus

and intra-host single nucleotide variants (iSNVs) of the two transmission pairs.

in the human respiratory tract and the co-existence of genetically
distinct viruses within the same host. The inter-host comparison
among viral populations further revealed a narrow transmission
bottleneck between patients from the same households,
suggesting a dominated role of stochastic dynamics in both
inter-host and intra-host evolution. The present work enhanced
our understanding of SARS-CoV-2 virus transmission and shed
light on the integration of genomic and epidemiological in the
control of this virus.

MATERIALS AND METHODS

Patients
Respiratory tract (RT) samples, including nasal swabs, throat
swabs, sputum, were collected from 13 COVID-19 patients
during the early outbreak of the pandemic (from January 25 to
February 10 of 2020). Those patients were hospitalized at the
first affiliated hospital of Guangzhou Medical University (nine
patients) in Guangzhou, the fifth affiliated hospital of Sun Yat-
sen University (two patients), Qingyuan People’s Hospital (1
patient) in Zhuhai and Yangjiang People’s Hospital (one patient)

Yangjiang. The research plan was assessed and approved by the
Ethics Committee of each hospital. All the privacy information
was anonymized.

Dataset Description
Public consensus sequences were downloaded from GISAID on
April 5, 2020.

Sample Preparation and Sequencing
RNA was extracted from the clinical RT samples using QIAamp
Viral RNA Mini Kit (Qiagen, Hilden, Germany), which was
then tested for SARS-CoV-2 using qRT-PCR. Human DNA was
removed using DNase I and RNA concentration was measured
using Qubit RNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). After human DNA-depletion, the samples
were RNA purified and then subjected to double-stranded
DNA library construction using the MGIEasy RNA Library
preparation reagent set (MGI, Shenzhen, China) following the
method used in the previous study (20). Possible environmental
or cross contamination during library preparation was tracked
using the control RNA samples from human breast cell lines
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(Michigan Cancer Foundation-7). The constructed libraries were
converted to DNA nanoballs (DNBs) and then sequenced on
the DNBSEQ-T7 platform (MGI, Shenzhen, China), generating
paired-end short reads with 100 bp in length. Most samples were
also sequenced using hybrid capture-based enrichment approach
that was described in previous study (20). Briefly, the SARS-CoV-
2 genomic content was enriched from the double-stranded DNA
libraries using the 2019-nCoVirus DNA/RNA Capture Panel
(BOKE, Jiangsu, China). The enriched SARS-CoV-2 genomic
contents were converted to DNBs and then sequenced on the
MGISEQ-2000 platform, generating paired-end short reads with
100 bp in length.

Data Filtering
Read data from both metatranscriptomic and hybrid capture
based sequencing were filtered following the steps described
in the previous research (20). Short read data were mapped
to a database that contains all the available reference genomes
of coronaviridae (including SARS, SARS-CoV-2 and MERS
genomes from GISAID, NCBI and CNGB) using Kraken v0.10.5
with default parameters. Low-quality, adaptor contaminations,
duplications within the mapped reads were removed using fastp
v0.19.5 and SOAPnuke v1.5.6. Low-complexity reads were then
filtered using PRINSEQ v0.20.4.

Profiling of Subgenomic Messenger RNAs
(SgmRNAs)
Coronaviridae-like short reads were mapped to the reference
genome (EPI_ISL_402119) using the aligner HISAT2 (21). Reads
spanning the transcription regulatory sequence (TRS) sites of
both leader region and the coding genes (S gene, ORF3a, 6, 7a, 8,
E, M, and N gene) were selected to represent the sgmRNAs. The
junction sites were predicted using RegTools junctions extract
(22). The ratio of sgmRNA reads to the viral genomic RNA reads
(sgmRNA ratio) was used to estimate the relative transcription
activity of SARS-CoV-2. The sgmRNA ratio and its correlation
with days post the first symptomwere plotted using the R package
ggplot (v.3.3.0). To avoid oversampling, for the patients with
more than one sample, only the median sgmRNA ratio from
samples of that patient was used for comparison among patients.

Detection of Intra-Host Variants
We defined an intra-host single nucleotide variant (iSNV) as the
co-existence of an alternative allele and the reference allele at
the same genomic position within the same sample. To identify
iSNV sites, paired-end metatranscriptomic coronaviridae-like
short read data were mapped to the reference genome
(EPI_ISL_402119) using BWA aln (v.0.7.16) with default
parameters (23). The duplicated reads were detected and marked
using Picard MarkDuplicates (v. 2.10.10) (http://broadinstitute.
github.io/picard). Nucleotide composition of each genomic
position was characterized from the read mapping results using
pysamstats (v. 1.1.2) (https://github.com/alimanfoo/pysamstats).
The variable sites of each sample were identified using the variant
caller LoFreq with default filters and the cut-off of 5%minor allele
frequency (n= 89). After removing variable sites at UTR regions
(n = 12), the sites with more than one alternative allele (n = 0),

and the sites with only fixed variants (AAF > 95%) were filtered
out (n= 9). All the iSNVs with less than five metatranscriptomic
reads were verified using the hybrid capture data (at least two
reads), and thus removed two iSNV sites. The rest 66 sites were
regarded as iSNV sites. The identified iSNVs were then annotated
using the SnpEff (v.2.0.5) with default settings (24). Alternative
allele frequencies between synonymous and non-synonymous
iSNV sites were tested with Wilcoxon rank sum test. Each dot
indicates the median AAF of the same iSNV site of samples from
same patient. All the plots were visualized using the R package
ggplot (v.3.3.0).

Genetic Distance
The genetic distance between sample pairs was calculated using
L1-norm distance, as defined by the following formula. To avoid
oversampling, for the patients with more than one sample, only
the median AAF among all samples of that patient was used for
distance comparison. The L1-norm distance (D) between sample
pairs is calculated by summing the distance of all the variable loci
(N). The distance on each variable locus is calculated between
vectors (p and q for each sample) of possible base frequencies
(n = 4).

D =

N
∑

k=1

n
∑

i=1

|pi − qi|

To verify the result, L2-norm distance (Euclidean distance)
between sample pairs was calculated. The L2-norm distance
d

(

p, q
)

between two samples
(

p, q
)

is the square root of sum
of distance across all the variable loci (N), as defined by the
following formula.

d
(

p, q
)

=

√

√

√

√

n
∑

i=1

(pi − qi)
2

The comparison of genetic distances among sample pair
categories was performed using the Wilcoxon rank-sum test.

Beta Binomial Model of Bottleneck Size
Estimation
A beta-binomial model was used to estimate bottleneck
sizes between donor and recipient (12) (https://github.com/
weissmanlab/BB_bottleneck). The beta-binomial model can
estimate the probability of variant being detected in the
recipient viral population under the prior condition of founding
population, allowing variant frequency changes between
founding time and sampling time. Here, the bottleneck size
represents the number of virions that pass into the recipient and
finally shape the sequenced viral population. The patient with the
earlier symptom onset date was defined as the donor, while the
other was defined as the recipient. For each variable site, variant
frequencies within both donor and recipient, read depth and
number of reads supporting the mutation within the recipient
were used as input of the beta-binomial model. In this model,
the virus transmission from donor to the recipient was regarded
as a Bernoulli trial, and the probability of a given number of
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virions carrying this mutation follows a binomial distribution.
The maximum-likelihood estimates (MLE) of bottleneck sizes
were estimated within 95% confidence intervals. In our data,
we got 6 and 8 virions as the estimated transmission bottleneck
size of the two donor-recipient pairs, as the probabilities of their
beta-binomial distributions reached maximums, respectively.
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Enterococcus spp. have arisen as important nosocomial pathogens and are ubiquitous in

the gastrointestinal tracts of animals and the environment. They carry many intrinsic and

acquired antimicrobial resistance genes. Because of this, surveillance of Enterococcus

spp. has become important with whole genome sequencing emerging as the preferred

method for the characterization of enterococci. A scoping review was designed to

determine how the use of whole genome sequencing in the surveillance of Enterococcus

spp. adds to our knowledge of antimicrobial resistance in Enterococcus spp. Scoping

review design was guided by the PRISMA extension and checklist and JBI Reviewer’s

Guide for scoping reviews. A total of 72 articles were included in the review. Of the

72 articles included, 48.6% did not state an association with a surveillance program

and 87.5% of articles identified Enterococcus faecium. The majority of articles included

isolates from human clinical or screening samples. Significant findings from the articles

included novel sequence types, the increasing prevalence of vancomycin-resistant

enterococci in hospitals, and the importance of surveillance or screening for enterococci.

The ability of enterococci to adapt and persist within a wide range of environments was

also a key finding. These studies emphasize the importance of ongoing surveillance of

enterococci from a One Health perspective. More studies are needed to compare the

whole genome sequences of human enterococcal isolates to those from food animals,

food products, the environment, and companion animals.

Keywords: Enterococcus, whole genome sequencing, scoping review, antimicrobial resistance, surveillance, One

Health, nosocomial infection

INTRODUCTION

A variety of Enterococcus spp. are commensals within the gastrointestinal tract (GIT)
of humans and animals, while others exist within the broader environment; some
enterococcal species have also emerged as important human pathogens, especially
in nosocomial infections (1). Two enterococcal species, Enterococcus faecium and
Enterococcus faecalis, are most commonly implicated in human disease (2). These
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species, in particular, can acquire antimicrobial resistance (AMR)
and harbor virulence genes that give them advantages as
opportunistic pathogens (3). Their acquisition of antimicrobial
resistance genes (ARGs) can be chromosomally- and plasmid-
mediated, arising from selection pressure through antimicrobial
use and the transfer of ARGs onmobile genetic elements (MGEs)
such as plasmids and transposons (4). Of particular concern is
the rising emergence of vancomycin-resistant enterococci (VRE)
(4). Acquired vancomycin resistance is mediated by various gene
clusters termed VanA/B/D/E/G/L/M/N (4, 5). Each gene cluster
codes for a different resistance mechanism. VanA and VanB
are the most common clusters seen, are often hospital-acquired,
and can be plasmid- or chromosomally- mediated (5–7). Two
species, Enterococcus gallinarum and Enterococcus casseliflavus,
have intrinsic vancomycin resistance that is chromosomally-
mediated by the VanC gene cluster (4, 5).

These two species, along with others such as Enterococcus
villorum, Enterococcus thailandicus, Enterococcus durans,
and Enterococcus hirae, are more typical of animal- and
environmentally- adapted species (8, 9). Their genomes
reflect adaptations to specific niches; for example, clusters of
orthologous groups (COGs) have been found for ethanolamine
utilization as a carbon source in environmental species that are
not found in E. faecium (8).

Other antimicrobials can co-select for vancomycin-resistance
genes if there are multiple ARGs on a single mobile genetic
element. This means that the use of other antimicrobials can
lead to the acquisition of vancomycin-resistance genes, even
if vancomycin is not used (10). Thus, the VRE that arise in
this manner are also multi-drug resistant (MDR) or multi-
class resistant (7) referring to organisms that have acquired
resistance to two or more antimicrobials or those organisms
that have acquired resistance to two or more classes of
antimicrobials, respectively.

As AMR pathogens have emerged, the use of antimicrobials
for prophylaxis and metaphylaxis in food producing animals
has come under scrutiny for its potential to apply a selective
pressure that contributes to the dissemination of AMR and
MDR enterococci (7, 11). Perhaps the most classic example is
in poultry and swine where the previous use of a vancomycin-
related glycopeptide, avoparcin, as a growth promoter was
associated with carriage of vancomycin-resistant E. faecium
(VREfm) in treated herds or flocks through cross-resistance
(7, 12). The occurrence of VREfm in food animals decreased
after the avoparcin use in animals was banned (12); however,
prolonged persistence of specific VREfm clusters in agricultural
settings (e.g., VanA gene cluster on the Tn1546 transposon)
were observed possibly due to co-selection for VRE through
continued use of other antimicrobials, such as macrolide use in
swine (7, 12, 13). Retrospective molecular and genetic studies
have demonstrated that the VREfm isolated from hospital and
agricultural setting are usually separate sequence types (7, 12,
13). In contrast, the same sequence types of vancomycin-
resistant E. faecalis can be isolated from hospital settings and
from farm animals (7, 12, 14). In human medicine, enterococci
are often opportunistic pathogens that acquire resistance and
arise in immunocompromised individuals in hospital settings.

Often these patients have been treated with multiple classes of
antimicrobials in an effort to control difficult to treat infections
(6). These antimicrobials may include those deemed critically
important for use in human medicine by WHO (10), leading
to enterococci resistant to these antimicrobials circulating in the
human population (10).

Due to the importance of Enterococcus spp. as potential
human pathogens, their ability to easily acquire ARGs, and their
ubiquitous nature in the GIT and the broader environment,
many countries have added enterococcal species to their
list of pathogens under surveillance. Their role as a GIT
commensal also make enterococci useful as fecal indicator
bacteria (15). Surveillance for Enterococcus spp. and the other
so-called ESKAPE pathogens (ESKAPE is an acronym for the
following six nosocomial pathogens: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
(16) is done on a national level in several countries. These
include programs such as the Danish Integrated Antimicrobial
Resistance Monitoring and Research Program (DANMAP)
(17), USA’s National Antimicrobial Resistance Monitoring
System (NARMS) (18), the Canadian Integrated Program
for Antimicrobial Resistance Surveillance (CIPARS) (19),
and the Colombian Integrated Program for Antimicrobial
Resistance Surveillance (COIPARS) (15). Many hospitals and
laboratories also have surveillance systems in place for specific
organisms independent of national surveillance programs.
Examples include JMI Laboratories’ SENTRY Antimicrobial
Surveillance Program and the University of Pittsburgh Medical
Center-Presbyterian Hospital’s Enhanced Detection System
for Hospital-Acquired Transmission (UPMC EDS-HAT)
(6, 20, 21). The European Antimicrobial Resistance Surveillance
Network (EARS-Net) is a large surveillance program based on
clinical antimicrobial resistance data from laboratories across
Europe (22). The pharmaceutical industry also runs some
important post-marketing surveillance programs to comply with
licensing requirements of new antimicrobials, looking at potency
and spectrum. Examples of these programs are the Zyvox
Annual Appraisal of Potency and Spectrum (ZAAPS) and the
Linezolid Experience and Accurate Determination of Resistance
(LEADER) (23). Integrated surveillance programs survey and
address AMR in humans, animals, and the environment from
a One Health perspective, emphasizing the interfaces within
the system. These programs collect samples and process isolates
from various sources, including animal fecal samples, human
screening samples, retail meats, wastewater, surface water,
groundwater and soils (15). Human screening samples include
those from hospital surveillance programs of in-patients and
samples submitted to laboratories performing surveillance
(6, 24–26). The data generated from the wide range of samples
can be integrated with antimicrobial use data allowing for the
monitoring of changes in antimicrobial resistance found in
bacteria important to public and animal health (15). Information
gleaned from surveillance can then inform policy and risk
mitigation strategies to combat increasing AMR and protect
antimicrobials important to human health (15). For example,
surveillance of VRE through DANMAP allowed for the detection

Frontiers in Public Health | www.frontiersin.org 2 June 2021 | Volume 9 | Article 59928515

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Rogers et al. Surveillance of Enterococcus Scoping Review

TABLE 1 | Search results table from Web of Science database search with search terms and resulting number of articles.

Set* ResultsU Search terms‡

4 283 #3 AND #2 AND #1

Databases= WOS, BIOSIS, KJD, MEDLINE, RSCI, SCIELO Timespan=2002-2020

Search language=English

3 3,139,503 TOPIC: (survey) OR TOPIC: (surveillance) OR TOPIC: (epidemiolog*)

Databases= WOS, BIOSIS, KJD, MEDLINE, RSCI, SCIELO Timespan=2002-2020

Search language=English

2 485,212 TOPIC: (whole genome sequenc*) OR TOPIC: (WGS) OR TOPIC: (next generation sequenc*) OR TOPIC: (NGS) OR TOPIC:

(genomic*)

Databases= WOS, BIOSIS, KJD, MEDLINE, RSCI, SCIELO Timespan=2002-2020

Search language=English

1 46,024 TOPIC: (enterococc*) OR TOPIC: (enterococcus)

Databases= WOS, BIOSIS, KJD, MEDLINE, RSCI, SCIELO Timespan=2002-2020

Search language=English

*Set: Number assigned by Web of Science database to search term.
UResults: Number of articles in Web of Science database matching search terms for each set.
‡Search terms: Terms used in each set for the search. The numbers given in Set 4 represent the combination of other sets used for the search.

of VRE strains in broiler chickens and human isolates connected
to the use of avoparcin for growth promotion in broilers.
This detection led to the ban of avoparcin use in food animal
production (7, 15).

Early surveillance was primarily based on traditional
microbiology to determine phenotypic antimicrobial
susceptibility profiles, molecular genomics methods such as
polymerase chain reactions (PCR) to assess for the presence of
resistance genes, and pulsed-field gel electrophoresis (PFGE)
for DNA fingerprinting Multi-locus sequence typing (MLST)
arose more recently to better assess genetic relationships
among isolates (7, 27). The use of these technologies allowed
for the phylogenetic study of sequence types, epidemiologic
investigation and determination of the presence of specific
ARGs. However, the development of whole genome sequencing
(WGS) has provided a more in-depth and detailed analysis of
enterococcal ARGs, phylogenetics, and virulence (7, 27). As
whole genome sequencing has become more widely available
and less expensive, many archived isolate collections are being
reanalyzed and their genomes compared with new isolates
(13, 28). Following WGS, it has become possible to utilize new

sequence typing methods for enterococci, such as core-genome

multi-locus sequence typing (cgMLST), allowing for better

analysis of isolate relatedness across sample sources (28).

WGS also allows for the identification of emerging strains,

analysis of outbreaks, and the characterization of resistance and
virulence genes and their locations and context in the bacterial
genome. Due to these advantages many surveillance research
groups have been transitioning to WGS-based approaches of
isolate characterization. Sequencing compliments traditional
microbiology approaches and offers a reliable method of
characterizing ARGs and sequence types (27).

With the increasing popularity of WGS for bacterial pathogen

surveillance, it is now imperative to review the progress that has

been made toward surveillance methods and identify gaps in

our surveillance knowledge. We have undertaken this scoping

review to investigate and summarize the extent to which whole
genome sequencing in surveillance studies has advanced our
understanding of AMR in Enterococcus spp.

METHODS

To investigate our research question, a scoping review was
designed following the PRISMA-ScR extension for scoping
reviews (29) and the guidelines laid out by the JBI Reviewer’s
Manual (30). This protocol was not registered with an online
registration platform.

Search Terms and Strategy
The Population, Concept, Context (PCC) framework (30) was
used to develop the research question and search strategy. A
search strategy was developed to return a broad range of studies
that fit within the following population, concept, and context:

- Population: Enterococcus spp. that underwent whole
genome sequencing

- Context: Enterococcus spp. isolates derived from surveillance-
type studies (as described below)

- Concept: use of whole genome sequencing to better
understand antimicrobial resistance.

After consultation with a librarian, three separate databases
were selected for searching: PubMed (NCBI)1, Web of Science2,
and CAB Abstracts3 All databases within Web of Science were
included in order to include both the Web of Science Core
Collection and BIOSIS. Searches were performed by a single
reviewer (LR) on November 17, 2019, and email search alerts

1https://www.ncbi.nlm.nih.gov/pubmed/
2https://apps.webofknowledge.com/WOS_GeneralSearch_input.do?product=

WOS&search_mode=GeneralSearch&SID=5D5o7Naqz9xk9WXkIZ8&

preferencesSaved=
3http://web.a.ebscohost.com.ezproxy.lib.ucalgary.ca/ehost/search/advanced?vid=

0&sid=59def56a-2134-4464-bd34-368a168a49ab%40sessionmgr4008
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FIGURE 1 | PRISMA flow diagram indicating number of articles screened and identified for inclusion in the scoping review (29).

from each database were implemented to inform the reviewer of
any new articles. New articles from alerts up to and including
December 31, 2020 were included. The same search terms
were used for all three databases, except for differences due
to specific database formatting.The search terms and resulting
number of articles for one database (Web of Science) are
described in Table 1. To capture relevant gray literature, a
manual search of the reference lists of included articles was
completed during data extraction. Gray literature is information
produced and distributed outside of academic publications such
as government reports. The gray literature underwent the same
screening process; however, the full text was read for screening
if no abstract was available. The web application, Rayyan,
was used for the organization of articles during the screening
process (31).

Article Screening and Selection
Only journal articles and abstracts in the English language,
published after 2002 were eligible for screening. The entire
genome of E. faecium was first sequenced in 2000 (32); however,
the assembly was not completed until 2012 (33, 34). The earliest
available genome sequence of an Enterococcus sp. from the NCBI
database is from 2002 (35). Given this information, 2002 was
considered the earliest year that a publication would contain
the information relevant to this scoping review. Any publication
that was not an article or abstract (e.g., textbook, poster, or
conference presentation) was excluded. Relevant gray literature
articles were included and searched for, as described above. All
screening was done independently by two reviewers (LR and KS).
Any discrepancies were resolved in discussion with two other
reviewers (SLC and SCC).
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Title Screening
The article titles were screened initially and any article that was
clearly about bacteria other than Enterococcus spp. was excluded.
These articles needed to explicitly include the name of bacteria
other than Enterococcus spp. in the title and not include terms
relating to the taxonomy of enterococci. All articles that did not
meet this exclusion criterion were included for the next screening
step. The title screening was intentionally left broad to maximize
the number of articles included.

Abstract Screening
Two screening steps were applied to the included abstracts. The
first abstract screening step was performed to exclude any articles
that did not include whole genome sequencing and antimicrobial
resistance of Enterococcus spp. The abstract had to include all
three pieces of information (i.e., WGS, AMR, and Enterococcus)
in the abstract text. This step was also intentionally left broad
and any articles that mentioned sequencing without providing
information about whether or not the whole genome was
sequenced were included to be screened based on methodology
(described below). Following this, the abstracts were screened
a second time using the following question, “did all or a
portion of the Enterococcus spp. isolates in this study result from
surveillance or screening for enterococci?” The following criteria
for surveillance or screening were used:

• Isolates were from a collection maintained by a surveillance
group (a surveillance group is defined as an organization
collecting and analyzing bacterial isolates for surveillance
of those particular bacteria such as CIPARS, SENTRY, or
DANMAP). OR,

• A statement was included that the isolates were collected for
screening or surveillance purposes. OR,

• Isolates were collected for the sole purpose of genomic
comparison. OR,

• The article was published in a journal which included
“Surveillance” in the journal name.

Articles needed to meet one or more criteria. Articles that did not
meet these criteria, such as those with only clinical isolates, were
excluded. Articles that were unclear if they met the surveillance
inclusion criteria through their abstract were screened based on
methodology as described below.

Methods Screening
As stated previously, some abstracts did not contain enough
detail to determine if they met the inclusion/exclusion criteria.
These articles were further screened through the reading of their
methods sections, following the same criteria as for abstract
screening. Articles that did not meet the inclusion criteria during
the methods review were excluded.

The number of articles excluded at each screening step is
displayed in Figure 1.

Data Extraction and Charting
Data was extracted independently by two reviewers (LR and
KS) to answer the research question. The chart was trialed with
15 articles to ensure the reviewers were extracting comparable

information. The completed tables from data extraction were
compared by one reviewer (LR), and any discrepancies in
information were resolved in discussion between the two original
reviewers (LR and KS). No critical appraisal of articles was
performed and all articles were included regardless of study
quality. The methodology of data extraction is outlined in
Table 2.

RESULTS

Article Characteristics
Seventy-two articles were included after the full-text review
(Figure 1). Of these, 70 were primary research articles and
two were gray literature (government reports) (25, 36). All
articles were published in 2015 or later. The corresponding
authors were from seventeen (17) different countries with
most from Australia (16.7%), Denmark (13.9%), and Germany
(13.9%), followed by the USA (12.5%), then the UK (6.9%)
and 5.6% from each of Canada, China, the Netherlands
and Portugal. Corresponding authors were also from Brazil
(4.2%), Italy (1.4%), Japan (1.4%), Colombia (1.4%), Spain
(1.4%), South Africa (1.4%), South Korea (1.4%), and Saudi
Arabia (1.4%) (Figure 2). Additional information is available in
Supplementary Table 1.

Just under half of the studies were not associated
with a specified surveillance group (48.6%). The
remaining articles were associated with government
funded programs (e.g., DANMAP, NARMS), within
hospital screening or surveillance programs, or
private/industry funded surveillance programs (Table 3 and
Supplementary Table 1).

Objectives of Included Articles
The study objectives could be broadly divided into five categories,
as shown in Table 4. These include (i) epidemiology or
prevalence studies, (ii) genetic and/ormolecular characterization,
(iii) comparative genomics, (iv) the description of a novel
finding, and (v) the comparison of techniques or development
of a new technique. The categories were formed by assessing
keywords within the stated objectives. For example, objectives
to “determine the prevalence of. . . ” or “perform comparative
genomics of. . . ” would fit into the categories of epidemiology
or prevalence studies and comparative genomics, respectively.
The categories were further broken down into the sample
source location, and whether or not the article was studying a
specific resistance gene (e.g., vanA), AMR profile (e.g., VRE),
or another specific category (e.g., another specific genetic
element such as a transposon). Articles could fall into more
than one type of objective but generally stayed within the
same category as the source location. The majority of articles
were an epidemiological or prevalence study (54.2%), most
commonly conducted within a defined region. Often these
studies included human clinical data and hospital isolates but
were not specific to just one hospital. Only three studies
compared techniques or developed new ones, and this was
in conjunction with other objectives of the study. Details of
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TABLE 2 | Data extraction chart with description and example article.

Data Description Example

Article characteristics

Citation Article reference using APA 6th style Leong, K. W., Cooley, L. A., Anderson, T. L., Gautam, S. S., McEwan,

B., Wells, A., Wilson, F., Hughson, L., and O’Toole, R. F. (2018).

Emergence of vancomycin-resistant Enterococcus faecium at an

Australian Hospital: a whole genome sequencing analysis. Scientific

Reports 8:6274.

Article type List the study design or type Cross-sectional

Research group country Name the country from where the research

group originates

Australia

Surveillance group List the surveillance group(s) performing the

study and/or with the isolate collection (if

applicable)

Tasmania Infection Prevention and Control Healthcare Associated

Infection Surveillance Program

Funders List the funding groups for the study - Royal Hobart Hospital Research Foundation grant

- Tasmanian Infection Prevention and Control Unit

Introduction

Study objectives Bullet point summary of stated objectives - To better define hospital spread of VREfm at the RHH

- Will correlate genomic information with epidemiologic data

Methods

Study location List where the samples are from or where the

study was performed

Royal Hobart Hospital (RHH) in Tasmania

Enterococcus spp. List the enterococcal species isolated and

studied

E. faecium

VREfm specific study (yes/no) Yes: the study is specifically studying VREfm

No: the study is not specifically looking for

VREfm (although it may be included in

the results)

Yes

Sample sources List the sources from where the isolates were

obtained

- Human screening

- Human clinical

AMS testing List the methods used for antimicrobial

susceptibility testing

Done in previous study—disc diffusion (EUCAST)

WGS Platform List the WGS platform(s) used Illumina MiSeq

Archive accession numbers provided (yes/no) Yes: accession numbers provided

No: accession numbers not provided

Yes

Bioinformatic tools List any bioinformatics tools used according to

their purpose

Alignment: Snippy

Phylogeny (SNPs): RaxML

Assembly: Velvet

AMR: Resfinder

Typing: MLST Tool

Other genomics List any other genomic analyses performed None

Results

AMR phenotypes List the antimicrobials to which resistance was

found (percent or ratio of isolates in

parentheses)

Make note of any particular

phenotypic patterns

- Vancomycin (100%)

Sequence types and/or clonal complexes List any sequence types and/or clonal

complexes found

ST796 (47/80)

ST80 (16/80)

ST1421 (10/80)

ST203 (4/80)

ST78 (1/80)

ST192 (1/80)

ST555 (1/80)

AMR genes List of AMR genes found through WGS,

according to sample source

If >10 AMR genes were found, reference

where in the article they may be found, rather

than providing an exhaustive list

vanA

vanB

(Continued)
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TABLE 2 | Continued

Data Description Example

Plasmids List of any plasmids found None described

Relatedness assessed Brief description of the relatedness that was

assessed

Study isolates to reference genome (SNPs)

Comparison of genomic to epidemiologic data

Discussion

Addition to AMR knowledge Summary of addition to knowledge about AMR

in Enterococcus

- VREfm profile at RHH has shifted to ST796 and ST80

- Screening is important to detect isolates that may be involved in

transmission

- WGS is helpful for more accurate typing of E. faecium for

better investigations

FIGURE 2 | Country of affiliation of corresponding author for included articles.

TABLE 3 | Proportion of articles funded and/or performed by a specific surveillance group.

Specified surveillance group Proportion of articles (%) Article citation

None listed 48.6 (8, 9, 11, 24, 37–67)

Government funded program 30.6 (25, 27, 28, 36, 68–85)

Private/Industry funded program 4.2 (13, 26, 86)

Within hospital program 16.7 (6, 20, 87–96)

the objectives for each study are presented in Table 4 and
Supplementary Table 2.

Enterococcal Source and Species
Nine different source types were sampled for surveillance
of Enterococcus spp. isolates, with the majority of articles
using isolates from human clinical infections (47 articles,

65.3%). Just over half of the articles (38 articles, 52.8%) used

isolates from human screening samples. For animal samples,

12 articles (16.7%) pulled isolates directly from food animals

(fecal, cecal, or other samples), 12 articles (16.7%) had retail

meat samples, and three articles (4.2%) included isolates

from milk products. Isolates were also from environmental

samples with eight articles (11.1%) including samples from
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TABLE 4 | Categorization of stated objectives for articles included in scoping review and proportion of included articles in each category.

Objective category and source Article specific to a gene, AMR

profile, or other genetic element?

Proportion of articles (%) Article citation

Epidemiology and/or prevalence study (54.2%)

Hospital or clinical setting only Yes 16.7 (6, 26, 46, 49, 62, 72, 73, 90, 92, 93,

95, 96)

No 1.4 (64)

Regionally specific study (may include clinical setting) Yes 20.8 (24, 27, 28, 37, 45, 47, 50, 63, 74,

75, 78–80, 82, 85)

No 4.2 (25, 36, 65)

Outbreak study Yes 6.9 (20, 51, 52, 87, 94)

No –

Food animal related (including retail meats and animal

samples)

Yes 2.8 (55, 67)

No –

Other Yes –

No 1.4 (41)

Comparative genomics (29.1%)

Regionally specific study (may include clinical setting) Yes 8.3 (28, 56, 63, 75, 77, 83)

No 1.4 (53)

Food animal related (including retail meats and animal

samples)

Yes –

No 6.9 (8, 13, 38, 68, 84)

Other (multiple sources) Yes 2.8 (58, 59)

No 9.7 (9, 38–41, 54, 57)

Genetic and/or molecular characterization (23.5%)

Hospital or clinical setting only Yes 8.3 (26, 48, 49, 60, 89, 93)

No –

Regionally specific study (may include clinical setting) Yes 6.9 (44, 66, 75, 81, 91)

No –

Food animal related (including retail meats and animal

samples)

Yes 6.9 (55, 61, 67, 69, 70)

No 1.4 (54)

Description of novel finding (14.0%)

Hospital or clinical setting only Yes 2.8 (60, 86)

No –

Regionally specific study (may include clinical setting) Yes 4.2 (37, 74, 81)

No –

Outbreak study Yes 1.4 (88)

No –

Food animal related (including retail meats and animal

samples)

Yes 2.8 (11, 71)

No –

Other Yes 1.4 (43)

No 1.4 (76)

Comparison or development of technique(s) (5.6%)

Hospital or clinical setting only Yes 2.8 (6, 92)

No –

Regionally specific study (may include clinical setting) Yes 1.4 (27)

No –

Outbreak study Yes –

No 1.4 (42)
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TABLE 5 | Summary of enterococcal source and species from articles included in scoping review and proportion of included articles identifying each source or species.

Enterococcal characteristics Proportion of articles (%) Article citation

Sample sources

Human clinical infection 65.3 (24–28, 36–39, 41–53, 56, 58, 60, 63, 64, 66, 72–75, 77, 78, 80–83, 86–92, 94, 96)

Human screening samples 52.8 (6, 20, 24, 25, 27, 42–48, 50, 52, 58, 60, 62–65, 72, 74–77, 81–83, 85, 87, 88, 90–96)

Retail meats 16.7 (11, 13, 25, 38, 39, 43, 55, 58, 63, 67, 69, 70)

Food animal samples 16.7 (8, 25, 38, 39, 43, 54, 58, 61, 63, 68, 71, 84)

Wastewater 11.1 (9, 38, 39, 41, 43, 58, 59, 63)

Hospital environment 11.1 (46, 51, 56, 60, 64, 87, 88, 94)

GenBank sequence 6.9 (11, 40, 57, 58, 90)

Milk products 4.2 (40, 43, 57)

Other 1.4 (65)

Enterococcus spp.

E. faecium 87.5 (6, 8, 9, 13, 20, 24–28, 36–39, 41–43, 45–52, 54–57, 59, 60, 62–67, 70–83, 85–96)

E. faecalis 34.7 (6, 8, 9, 13, 25, 26, 28, 36, 38, 40, 43, 44, 48, 53, 54, 58, 59, 61, 65, 66, 68, 69, 71,

78, 79)

E. gallinarum 13.9 (6, 8, 9, 13, 36, 38, 54, 59, 60, 67)

E. hirae 11.1 (8, 11, 13, 36, 38, 54, 59, 65)

E durans 9.7 (8, 13, 38, 43, 54, 59, 67)

E. casseliflavus 9.7 (6, 8, 9, 36, 38, 65, 81)

Other 13.9 (8, 11, 13, 36, 38, 43, 59, 65, 81, 84)

VREfm specific study?

Yes 48.6 (20, 24, 27, 28, 37, 41, 42, 45–47, 50–52, 55, 62, 70, 72–77, 80, 82, 83, 85, 87, 88,

90–96)

No 51.4 (6, 8, 9, 11, 13, 25, 26, 36, 38–40, 43, 44, 48, 49, 53, 54, 56–61, 63–69, 71, 78, 79,

81, 84, 86, 89)

the hospital environment and eight articles (11.1%) using
wastewater samples. Five articles (6.9%) included sequences
from GenBank to supplement their isolates from sample
sources (Table 5). No studies sampled from companion animals
or equids.

At least 14 different species of Enterococcus were
described in the 72 articles (one article did not identify
all species). The majority of articles (87.5%) described
Enterococcus faecium with 35 (48.6%) of these articles
specifically studying VREfm. Twenty-five articles (34.7%)
identified E. faecalis, 10 articles (13.9%) E. gallinarum,
eight articles (11.1%) E. hirae, and seven studies (9.7%)
each described E. casseliflavus and E. durans. Ten articles
described other species, including E. villorum, E. thailandicus,
E. cecorum, E. mundtii, E. pseudoavium, E. ratti, E. avium,
and E. raffinosus.

All 72 articles provided some information on the AMR

phenotypes of their isolates. The majority of articles

(80.6%) describe isolates with resistance to glycopeptide

antibiotics (vancomycin or teicoplanin). Twenty-one articles

(29.2%) described isolates with resistance to oxazolidinones

(linezolid or tedizolid). Other antimicrobial classes with

identified phenotypic resistance included fluoroquinolones,

macrolides, aminoglycosides, penicillins, and tetracyclines

(Figure 3 and Supplementary Table 3). Methods used to

assess phenotypic resistance in each article are outlined

in Supplementary Table 4. Nineteen articles (26.4%)
provided no information on the methodology used to define
phenotypic resistance.

WGS Platforms and Results
All articles selected performed whole genome sequencing of
the isolates (as a part of the inclusion criteria) and Illumina
was the most commonly used platform for sequencing. Sixty-
four articles (88.9%) used a version of Illumina for sequencing,
whereas four articles did not provide sequencing methodology.
Illumina MiSeq was the most commonly used version of
Illumina employed. Other platforms included PacBio, Ion
Torrent PGM, or Illumina in combination with PacBio, Ion
Torrent PGM, or MinIon platforms (Table 6). Sixty-two articles
(86.1%) provided archive accession numbers for access to their
resultant sequences.

Whole genome sequencing generated information
about AMR genes that was described in almost all
articles, with two articles (2.8%) failing to report AMR
genes (Figure 4 and Supplementary Table 3). Forty-
one articles (56.9%) reported the vanA gene cluster, 26
articles (36.1%) reported vanB, and 15 articles (20.8%)
reported optrA.

From the sequencing, 61 articles (84.7%) described
the sequence type (ST) and/or clonal complex (CC) of
isolates. Over 60 sequence types were reported, including
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FIGURE 3 | Proportion of articles included in scoping review identifying resistance to each antimicrobial class (GLY, glycopeptides; PEN, penicillins; MAC, macrolides;

AMG, aminoglycosides; OXA, oxazolidinones; TET, tetracyclines; FLQ, fluoroquinolones; PHE, phenicols; LIN, lincopeptides; STR, streptogramins; LIC, lincosamides;

ANS, ansamycins; GCY, glycylcyclines; NIT, nitrofurans; SUL, sulfonamides; POL, polypeptides).

TABLE 6 | Summary of WGS platforms used in each article included in scoping review and whether archive accession numbers were provided in the article.

Sequencing platform Proportion of articles (%) Article citation

WGS platform

Illumina MiSeq 48.6 (6, 8, 9, 24–28, 38, 40, 44, 46, 53, 57, 60, 61, 66, 68, 72, 73, 78–80, 82–88, 90, 92,

94–96)

NextSeq 9.7 (20, 50–52, 54, 55, 80)

HiSeq 11.1 (41, 43, 59, 63–65, 69, 89)

Version not specified 6.9 (13, 49, 56, 67, 76)

Illumina & ... PacBio 6.9 (39, 47, 71, 74, 75)

Ion Torrent 2.8 (42, 48)

MinIon 4.2 (62, 70, 81)

PacBio 2.8 (11, 91)

IonTorrent PGM 2.8 (37, 45)

No information 5.6 (36, 58, 77, 93)

Archive accession numbers provided?

Yes 86.1 (6, 8, 9, 11, 13, 24, 26, 27, 37–45, 47–66, 68–72, 74–86, 89–95)

No 13.9 (20, 25, 28, 36, 46, 67, 73, 87, 88, 96)

ST203 (25 articles), ST80 (27 articles), ST78 (19 articles),
and ST18 (15 articles). Seven articles reported a pstS-null
isolate. The summary of clonal complexes is in Figure 5 and
Supplementary Table 3.

Many articles (75.0%) reported other molecular techniques,

including PCR, PFGE, and MALDI-TOF MS. These techniques

were primarily used for speciation or screening for AMR genes
(Supplementary Table 4).

Article Findings and Conclusions
The articles’ findings or conclusions related to antimicrobial
resistance were summarized into categories, and articles
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FIGURE 4 | Proportion of articles included in scoping review finding an AMR gene or gene type.

FIGURE 5 | Proportion of articles included in scoping review finding different sequence types (NA, no sequence type described).
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TABLE 7 | Main categories of findings and conclusions and proportion of articles included in scoping review within each category.

Finding and/or conclusion Proportion of articles (%) Article citation

Report of a new or uncommon finding 31.9 (6, 28, 37, 43–45, 49, 52, 53, 59–63, 66, 69,

71, 74, 76, 77, 81, 86, 87)

Enterococcus is well optimized for adaptation and

survival in their environment

20.8 (8, 9, 11, 26, 39, 46, 57, 62, 64, 68, 75, 78,

89, 94, 95)

WGS is the best means of detecting and differentiating

Enterococcus spp.

16.7 (20, 27, 42, 50, 64, 72, 74, 80, 82, 88, 91, 92)

Surveillance of Enterococcus spp. is important 11.1 (28, 69, 73, 81, 82, 88–90)

Finding of suspected HGT or co-selection 9.7 (11, 49, 58, 59, 68, 70, 75)

Other* 16.7 (6, 38, 47, 48, 65, 78, 79, 83, 84, 91, 93, 95)

Importance of infection and control measures in hospitals 11.1 (20, 27, 41, 79, 87, 88, 94, 95)

VREfm prevalence is increasing in hospitals 11.1 (25, 28, 73, 74, 82, 85, 88, 96)

Human clinical strains have a higher number of ARGs

than animal or human screening isolates or no

relationship found between human/animal strains

9.7 (27, 38–40, 54, 57, 63)

Animal strains can carry ARGs and MGEs 8.3 (8, 13, 39, 41, 70, 84)

Information on antimicrobials and related resistance 8.3 (24, 44, 47, 53, 56, 67)

Finding of a shift to a new dominant strain 11.1 (50, 53, 72, 75, 80, 83, 85, 96)

Surveillance Program Report 5.6 (24, 25, 36, 51)

There is apparent transmission between human and

animal enterococci (either human to animal or animal to

human)

4.2 (43, 55, 58)

Importance of screening in hospitals 2.8 (72, 87)

Human wastewater contains human clinical strains 2.8 (9, 41)

*Other refers to article findings that did not fit into another defined category.

could fit into more than one category. Of all articles,
31.9% reported a new or uncommon finding, which could
include a novel strain or gene, or a previously described
finding in a novel location. A fifth (20.8%) of articles
reported how Enterococcus spp. were optimized for adaptation
and survival in their environment. Twelve articles (16.7%)
specifically stated that WGS was a better means of detecting or
differentiating Enterococcus spp. than other genomic methods
(such as PCR or PFGE). The other summarized findings
are described in Table 7 with more details are available in
Supplementary Table 2.

DISCUSSION

In this scoping review, we aimed to assess the value added
by the use of WGS in the surveillance of enterococcal
AMR. The use of WGS for the surveillance of Enterococcus
spp. has added to our knowledge about Enterococcus
spp. through the detection of previously unidentified
strains and finding that WGS was better at detecting and
differentiating Enterococcus spp. than other genomic methods.
European countries provided the most surveillance studies,
with many of these coming from the Danish DANMAP
program. This is perhaps unsurprising as DANMAP is an
extensive and well-established program implemented in
1995 (25).

Importance of WGS to Detect AMR
Enterococcus spp.
While the majority of Enterococcus spp. are adapted to the
natural environment and animal GITs, rarely causing disease in
humans, E. faecium and E. faecalis are the species most likely
to cause human disease (2). Thus, it was not surprising that
they were the most studied species in the included articles and
the majority of articles were conducted in hospital settings.
Nearly half of the included articles were studies specific to
VREfm, showing the importance of vancomycin resistance in
enterococci. WGS was important in studies to better understand
VRE, especially in the assessment for vancomycin-variable
enterococci (VVE). These are enterococcal isolates that are
phenotypically sensitive to vancomycin but carry vancomycin-
resistance genes. These isolates become phenotypically resistant
to vancomycin when exposed to the antibiotic in vivo (25).
Even though the resistance genes could be identified via
PCR, the importance of WGS to further characterize VVE
isolates was shown in the 2018 DANMAP report. The use
of WGS and cgMLST allowed for the identification of new
complexes and sequence types. DANMAP can now perform
surveillance specific to these VVE strains. This should allow
for earlier detection of VVE in patients and more appropriate
treatment (25). WGS also allowed for a better understanding
of E. faecium as it determined new sequence types, including
pstS-null types, through cgMLST (37). The pstS gene locus
is a housekeeping gene used for MLST but is missing in
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some VREfm strains. The use of WGS and cgMLST allowed
for more robust sequence typing and identification of these
isolates (37). Surveillance of enterococci within a hospital using
WGS also allowed for the identification of a VREfm outbreak.
A combination of sequencing data and an epidemiological
investigation allowed for the identification of transmission
route and the implementation of measures to prevent further
outbreaks (20).

A One-Health Approach
The ubiquitous nature of Enterococcus spp. naturally requires a
One-Health approach to the surveillance of AMR in enterococci
(38). This means a transdisciplinary approach across the human-
animal-environment continuum in order to better understand
the problem of AMR in enterococci (97). While enterococcal
species other than E. faecium and E. faecalis were discussed in
a few studies, in general, there were relatively few studies using
a One-Health approach to compare animal, environmental (e.g.,
water and soil), and human samples (9, 11, 13, 39–41, 68–71).
No studies sampled companion animals or equids, even though
these animals live in close proximity to humans. This could be
due to the complexity and cost of coordinating a study with so
many sample sources or that human health studies are more
easily funded. A collaborative transdisciplinary approach would
bring a broad perspective to study design and allow for a better
interpretation of the results. This would ease the complexity
of designing and coordinating a One-Health surveillance study
and create a more robust understanding of the issue of AMR in
enterococci. Two studies included in this review did produce very
informative results across multiple sample sources to address the
One-Health continuum (38, 39). These studies pulled samples
from livestock, retail meat, wastewater, and human bloodstream
infections and showed limited sharing of genes between isolates
from humans and animals (38, 39). Research using this One-
Health approach will provide a means to assess the risk of AMR
enterococci moving from food animals, through the food chain,
into human populations as well as through the environment.

Importance of Surveillance of Enterococci
Many articles included in this study stressed the importance
of the surveillance of Enterococcus spp., especially in hospital
settings. This is because enterococci are optimized for adaptation
and survival in their environment, whether the hospital
environment or natural environment (42, 72). Both targeted
surveillance of at-risk patients (e.g., immunocompromised) and
passive surveillance of incoming hospital patients allowed for
early recognition of outbreaks. Outbreaks could be controlled
before becoming a significant problem and new hospital
protocols surrounding cleaning and isolation could be developed
(20, 72, 87). WGS allowed for more accurate sequence typing and
identification of AMR genes (27, 73, 88).

Sequencing Platforms
From this review, Illumina sequencing platforms are currently
the most popular for whole genome sequencing studies. They
are historically reliable, with low error rates and have become
accessible, abundant, and cost-effective (98). The combination of

Illumina short-read with long-read sequencing (usually PacBio)
was occasionally used to close a chromosome or a plasmid to
accomplish genomic integrity as well as complete understanding
of MGEs and their context. Unfortunately, the cost of running
large numbers of isolates on a PacBio system is prohibitive
(99). The use of long-read sequencing is likely to increase
as inexpensive and portable bench-top platforms such as the
Nanopore MinION become more reliable with lower error
rates (100, 101). This will allow for the rapid identification of
an isolate and its genetic composition, including MGEs (99).
The majority of papers (86.1%) also provided archive accession
numbers for their sequences, highlighting the importance of
sharing raw genomic data with the scientific community and the
requirements for publication in many journals.

Limitations
This scoping review held limitations similar to other review
papers in the possible omission of relevant literature, such as
gray literature or articles written in a language other than
English. Findings from government surveillance programs may
be published online or as peer-reviewed articles, but in order
to maintain an efficient and reproducible search method, gray
literature was only searched from the reference lists in the
primary research articles included in the review. No separate
gray literature search was performed, which may have resulted
in the omission of relevant information. Two non-English
articles were excluded in our search which otherwise might have
been included.

In order tominimize the omission of articles, several databases
were searched and inclusion criteria were intentionally left broad
until the abstract screening steps. The authors did maintain
a rigid definition of surveillance, which could have excluded
epidemiological articles that did not fit the selection criteria.
This largely eliminated studies on human clinical isolates of
Enterococcus spp. as the isolates would have been selected for a
study based on certain characteristics.

Another limitation of the study is that a critical appraisal of the
included articles was not conducted. This was intentional as one
of the objectives of the present study was to identify gaps in the
literature, but it means that studies of lower and higher quality
would carry equal weight. The findings of some studies may not
share the same validity based on their study design, but this was
not determined in this review.

CONCLUSION AND FUTURE DIRECTIONS

Whole genome sequencing has added value to the surveillance
efforts of Enterococcus spp. by identifying new genes and
strains, adding to the knowledge about its prevalence in various
settings, and finding that WGS is a better means of detecting
and differentiating Enterococcus spp. than other molecular
methods. The ability of Enterococcus spp. to adapt and survive
in its environment was frequently stated as a reason for the
importance of using WGS for the surveillance of this bacterium.
Future studies should focus on the state of Enterococcus spp.
in companion animal veterinary medicine and determining
the link between humans, animals, food products, and the
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environment for a better One-Health approach to Enterococcus
spp. surveillance.
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Background: Mycoplasma hominis and Ureaplasma spp. are responsible for

opportunistic infections in transplant patients, sometimes causing a life-threatening

hyperammonemia syndrome. Both pathogens are not identified with standard

microbiology techniques, resulting in missed or delayed diagnosis. We present a clinical

case that illustrates the added value that next-generation sequencing (NGS) may offer in

the diagnosis of respiratory infections in immune-compromised patients.

Results: A 55 years-old man with idiopathic pulmonary fibrosis underwent double

lung transplantation. He received antibiotic prophylaxis with piperacillin-tazobactam

and azythromycin. At day 4 post-transplantation (PTx), the patient presented an acute

respiratory distress. A broncho-alveolar lavage (BAL) was performed. At day 5 PTx, the

patient presented a status epilepticus due to diffuse cerebral oedema. Serum ammonia

concentration was 661 µg/dL. BAL bacterial culture was negative. Because of the

clinical presentation, special cultures were performed and identified 100.000 CFU/mL

ofM. hominis and Ureaplasma spp. and specific PCRs were positive forM. hominis and

Ureaplasma parvum. Antibiotic therapy was shifted to therapeutic dose of azithromycin

and doxycycline; within 48 h ammonia serum concentrations returned to normal but

the coma persisted several weeks, followed by a persistent frontal lobe syndrome. A

follow-up BAL was performed on day 11 Ptx. TheMycoplasma/Ureaplasma culture was

negative, yet the specific PCRs remained positive. Bacterial culture found 100 CFU/mL

of Staphylococcus aureus and viral culture was positive for Herpes Simplex Virus-1.

These results were confirmed by metagenomic next-generation sequencing (mNGS). In

the bacterial fraction, the majority of reads belonged to Corynebacterium propinquum

(34.7%), S. aureus (24.1%) and Staphylococcus epidermidis (17.1%). Reads assigned
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to M. hominis, Ureaplasma urealyticum and parvum represented 0.71, 0.13, and 0.04%

of the bacterial fraction and corresponded to 6.9 × 103, 9.7 × 102, and 3.7 × 102

genome equivalents per mL of BAL fluid, respectively. These results are in favor of a cure

of the atypical infection.

Conclusions: mNGS offered added diagnostic and quantitative values compared

to PCR tests, which can remain positive after resolved infections. The initiation of

appropriate antibiotic therapy would have occurred earlier on, possibly resulting in a

better clinical outcome if mNGS had been performed in a routine fashion.

Keywords: metagenomics, mollicutes, hyperammonemia, lung trasnplantation, next-generation sequencing

BACKGROUND

We report here a clinical case that illustrates the limitations of
both culture-dependent and molecular routine microbiological
methods and the potential added value of metagenomic next-
generation sequencing (mNGS) in the diagnosis of respiratory
infections in immunocompromised patients.

CASE REPORT

A 55-year-old man with idiopathic pulmonary fibrosis, and
treated since 2016 with pirfenidone, underwent a double
lung transplantation in 2019. The patient had no significant
medical history other than dyslipidemia treated with statins.
During surgery, the patient presented an episode of ventricular
fibrillation with cardiac arrest due to the passage of air bubbles
when the right pulmonary artery was unclamped. He was quickly
resuscitated after cardioversion.

The patient received a piperacillin-tazobactam and
azithromycine antibiotic prophylaxis and a classic
immunosuppressive regimen (Thymoglobulin, mycophenolic
acid, and methylprednisolone). On day 4 post-transplantation,
he presented an acute respiratory distress that required
reintubation. As the perioperative swab culture from the donor
lungs revealed Escherichia coli of intermediate susceptibility to
piperacillin-tazobactam, an E. coli pneumonia was suspected, and
piperacillin-tazobactam was shifted to cefuroxime. A broncho-
alveolar lavage (BAL) was performed before antibiotic shift and
sent for bacterial cultures, galactomannan measurement, and
detection of 34 pulmonary pathogens by multiplex polymerase
chain reaction (PCR) (TaqMan Array Card, Thermo Fisher
Scientific, Waltham, MA, USA), which only revealed the
presence of Herpes simplex virus type 1 (HSV-1) with a
coefficient threshold at 34, suggesting no acute infection. At
day 5 post-transplantation, fasciculations of the facial muscles
appeared. The patient’s parameters did not reveal malignant
hypertension. A continuous electroencephalogram (EEG)
revealed a status epilepticus, and the patient was treated by
levitiracetam and midazolam. Computed tomography revealed
the presence of a diffuse brain edema, therefore excluding the
possibility of performing a spinal tap. Blood tests revealed severe
hyperammonemia at 661 µg/dL; an aggressive treatment was

initiated with lactulose, L-carnitine, sodium benzoate, sodium-
phenylbutyrate, and continuous veno-venous hemodiafiltration
(CVVH), as well as restriction of protein intake. A treatment
with doxycycline was also initiated, and the dosage regimen of
azithromycin was increased from 250mg, three times weekly to
500mg daily, the following day.

The “standard” bacterial culture of the BAL fluid
revealed negative results. Since clinical features suggested
an infection by atypical pathogens, a specific culture for
Mycoplasma/Ureaplasma spp. was performed, identifying
100,000 CFU/mL of Mycoplasma hominis and Ureaplasma spp.
after 24 h of incubation. Because of the small size of colonies, it
was impossible to obtain pure cultures, and their identification
relied on microscopic examination. Antibiotic susceptibility
testing of a mixed population was challenging, and an
accurate minimal inhibitory concentration (MIC) could
not be determined with the Mycoplasma IST2 susceptibility
gallery (bioMérieux, Marcy l’Etoile, France). The mixed culture
was interpreted as resistant to erythromycin, clindamycin,
and azithromycin but susceptible to tetracycline, doxycycline,
ofloxacin, and ciprofloxacin. Ammonia serum concentrations
returned to normal values (<102 µg/dL) within 48 h of initiating
doxycycline treatment. The coma persisted several weeks and
was followed by a severe, irreversible frontal lobe syndrome
and massive cognitive impairment. The patient is at present (24
months after transplantation) bedridden.

To confirm microbiological cure, a follow-up BAL was
performed on day 12 post-transplantation, after 7 days of
doxycycline and 5 days of azithromycin. Bacterial culture yielded
100 CFU/mL of Staphylococcus aureus, and both multiplex
PCR for respiratory pathogens (Taqman Array Card) and
viral culture were positive for HSV-1, all of which were
not considered clinically significant. The specific culture for
Mycoplasma/Ureaplasma spp. revealed negative results. The
antibiotic therapy was stopped after a total of 10 days of
doxycycline and 8 days of azithromycin at therapeutic doses.

A retrospective analysis was performed by specific qualitative
PCR for species identification and revealed M. hominis and
Ureaplasma parvum in both BAL samples. mNGS was performed
for scientific documentation on the second BAL sample
(unfortunately, no material was left from the first BAL sample).
Of 2,275,532 quality filtered sequencing reads, 2,264,070 were
human, 4,222 mapped to HSV-1, and 4,773 were assigned by
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TABLE 1 | Microbial species detected by mNGS.

Species identified by CLARK Read (pair)

count

Genome

equivalents

per mL of

BAL fluid

Genome

coverage

(%)

Human alphaherpesvirus 1 (HSV-1) 4,222 3.9E+06 91.46

C. propinquum 1,658 9.3E+04 11.9

S. aureus 1,151 5.7E+04 9.51

S. epidermidis 816 4.6E+04 7.21

Corallococcus aberystwythensis 180 2.5E+03 0.04

Streptomyces turgidiscabies 141 1.9E+03 0.01

Corynebacterium pseudodiphtheriticum 87 5.4E+03 0.89

Bifidobacterium tibiigranuli 77 4.0E+03 0.03

Staphylococcus schweitzeri 68 3.4E+03 0.79

Staphylococcus argenteus 50 2.6E+03 0.51

Mogibacterium diversum 45 3.5E+03 0.54

Enterococcus faecalis 42 2.1E+03 0.33

[Candida] glabrata 40 4.6E+02 0.07

Alcanivorax hongdengensis 35 1.3E+03 0.02

M. hominis 34 6.9E+03 1.08

Aequorivita lutea 27 1.1E+03 0.05

Sphingomonas paucimobilis 18 6.3E+02 0.09

Parvimonas micra 13 1.1E+03 0.17

Porphyromonas endodontalis 12 8.0E+02 0.12

Staphylococcus haemolyticus 11 6.1E+02 0.1

Lancefieldella parvula 10 9.1E+02 0.13

Peptostreptococcus stomatis 8 5.7E+02 0.07

Bifidobacterium dentium 8 4.3E+02 0.05

Staphylococcus warneri 7 4.1E+02 0.07

Cutibacterium acnes 7 3.9E+02 0.06

U. urealyticum 6 9.7E+02 0.15

Gemella morbillorum 5 4.0E+02 0.06

Mogibacterium timidum 5 3.8E+02 0.06

Tropheryma whipplei 3 4.6E+02 0.07

U. parvum 2 3.7E+02 0.05

Only microorganisms with>3E+02 genome equivalents per mL of BAL fluid are reported.

CLARK to bacteria. In the bacterial fraction, the majority of
reads belonged to Corynebacterium propinquum (34.7%), S.
aureus (24.1%), and Staphylococcus epidermidis (17.1%). Reads
assigned toM. hominis, Ureaplasma urealyticum, and U. parvum
represented 0.71, 0.13, and 0.04% of the bacterial fraction and
corresponded to 6.9 × 103, 9.7 × 102, and 3.7 × 102 genome
equivalents per mL of BAL fluid, respectively (Table 1). BLASTn
analysis confirmed CLARK assignments, with the exception of
one read pair that was classified by CLARK as U. parvum but
had best BLASTn scores toM. hominis. These results are in favor
of a cure of the atypical infection. The chronology of the case is
represented in Figure 1.

DISCUSSION

Mycoplasma and Ureaplasma (class Mollicutes) have no cell
wall and therefore are undetectable under light microscopy

after Gram staining and are intrinsically resistant to antibiotics
targeting peptidoglycans. They also cannot be grown on standard
bacterial culture media. M. hominis and Ureaplasma spp. are
urogenital commensals, which are long known to be responsible
for infections of the urogenital tract. They also have been
found in a wide panel of opportunistic infections, such as
periaortic abscess, pneumonia, and pericarditis (1–3). Since
2015, M. hominis, U. urealyticum, and U. parvum, alone or
in co-infection, have been increasingly documented as causes
of hyperammonemia syndrome (HS) within the first 30 days
after lung or hematopoietic cell transplantation (3–7). HS occurs
rarely (1–4% of transplant patients) but has major impact in
terms of neurological complications (3, 4) and mortality. The
mortality rate in patients with increased ammonia levels is 67%
compared to 17% in patients with normal ammonia levels (4).

Ureaplasma spp. have the ability to generate energy by
cytosolic urease-catalyzed hydrolysis of urea to ammonia. This
has no clinical consequences in urogenital infections, but it
can be severe in disseminated infections: after the serum
ammonia level increases, the liver converts it back to urea,
which in turn provides more energy for the microorganism,
resulting in sustained hyperammonemia (3, 8). To investigate
the source of opportunistic infections caused by Ureaplasma
in lung-transplant patients, Fernandez et al. screened all lung
donors. The study found a significant correlation between
Ureaplasma-positive lung donors and hyperammonemia (p <

0.001). Additionally, all recipients of Ureaplasma-positive lungs
presented a systemic inflammatory response, with lung infiltrates
and required vasopressors to maintain a normal blood pressure
after transplantation (7).

Mycoplasma/Ureaplasma spp. are naturally susceptible to
macrolides, tetracyclines, or fluoroquinolones (9), but these
antibiotics are not part of the classic antibiotic prophylaxis
regimen used for lung transplantation (10). Acquired resistance
in these bacteria is, however, not unusual, even though resistance
rates vary significantly between studies. A French study showed
resistance rates to tetracyclines of 7.5% for Ureaplasma spp.
and 14.8% for M. hominis isolates, while the levofloxacin and
moxifloxacin resistance rates were, respectively, 1.2 and 0.1%, for
Ureaplasma spp., and 2.7 and 1.6% forM. hominis (11). An Italian
study, on the other hand, showed significant levels of quinolone
resistance inUreaplasma spp., particularly for ciprofloxacin (77%
of cases). Furthermore, M. hominis strains were non-susceptible
to azithromycin and roxithromycin in about 90% of cases (12).

The increasing number of immuno-suppressed patients is one
of the reasons for the emergence of infections caused by new
opportunistic, fastidious or yet-to-be-cultured pathogens. The
development of culture-independent diagnostic microbiology
tools is essential to improve the healthcare of these patients. Our
patient, for instance, suffered a delayed microbiological diagnosis
and late documentation of the susceptibility profile, resulting
in irreversible neurological complications, despite appropriate
empirical antibiotic therapy initiated at the presentation
of symptoms.

The specific qualitative PCRs for M. hominis and U. parvum
were positive on the first and the second BAL. The first one
allowed an accurate diagnosis to the species level but the second
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FIGURE 1 | Chronology of diagnostic and treatment of the patient according to the laboratory results. Apparition of the symptoms through time, Day 1 corresponding

to the lung-transplantation. Antibiotic therapy shifts. Ammonemia levels. Results of microbiological cultures and biomolecular tests.

remained positive even after the microbiological cure of the
patient. The positivity of a PCR can last after the patient is “cured”
due to the presence of the pathogen’s cell-free DNA, dead cells,
and viable but not culturable cells. The procedure we used to
extract DNA for mNGS included specific pretreatments aimed at
removing free DNA and DNA from human and dead or damaged
bacterial cells. Thus, the detected bacteria are expected to mostly
correspond to viable populations, which, however, may contain
non-culturable cells, as reported forM. hominis (13).

In our case, the results of mNGS performed on the follow-up
BAL were in accordance with those found by bacterial and viral
identifications by culture, PCR, and qPCR. mNGS also identified
additional species, including U. urealyticum, and notably, C.
propinquum, and S. epidermidis, both of which were considered
as members of normal human microbiota in the culture report.
However, C. propinquum is also an emerging cause of respiratory
infections (14), and some strains are capable of producing
urease (15).

Since the output of the iSeq 100 is lower than that of other
Illumina (San Diego, CA, USA) instruments (MiniSeq, MiSeq or
NextSeq), successful removal of host DNA is important for the
detection of microbial DNA. However, the proportion of human
reads in our iSeq NGS dataset remained high, in contrast to a
previous report (16) in which the same method for microbial
enrichment procedure had been used.

Most currently used culture-independent methods require a
relatively precise suspicion of the pathogen causing the infection,
while mNGS can “blindly” detect all microorganisms present
within a clinical sample and assess their load (17). Provided
that a sufficient number of bacterial reads are generated by
mNGS (a situation which is more likely to occur before the
initiation of the antibiotic treatment), the resistance profile

(resistome) may be assessed (16–18) in a much quicker fashion
than using culture-based methods (11, 12, 19). In some cases,
mNGS may also be used for bacterial typing, bypassing the
need for multiple PCR or qPCR tests (20). As a hypothesis-free
approach, it is also well-suited for detecting new or unexpected
pathogens (21). mNGS may provide an advantage over classical
methods because it has the potential to predict infection and to
help differentiate colonization from infection (22). The mNGS
analysis of sequential BAL fluids of the same patient could
allow follow-up of the infectious process and provide proof of a
microbiological cure.

CONCLUSIONS

Life-threatening complications of Mycoplasma/Ureaplasma
infections following lung or stem-cells transplantations have
been reported, but the underlying mechanisms are not fully
understood. Detection of Mycoplasma/Ureaplasma infections
require specific molecular tests and growth media that many
clinical microbiology laboratories do not perform routinely. It is
likely that many infections caused by Mycoplasma/Ureaplasma
remain undocumented.

mNGS as a diagnostic tool in clinical microbiology can help
identify and quantify not only pathogens but also commensals,
some of which have a pathogenic potential (pathobionts) in
immunocompromised patients.

MATERIALS/METHODS

Standard BALmicrobiological procedures: 10µL of the BAL fluid
was inoculated on a Columbia Agar with 5% sheep blood (BD,
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Franklin Lakes, NJ, USA) and a HAEM2 Agar (bioMérieux) for
48 h under a 5% CO2 atmosphere at 35± 2◦C.

M. hominis/Ureaplasma spp. cultures and antibiogram: the
BAL fluid of the patient was inoculated in the special liquid
medium R2 for Mycoplasma/Ureaplasma and then plated on A7
agar plates (bioMérieux) for culture which were positive after
24 h. The diagnosis wasmade by optical microscopic observation.
The antibiogram in liquid media was carried out byMycoplasma
IST2 gallery (bioMérieux), and the results were read at 48 h after
the positive control turned positive.

Standard viral culture was performed on cells MRC5, LLC and
VERO and incubated 2–3 weeks at 35± 2◦C.

Multiplex Respiratory Pathogens Taqman Array Card
(Thermo Fisher Scientific): customized multiplex PCR cards
designed to detect the following pathogens (23): Adenovirus,
Bocavirus, CMV, Coronavirus 229E/NL63/HKU1/OC43,
HSV1/2, HHV6, VZV, RSV, Enterovirus, Influenza A, Influenza
B, hMPV, Parainfluenza virus 1/2/3/4, Rhinovirus, Bordetella
pertussis, Chlamydia psittaci, Chlamydophila pneumoniae,
Coxiella burnetii, Legionella pneumophila, Mycoplasma
pneumoniae, Pneumocystis jirovecii, Aspergillus fumigatus,
Aspergillus flavus, Aspergillus niger, and Aspergillus terreus.

The specific PCRs for M. hominis, U. urealyticum, and U.
parvum were performed by the National Reference Center for
Chlamydia trachomatis and urogenitalMycoplasma species of the
University Hospital of Bordeaux, France.

mNGS pipeline: The BAL fluid (400 µL, conserved at
−80◦C) was mixed with an equal volume of 10 mg/mL
Liberase (TL Research grade, Sigma-Aldrich, St. Louis, MO,
USA) in Dulbecco’s phosphate-buffered saline with MgCl2 and
CaCl2 (D8662, Sigma-Aldrich) and incubated with agitation
(1,000 rpm) at 37◦C for 1.5 h. The suspension was passed
through a 100-µm nylon strainer (Corning), which was washed
with 200 µL of the SU buffer from Ultra-Deep Microbiome
Prep kit (Molzym, Bremen, Germany). For microbial DNA
enrichment, we used the Ultra-Deep Microbiome Prep kit
as per manufacturer’s recommendations for liquid samples.
Negative extraction was performed using 400 µL of the SU
buffer (Molzym) instead of the clinical sample. Metagenomic
libraries were constructed from extracted DNA using Nextera
DNA Flex Library Prep kit (Illumina) and sequenced (2 ×

151) on an Illumina iSeq 100 System. Our bioinformatics
pipeline included (1) quality filtering (24); (2) elimination of
replicate reads; (3) removal of reads matching human genome

sequence; and (4) classification of reads using CLARK (25)
against the Latest RefSeq/NCBI reference/representative (26)
bacterial, archaeal, and fungal genomes, as well as genomes
of DNA viruses infecting humans and DNA bacteriophages
(selected from https://viralzone.expasy.org). To calculate genome
coverage, metagenomic reads classified by CLARK were mapped
to corresponding reference genomic sequence using USEARCH
11.0.667 (27) (-ublast -id 0.8 query_cov 0.5 -top_hit_only -
strand both -evalue 0.00001). The reads assigned by CLARK
to Mycoplasma and Ureaplasma were queried against the entire
NCBI database using the BLASTn (28) tool on the NCBI
website (29).

After filtering out the sequencing read pairs matching the
human genome, sequencing data were submitted to European
Nucleotide Archive (ENA) under study number PRJEB44898.

qPCR/mNGS based quantification of bacteria: The abundance
of a given bacterial species was computed from relevant bacterial
to human read counts ratio combined with a TaqMan-based
quantification of human DNA (30). Obtained values were
corrected for genome sizes of reference bacterial genomes.
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Tuberculosis (TB), an airborne infectious disease caused byMycobacterium tuberculosis

complex (MTBC), remains a global health problem. West Africa has a unique

epidemiology of TB that is characterized by medium- to high-prevalence. Moreover, the

geographical restriction of M. africanum to the sub-region makes West Africa have an

extra burden to deal with a two-in-one pathogen. The region is also burdened with low

case detection, late reporting, poor treatment adherence leading to development of drug

resistance and relapse. Sporadic studies conducted within the subregion report higher

burden of drug resistant TB (DRTB) than previously thought. The need for more sensitive

and robust tools for routine surveillance as well as to understand the mechanisms

of DRTB and transmission dynamics for the design of effective control tools, cannot

be overemphasized. The advancement in molecular biology tools including traditional

fingerprinting and next generation sequencing (NGS) technologies offer reliable tools for

genomic epidemiology. Genomic epidemiology provides in-depth insight of the nature

of pathogens, circulating strains and their spread as well as prompt detection of the

emergence of new strains. It also offers the opportunity to monitor treatment and evaluate

interventions. Furthermore, genomic epidemiology can be used to understand potential

emergence and spread of drug resistant strains and resistance mechanisms allowing the

design of simple but rapid tools. In this review, we will describe the local epidemiology of

MTBC, highlight past and current investigations toward understanding their biology and

spread as well as discuss the relevance of genomic epidemiology studies to TB control

in West Africa.

Keywords: genomic epidemiology, tuberculosis, West Africa, Mycobacterium tuberculosis complex,

Mycobacterium africanum, tuberculosis control

INTRODUCTION AND BACKGROUND

Tuberculosis Historical Trends and Current Burden
Tuberculosis (TB) is a disease of antiquity and eradication of it has been man’s dream throughout
history. Before the 19th century, very little was known about the causative pathogen and disease
mechanisms. During the 17th to 19th centuries, reports indicated that 1 in every 5 adults had TB
and mortality was 900 deaths per 100,000 population in the western world. TB accounted for 20%
of all human deaths at the time (1). The history and perspective of TB was changed dramatically
on March 24, 1882, with presentation by Robert Koch titled, Die Aetiologie der Tuberkulose, to the
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Berlin Physiological Society where Dr. Koch demonstrated the
etiology of the disease and presentedMycobacterium tuberculosis
as the causative agent (2).

The identification of the causative pathogen paved the
way for several studies aimed at understanding the biology
and the development of control tools including therapy.
Antimycobacterial treatment began with the isolation of
streptomycin (first isolated from Streptomyces griseus in 1944
by Albert Schatz, Elizabeth Bugie and Selman Waksman)
followed in the 1950s and 60s by isoniazid and rifampicin
(1). Nevertheless, TB persisted and does remain one of the
leading causes of death among adults by a single infectious
disease. TB affects millions of people annually so much so that
in 1993 it became the first infectious disease to be declared
a global health emergency by the World Health Organization
(WHO). According to WHO estimates, about a quarter of
the world’s population are latently infected with the causative
microorganism (3), thus, creating a pool of future active cases.
Globally, in 2019 alone, an estimated 10 million new TB cases
occurred, out of which 1.4 million died of TB making TB still
the number one infectious disease killer by a single agent (4).
Although the WHO African region is home to only 14% of the
world’s population, in 2019 it reported a quarter (25%, 2,460,000)
of the global TB incidence, and currently has the highest HIV-
associated TB cases and case fatality rates (4). This makes sub-
Saharan Africa the most burdened region based on case to
population ratio. Three of the 17West African countries (Nigeria,
Liberia, and Sierra Leone) are among WHO’s list of 30 high TB
burden countries globally. In addition, Nigeria, Liberia, Ghana,
and Guinea Bissau also add up to WHO’s list of the 30 high
TB/HIV burden countries in the world. In 2019, 9 out of the 17
West African countries had TB incidence rate of>99 per 100,000
population per year compared to global incidence of 130 per
100,000 population per year.

To reduce this high TB burden, the WHO put in a strategy
known as the “End TB Strategy” in 2014 with set targets to reduce
the absolute number of TB deaths and TB incidence by 90 and
80% respectively by 2030 and 95 and 90% respectively by 2035
(5). The End TB strategy was unanimously endorsed in May
2014 by all members of the WHO and the United Nations (UN)
who proceeded to adopting the UN Sustainable Development
Goal (SDGs) in September 2015. The End TB strategy outlines
three pillars including; (1) an integrated, patient-centered care
and prevention, (2) bold policies and supportive systems, and
(3) intensified research and innovation (5). Generally, the
control strategy calls for improving diagnostic, intervention, and
research tools to facilitate achieving the set targets. Currently, the
annual rate of global TB incidence decline is about 2%, and this
is far lower than the target of 10% set by the End-TB and SDG
strategies. Also, per the End TB strategy, between 2015 and 2020,
the total number of TB incidence rate and deaths were expected
to have been reduced by 20 and 35%, respectively; however, only
9 and 14%, respectively were achieved.

The Causative Agent of Tuberculosis
Tuberculosis in mammals is mainly caused by 9 genetically
related mycobacterial species comprising Mycobacterium

tuberculosis sensu stricto (Mtb), M. africanum (Maf), M. bovis,
M. mungi, M. microti, M. caprae, M. pinnipedii, M. suricattae,
and M. orygis together referred to as theM. tuberculosis complex
(MTBC) (6–9). The members of the MTBC are intracellular
pathogens of mammals whose primary niche is the lungs (6, 10–
15). Despite their close genetic relatedness, the MTBC differ
in host specificity, although there are occasional cross-species
infections (Figure 1). The main human pathogens are Mtb and
Maf together referred to as human-adapted MTBC (hMTBC)
(6, 12, 13). The animal adapted MTBC (aMTBC) comprising M.
bovis mainly infects cattle and sheep, M. caprae infects goats, M.
microti infects rodents, M. pinnipedii infects sea seals and sea
lions,M. mungi infects Mangoose, Dassie bacillus infects Dassies,
M. suricattae infects meerkats, and Chimp bacillus infects
Chimpanzees whereasM. orygis infects antelopes (6–11, 16).

Maf is endemic in only West-African countries and is
responsible for about 50% of TB cases in some of the countries
(12, 17–19). Thus, in addition to dealing with the general burden
of TB, West Africa has an extra burden to deal with a two-in-
one pathogen.

Control of Tuberculosis and Its Challenges
The traditional methods for TB control depend on vaccination,
early case detection of the affected using both clinical and
laboratory-based tests followed by antimicrobial treatment of
confirmed cases. TB vaccination has however, largely failed the
fight against adult TB because the only WHO approved M.
bovis—bacille Calmette-Guérin (BCG) vaccine administered to
over 90% of newborns and in use since 1921 offers mainly
protection against disseminated TB in children under 5 years
as its efficacy wanes with time (20, 21). The current TB burden
could be reduced considerably with a potent vaccine that is able
to either induce clearance of latent infections or protect against
new infection or both. Thus, early case detection followed by
appropriate treatment remains the better option for TB control.
Nevertheless, due to severe stigmatization, TB cases delay in
reporting to the formal sector case management (22), which
contributes to the high case fatality report by some of the
countries including Ghana (23).

Laboratory methods used for diagnosis of TB include sputum
smear microscopy, nucleic acid based assays, and culture. Smear
microscopy prepared directly from sputum specimens is the
most widely used test for diagnosing TB in West-Africa, though
slowly being replaced by Gene Xpert. Molecular based tests
are becoming the preferred test for diagnosing TB as most of
them can simultaneously detected drug resistance. Two most
widely used assays within the region are the Gene Xpert R©

MTB/RIF assay (Cepheid, USA) and the line probe assay (LPA)
developed by Hain life sciences (GmbH, Nehren, Germany).
The Gene Xpert which simultaneously detect TB as well as
rifampicin (RIF) resistance directly from sputum has replaced
direct sputum microscopy as the primary tool for diagnosing
TB in countries like Ghana (3, 4, 24). The LPA which offers a
wider spectrum of test including the ability to test for resistance
to RIF, isoniazid (INH) fluoroquinolones (FQs), and injectable
aminoglycosides (AMG) (GenoType MTBDRsl) (3, 25) is more
used in second/third level laboratories.
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FIGURE 1 | Members of the Mycobacterium tuberculosis complex. (A) Human adapted Mycobacterium tuberculosis complex (hMTBC) (B) Animal adapted

Mycobacterium tuberculosis complex (aMTBC).

The West-African regions follows the WHO approved case
classification for anti-TB therapy. Drug sensitive active TB cases
are treated with a 6-month multi-drug therapy which includes
INH, RIF, pyrazinamide (PZA), and ethambutol (EMB) (26)
which has∼85% treatment success (4). However, there are recent
reports of the emergence and high burden of drug resistant TB in
the regions (27–30). Drug-resistant TB remains a public health
threat. Treatment for drug resistant TB is quite cumbersome
requiring at least 9 months (9–20 months) administration of
relatively more toxic and expensive drugs such as FQs and
AMGs sometimes in combination with linezolid, bedaquiline,
and delamanid (4).

Challenges against TB control include socio-economic factors
(such as weak health systems, increased urbanization and stigma
leading to late reporting); pathogen related factors (such as
emergence of drug resistant strains); lack of political will to
commit funds and resources for control activities and the HIV
epidemic. Lack of cheap but effective sensitive diagnostic tools
and limited knowledge of the genome biology of the causative
pathogen as well as the transmission dynamics of circulating
strains are other equally important factors that hinder TB control.
Nevertheless, traditional methods for evaluating TB control
programs relies mainly on the number of cases detected and
how many were cured, neglecting very crucial questions such as:
the duration of infectivity, the frequency of reactivation, and the
risk of progression among the infected contacts or the risk of
transmission. Various molecular typing tools have been used in
molecular epidemiological investigations for studying circulating
MTBC strains to aid in TB control (31–33). However, whole

genome sequencing (WGS), which has been made possible by
the advent and increase in next generation sequencing (NGS)
technologies offers the ability to study the genome of MTBC.
WGS is crucial for genomic epidemiological investigations which
is important for in-depth insight of the nature of pathogens,
detecting circulating strains, monitoring resistance, evaluating
interventions, and tracking the evolution of the pathogen hence
providing a headway to achieve the End TB strategy (5). The SDG
and End TB Strategy targets set for 2030 cannot be met without
intensified research and innovation. In subsequent sections, we
describe in detail some tools for probingMTBC genome, the local
epidemiology ofMTBC, highlight past and current investigations
toward understanding their biology and spread as well as discuss
the relevance of genomic studies to TB control in West Africa,
the only sub-region that has to deal with a two-in-one pathogen.

GENOTYPING TECHNIQUES FOR

EPIDEMIOLOGICAL STUDY OF

MYCOBACTERIUM TUBERCULOSIS

COMPLEX

Since the early 1990s, several genotyping tools have been
proposed for the study of genetic diversity among the MTBC.
These tools have been found to be discriminatory enough to
distinguish unrelated strains as well as identify closely related
strains. Genotyping of MTBC offers several advantages. In
particular, it helps to distinguish between new infections and
reactivated cases as well as identify predominant genotypes.
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The classical genotyping methods that have been used to
understand genetic diversity among MTBC include large
sequence polymorphism (LSP) typing (34), single nucleotide
polymorphism (SNP) typing (35), spacer oligonucleotide typing
(spoligotyping) (36), insertion sequence 6110 (IS6110) restriction
fragment length polymorphism (IS6110 RFLP) typing (37) and
mycobacteria interspersed repetitive unit—variable number of
tandem repeats typing (MIRU-VNTR) (38) and currently, WGS
(39, 40).

Large Sequence and Single Nucleotide

Polymorphism Typing
Large sequence polymorphisms (LSPs) and single nucleotide
polymorphisms (SNPs) are phylogenetically robust and stable
molecular markers for strain identification. They are unique
irreversible events and less prone to distortion by selective
pressure due to lack of horizontal gene exchange in MTBC and
thismakes them less prone to convergent evolution (12, 41).Most
importantly, LSPs also known as regions of differences (RDs)
(34) have been used to define several discrete strain lineages
within the hMTBC specific for different human populations and
geographical regions and unravel the evolutionary scenario of
ecotypes of MTBC (6, 42). SNPs have also been used to study
the biology of the MTBC as a pathogen with very restricted
genetic diversity (35). However, these typing tools do not allow
the calculation of genetic distances and also cannot completely
resolve all deep-rooting branches of the MTBC phylogeny (43).

Spoligotyping
This tool was developed in 1997 by Kamerbeek et al. (36)
and is based on polymorphisms in the clustered regularly
interspaced short palindromic repeats (CRISPRs) region of
MTBC. Spoligotyping is the most frequently used PCR-based
approach for studying the phylogeny of MTBC in high
incidence areas. Spoligotyping is simple, cost-effective, and
high-throughput with accurate and reproducible results within
2 days. However, it is less discriminatory; it targets only a
single genetic locus, covering <0.1% of the MTBC genome.
Its direct application on clinical samples without the need for
prior culture and easy interpretation and computerized binary
(present/absent) data format makes it suitable for molecular
epidemiological studies. Direct (from sputum samples) and
indirect (using cultured isolates) spoligotyping are both efficient
in studying the phylogeny of MTBC, however, in regions with
high prevalence of polyclonal infection such as sub-Saharan
Africa where all MTBC lineages are present, it is recommended
to rule out mixed infection by combining MIRU-VNTR and
spoligotyping for more accurate results (44).

IS6110-RFLP
The first genotyping method developed in the early 1990s by
van Embden et al., to be used for strain classification was RFLP
based on IS6110 insertion sequence (IS6110-RFLP) (37). Initially,
considered as the gold standard for transmission studies, this
method has been replaced by other methods for various reasons:
it is labor intensive, requires high quality DNA, sophisticated and
expensive computer software to analyse, experienced personnel

of high technical expertise to interpret the results and most
importantly, it is not discriminatory enough for strains with
6 or less IS6110 copy numbers like some strains of M. bovis.
Nonetheless, it paved the way for an in-depth understanding of
the diversity among MTBC before the development of the more
recent methods.

MIRU-VNTR Typing
This is one of the most widely used typing tool and is based on
tandem repeat elements dispersed in intergenic regions of the
MTBC genomes and copy number diversity (38). Currently, it has
become the most reliable and efficient conventional genotyping
system for TB transmission studies and has replaced IS6110-
RFLP. This method has been widely adopted and successfully
used in a variety of TB molecular epidemiological studies to trace
on-going chains of TB transmission, differentiate relapse from
re-infection cases and detect laboratory cross-contamination (43,
45) due to its reproducibility, portability, high discriminatory
power, and standardization (33, 43, 45–49). However, it is labor-
intensive due to a high number of individual PCRs required
and less informative in areas with restricted MTBC lineages
(43, 50–52).

Whole Genome Sequencing as a Typing

Method
WGS is increasingly becoming the preferred technique for TB
research. WGS determines the complete DNA sequence of an
organism’s genome at a single time and can provide several
answers at a single time, making it the ideal tool for studying
the pathogen. With WGS springing up, molecular epidemiology
has gradually evolved to become genomic epidemiology. Several
studies have applied large-scale WGS to different aspects of TB
research; to accurately infer phylogeny (39, 40), to study the
biology of the MTBC, and also to study chains of transmission
(53, 54) and disease outbreaks (55). Furthermore, WGS has been
used to identify drug-resistance associated mutations including;
finding mutations compensating for the fitness defect associated
with rifampicin resistance (56–58) and rapidly identify drug
resistance mutations of an XDR-TB patient (59). These studies
demonstrate the potential for future routine applications ofWGS
in research and genomic epidemiology. However, the use ofWGS
for large-scale applications especially in endemic areas is limited
by its cost and the needed specialized expertise for analyses. A
drawback of the current use of WGS in most TB research is
that sequencing is mostly carried out on cultured isolates and
analyzed using the dominant alleles present without considering
within-host diversity. This can however be circumvented by
investing in culture-free metagenomics-based approaches.

PHYLOGEOGRAPHY OF THE MTB AND

MAF

Similar to other monomorphic bacterial pathogens such as M.
leprae and Bacillus anthracis, MTBC exhibits low DNA sequence
diversity and lack of horizontal gene transfer compared to other
bacteria (35).
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FIGURE 2 | Maximum-likelihood phylogeny of the Mycobacterium tuberculosis complex using whole genome sequencing. The phylogeny is rooted on M. canettii and

bootstrap values shown for nodes. The traditional hMTBC color coding of the first 7 lineages (L1-L7) were used whereas animal adapted members are given the color

black. The newly described lineages, L8 and L9 are colored orange and light green respectively [adapted from Coscolla et al. (40)].

The hMTBC were split into 7 main phylogenetic lineages
(L) using specific LSPs and SNP markers (42, 60). Lineage 1,
L2, L3, L4, and L7 are classified under Mtb whereas L5 and L6
are under Maf. Two additional lineages namely L8 (61) and L9
(40) have been recently identified resulting in 9 phylogenetic
lineages of the hMTBC (Figure 2). Nevertheless, L1 to L6
are the main phylogenetic lineages based on the number and
proportion of characterized isolates. Using the currently available
highly discriminatory genotyping tools, several sub-lineages, and
genotypes have been identified among these main phylogenetic
lineages of the hMTBC (40, 62–66).

Analyzing the diversity of the hMTBC in conjunction with the
country of isolation led to the discovery of different distribution
patterns of the various lineages across the globe (12). Whereas,
Mtb lineages with the exception of L7 (found at the Horn of
Africa) are globally ubiquitous (prominent among them being
L4), those of Maf (L5 and L6) are found in West Africa (67).
Thus, in addition to dealing with the general burden of TB, West
Africa has an extra burden to deal with a two-in-one pathogen.
Although Maf is unique to West Africa, its prevalence varies by
country. Usingmolecular genotyping results, the prevalence of L5
increases from West to East and appears highest in Benin (39%)
and Ghana (21%), while that of L6 increases from East to West,
highest in Guinea Bissau with 51% of smear-positive TB caused
by L6 (67).

The observed associations between hMTBC lineage and
country of origin under cosmopolitan clinical setting as well as
between pathogen lineage and ethnicity within country point

to a potential host-pathogen coevolution of the hMTBC and
humans (42, 68, 69). Based on this geographical distribution
pattern of hMTBC lineages, two groups namely specialists
(limited to specified geographical locations) and generalists
(found everywhere) have been proposed (70). L4 is generally
described as a generalist lineage whereas L5 and L6 are specialists.
Nevertheless, some distinct L4 sub-lineages, are restricted to
specified geographical settings including the Uganda, Cameroun
and Ghana genotypes (70). It is also possible that the disparate
geographical spreading of hMTBC genotypes maybe explained
by historical eventualities such as emerging of specific genotypes
in regions that later championed colonization and globalization
(39, 70, 71). Nevertheless, the potential contribution of biological
traits that promote coevolution of specific hMTBC genotypes and
certain human populations cannot be understated as evidenced
by the San Francisco study which found associations between
hMTBC lineage and country of origin of the affected TB
patients (42).

GENOME BIOLOGY OF THE MTBC AND

ITS SIGNIFICANCE TOWARD THE

CONTROL OF TB IN WEST AFRICA

The annotated H37Rv genome revealed a genome size of
4.4 Mbp containing ∼4,000 genes. The annotated genes
include those encoding proteins involved in intermediate
metabolism and respiration (877; 22.0%), lipid metabolism
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(225; 5.7%), information pathways (207; 5.2%), virulence,
detoxification and adaptation (91; 2.3%), cell wall and cell
processes (517; 13.0%), regulation (188; 4.7%), supposedly
conserved hypothetical functions (911; 22.9%) and unknown
functions (607; 15.3%). Non-protein-coding regions including,
genes encoding stable RNAs (50; 1.3%), insertion elements and
remnants of bacteriophages (137; 3.4%) and those rich with
PE (Pro-Glu) and PPE (Pro-Pro-Glu) were also identified. The
MTBC has extremely high number of genes involved with fatty
acid metabolism, especially those associated with β-oxidation of
fatty acids which are over 100 (2.5%) compared to 50 (1.2%)
genes found to perform the same function in E. coli K-12
(72, 73). This large number of the MTBC enzymes dedicated
to fatty acid catabolism enhances its ability to thrive in tissues
of the infected host, where fatty acids are the major source of
carbon (72). Additionally, the presence of glycine rich proteins
of the PE (74) and PPE (71) families is unique to the members
of the MTBC. Actual functions of these PE/PPE genes are
not clearly deciphered. However, similar genes in M. marinum
have been associated with virulence. Furthermore, antigenicity
of some localized PE subfamily of proteins called PGRS
(polymorphic GC-rich repetitive sequence) with conserved PE
domain followed by Gly-Gly-Ala or Gly-Gly-Asn have been
found which underscores the potential implication of these genes
in the ability of the MTBC to cause disease.

Comparative genomics analysis of MTBC strains shows little
to no evidence of horizontal gene transfer in either hMTBC
or aMTBC strains (43, 75–78). This has been attributed to the
evolved intracellular adaptation leading to the typical clonal
nature of members of this complex compared to most non-
mycobacteria and some atypical mycobacteria including M.
abscesses and M. avium (39, 43, 79). Genome diversity within
the MTBC thence arise mainly from SNPs comprising insertions,
deletions, and substitutions and LSPs including duplication
and/or transposition of mobile genetic elements as well as
deletion of genetic elements accounting for the different host
adaptations, disease phenotypes, and response to interventions
(76, 80).

Despite lack of evidence of horizontal gene transfer within
the MTBC, recent comparative genomics of the MTBC showed
substantial strain diversity among the different members which
could have functional implications especially in West Africa
where the highest diversity of the MTBC is found (40, 81–87).
Comparing the first Maf whole genome sequence (L6 strain
GM041182) to H37Rv revealed the presence of a unique sequence
RD900 encoding a protein involved with trans-membrane
transportation of macromolecules. This sequence is also present
in all so-called “ancient” lineages of the MTBC including L1,
L5, L6, and L7 but independently lost in all “modern” lineages
including L2, L3, L4, and M. bovis. Conversely, the Maf genome
shares a number of uniquely lost genes with M. bovis but not
Mtb including genes for biosynthesis of some vitamins arising
from pseudogenization. In addition, the L6 genome has an intact
copy of the gene (iniA) capable of increasing its susceptibility to
antibiotics that are not active againstMtb (88, 89). It has also been
shown that, all classical hMTBC strains have a conserved mpt40
gene which is missing from the genomes of all classical aMTBC

an indication of specific host adaptation (90) a discovery that
has been incorporated into a rapid nested assay for differential
diagnosis of TB (91).

The effects of genomic diversity among bacterial pathogens
such as Escherichia coli, Neisseria menigitidis, Haemophylus
influenzae, Bordetella, and Streptococcus species are well-
documented (92–97). In these species, some strains are more
likely to cause invasive disease than others though expression
of distinct virulent toxins (93). No such genetic marker (s)
has been identified for the MTBC albeit infection by different
genotypes results in a range of clinical phenotypes ranging
from asymptomatic infection through localized diseased lungs to
different forms of disseminated disease (98, 99). However, it is
likely that specific MTBC genotypes have distinct genetic traits
which influence the immune response elicited by the host, and
subsequently the outcome of the host-pathogen interaction (100,
101). This assertion is supported by findings from in vivo and ex
vivomodel studies involving different MTBC lineages, indicating
that Mtb lineages such as the L2 are more virulent compared to
the West-African specific lineages, L5 and L6 (11, 45, 102, 103).

Clinical studies comparing Mtb and Maf (mostly L6),
found statistical association between Mtb infection and
early progression to active pulmonary TB disease relative to
Maf, suggesting that Mtb is more virulent compared to Maf
(67, 98, 104–106). Numerous genotype-specific mutations in
genes of functional categories such as intermediate metabolism
and respiration, cell wall and cell processes, lipid metabolism,
regulatory proteins, information pathways and virulence,
detoxification, and adaptation could be responsible for the
differential presentation of infection by different lineages.
Comparative target gene sequence analysis of MTBC lineages
found that approximately two-thirds of all SNPs in coding genes
are non-synonymous SNPs (nsSNPs) thus underscoring the
potential implications of the limited genomic diversity within
the MTBC compared to other bacteria (13, 74, 79, 107). Other
than SNPs, the reductive evolution of the MTBC involving
the genomic deletion of blocks of specific genomic regions
including phylogenetic markers can involve blocks of diverse
functional genes including but not limited to those associated
with immunogenicity and/or host evasion (12, 108, 109).
This observation is attributed to the deletion of RD1 a genetic
evolutionary event similar to what transpired leading to the
generation of the only WHO approved TB vaccine M. bovis
BCG vaccine from continuous in vitro passage of M. bovis. The
RD1 encodes the esx1 locus which is responsible for the type VII
secretory system driving the secretion of germane T cell antigens
ESAT-6 and CFP-10 associated with pathogenicity of the MTBC
(110–112).

Recent comparative genomics analysis of MTBC including
large number of Maf genomes have revealed many insightful
lineage-specific genomic events. For instance, different pairwise
SNP distances within lineages (76, 84), different average pairwise
nucleotide diversity of annotated genes (84), lineage-specific, and
within-lineage accumulation of amino acid mutations (84, 85,
87, 105) some of which could potentially affect the applicability
of some control tools (83, 85). Additionally, in sillico pan-
genome analysis of hMTBC fromWest Africa identified impaired
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expression of mpt64 and mlaD genes specifically among L6.
Whereas, the mpt64 encodes the immunogenic protein which
is the basis of the mpt64 rapid TB diagnostics currently in
use, the mlaD encodes a mammalian cell entry protein. Albeit
there was no evidence of impaired expression of mpt64 among
L5, an amino acid mutation I43N within the gene was found
specifically among L5. These findings may potentially explain
the low sensitivity of mpt64 -based diagnostics in West Africa
where L5 an L6 cause up to 50% of TB (83, 85, 113) as well
as the reported slow progression of Maf infection to disease
relative to that of Mtb (98). Also, a couple of Maf specific amino
acid mutations were found within the esx-1 secretory system
which drives secretion of T cell antigens ESAT-6 and CFP-10
associated with virulence in the MTBC (114). Interestingly, the
ESAT-6 and CFP-10 are the backbone of the many interferon
gamma release assays used for diagnosis of TB (115) and some
potential TB vaccines in different phases of development (116,
117) which could potentially affect the applicability of these
interventions in West Africa. Furthermore, essential genes of the
MTBC irrespective of lineage were found to be highly conserved
and under purifying selection. However, when comparing T
cell epitopes, genotypes that are widely distributed such as L4
sub-lineage LAM were significantly diverse compared to T cell
epitopes of specialist genotypes such as L5 and L4 Uganda
genotypes (40, 70, 84). Unexpectedly, T cell epitopes of L6 which
is described as a specialist pathogen due to its restriction to West
Africa were under positive selection contrary to those of L5 which
is also restricted to West Africa. This observation coupled with
the statistical association of L5 with ethnicity in West Africa and
association of L6 with HIV/AIDS suggest that L5 and L6 may be
restricted toWest Africa by different biological processes (18, 68).
Thus, L6 could potentially be an opportunistic pathogen with an
unknown environmental reservoir specific to West Africa (84).

In spite of these indications, exactly how MTBC genomic
diversity influences disease progression and presentation as well
as the distribution of various lineages and their potential impact
on control of TB remain poorly understood. This calls for
additional research that seeks to comparatively assess the clinical
and ecological implications of MTBC genomic diversity using
strain collection that encompass MTBC isolates from every part
of the globe toward efficient control of TB.

MTBC SURVEILLANCE AND

TRANSMISSION IN WEST AFRICA

Surveillance activities geared toward understanding MTBC
transmission are necessary to complement conventional control
efforts to allow the establishment of good preventive strategies,
appropriate therapy, and a better understanding of the pathogen
biology thereby contributing to the development of future
control tools and ultimately helping eliminate TB. These
surveillance activities are specifically needed (1) To correctly
identify, characterize and track MTBC lineages/strains; (2) To
detect risk factors associated with the disease; (3) To understand
MTBC person-to-person transmission dynamics, which has been
studied extensively in developed countries of North America and

Europe as well as other parts of the world and has been useful
for identification of outbreaks as well as most at risk groups
(33, 48, 118–120) for targeted control activities and; (4) To track
TB strains among recurring TB patients and provide indications
of the cause of secondary case source (121–123), for appropriate
treatment, evaluation of performance and epidemiology (32,
124). To effectively control TB in West Africa, it is therefore
paramount to undertake such investigations in a population-
based scale which will contribute to knowledge on factors that
enhance spread of the disease in the sub-region.

The molecular typing tools discussed earlier have not only
been used to study MTBC biology but also for surveillance
purposes through molecular epidemiological investigations.
Although the typing tools possess varying discriminatory power
(32, 125–129), they have been used widely in advanced countries
to help monitor MTBC spread especially among prisoners and
cross country travelers (130–133). In West Africa, findings from
surveillance studies have revealed in-depth knowledge of the
varying distribution of Mtb and Maf (134, 135) and has called
for further studies to investigate their transmission dynamics
within respective geographical areas. This has a great public
health value considering that members of the MTBC do not
all have the same disease phenotype hence the need to survey
to obtain knowledge of circulating genotypes. Some interesting
observations has been made over the years from surveillance
activities conducted in West Africa. For instance, as identified
elsewhere (136–141), an association between Beijing strains of
L2 and drug resistance has been reported in Benin including
the identification of a possible streptomycin-resistant Beijing
outbreak (142, 143) and similarly, through surveillance activities
conducted in Ghana, the Ghana genotype of L4 has been linked
to drug resistance (19, 144). The spread of difficult-to-treat
drug resistant strains are also monitored through surveillance
activities (31, 132, 145, 146). Until recently, drug resistant clones
were thought to be less fit and less likely to transmit from
person to person; however recent surveillance studies in Ghana,
Nigeria, and other parts of the world have documented evidence
of transmission of both INH resistant strains and MDR even
though not involving large clusters (53, 118, 147, 148). There is
therefore the need to identify and control such difficult-to-treat
drug resistant clones to stop their spread through surveillance
activities. WHO currently supports the inclusion of NGS to
provide detailed information on drug resistance across multiple
gene regions directly from sputum specimens, however theWHO
is yet to review and approve current protocols (4). Also, through
surveillance activities, zoonotic TB spillover has been observed in
West Africa with indications that individuals who are in direct
constant contact with livestock and/or dairy products are at
major risk of contracting zoonotic TB (19, 149, 150). Finally,
among others, surveillance activities in the sub-region has led to
the observation that the West African restricted Maf specie has
reduced transmissibility (45), has decreased sensitivity to some
available diagnostics (83), has poor progression to active disease
(98, 151), has poor treatment outcome (152, 153) and has been
found to be associated with some endemic ethnic groups (18, 68).

With the advent of new genotyping techniques, surveillance
activities are made more meaningful through MTBC
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transmission studies. The MIRU-VNTR typing tool has over the
years been widely adopted and together with epidemiological
data used in a variety of TB transmission studies for the detection
of recent TB transmission and outbreaks due to its portability,
standardization, reproducibility, and high discriminatory power
(31, 33, 45–49, 154, 155). However, only few West African
studies have employed this tool for transmission studies to
identify genetic and geographic TB clusters (45, 105, 135). The
discriminatory power of this largely adopted MIRU-VNTR
typing tool may not be sufficient to distinguish unrelated
strains for some geographical settings (126) especially in West
Africa with the most diverse MTBC lineages, hence for TB
transmission studies it is recommended that WGS, which is by
far the ultimate tool for strain differentiation, be used to make
decisive conclusions. Data generated fromWGS offers the ability
to accurately identify recent TB transmission and also to trace
the direction of transmission between epidemiologically linked
cases (156). However, this tool has not been readily utilized for
MTBC transmission studies in West Africa probably because
of the huge cost and expertise needed to analyze the generated
data. This may not be a problem in the near future as WGS is
gradually becoming less expensive. The recent increase in NGS
technologies coupled with the competition among available
sequencing platforms and the availability of simpler data analysis
tools have made WGS an attractive molecular tool used in
many surveillance and transmission investigations. Globally, the
first report of an effective use of WGS for MTBC transmission
investigation was in 2011 from Vancouver which involved the
delineation of two unrelated transmission events among a cohort
of drug users having identical MIRU-VNTR profiles following
which it has been used in a large array of studies (148, 157–161).
WGS has been useful in detecting unsuspected outbreaks hence
it should be used not only as a research tool but as a surveillance
tool to aid in providing the necessary guided steps to track,
monitor, and control MTBC strains.

There exist varying reports on the transmissibility of members
of the MTBC (45, 98). However, limited surveillance activities
have suggested that Mtb transmits better thanMaf (45, 162). This
is probably because Maf is thought to be attenuated compared
to Mtb (67, 113, 163). Although it is argued that Mtb is fitter
than Maf, and with time it will outcompete the Maf population,
this may not be true as two studies from the Gambia and Ghana
have proven otherwise by observing a constant prevalence of Maf
over a period of 7 and 8 years, respectively (19, 152). However,
decline in Maf prevalence have been reported in a number of
studies from Guinea-Bissau, Côte d’Ivoire, and Cameroon (164–
168). Some of these studies employed biochemical means for
classification and perhaps might have misclassified the strains.
There is therefore the need to invest more resources in using
higher resolution tools such as the WGS for MTBC surveillance
and hence transmission. UnderstandingMTBC transmission will
contribute to knowledge on factors that enhance the spread of the
disease, which is useful for developing preventive interventions
and may have implications for the development and deployment
of new TB vaccines and diagnostics. For instance, hotspots of
TB transmission identified through a recent study in Ghana
(53) offered the TB control program to direct some of their

limited resources to targeted population groups for increased
awareness and enhance screening activities. Also, using WGS,
there is reported evidence of person-to-person transmission of
Maf lineage 6 strains fromMali (87) confirming the propensity of
the Maf species to also transmit (45).

Finally, through molecular surveillance activities, TB relapse
are now correctly defined. Formally, all individuals who get a
secondary episode of TB are referred to as having relapse. By
definition, a disease is said to have relapse if the old infection
bounces back. This is however not true for all secondary episodes
of TB knowing that some individuals do come back with totally
different strains compared to the previously infecting strain; such
cases are technically referred to as exogenous re-infections rather
than relapse. A secondary TB episode can be referred to as relapse
only if the previous infecting strain is the same as the current one.
Thankfully, current MTBC genotyping tools make it possible in
most instances to distinguish between relapse and re-infection.
This is possible because of the assumption that if strains from
both episodes are genotypically/gnomically indistinguishable,
it suggests relapse whereas distinguishable strains suggest re-
infection. Predominance of relapse over re-infection indicates
high-quality public health practices and a low risk of local
transmission. Many studies have employed genotyping tools like
MIRU-VNTR, IS6110 RFLP, and WGS technique to explore
relapse and re-infection among TB patients (121–123, 169–
174). However, very few of these studies originated from West
Africa. Majority of the few previous studies conducted in Africa
have only employed large DNA-sequence based typing assays
(ie. MIRU-VNTR and IS6110 RFLP) which can potentially
be confounded by convergence evolution. This means that
established relapse cases may not actually be relapse events
hence we advocate for the use of WGS which is more robust
and relatively free from convergence evolution. Using WGS,
it was possible to accurately detect relapse from a Ghanaian
cohort; this study identified a couple of individuals who were
previously infected with drug sensitive strains but later had TB
recurrence harboring drug resistant strains (121). This shows the
possibility to track such recurring cases and highlights the need
to foster genomic epidemiology to aid early detection of drug
resistance emergence to provide an effective TB control. Such
surveillance activities carried out using WGS data are currently
not absolute and has a few limitations as the common practice
has been to make judgements based on sequencing one isolate
per individual at each time point neglecting the possibility of
within-host bacteria diversity. However, it is possible to detect
mixed infections (175). It is worth noting that the confidence in
differentiating relapse and re-infection can be reduced without
considering the various bacterial populations that may exist
at a given time point. We acknowledge that such within-host
diversities do exist, and current and future studies should
consider it in their investigations.

MECHANISM OF DRUG RESISTANCE

EMERGENCE AND EVOLUTION

The control of tuberculosis has been hampered by the emergence
of drug resistance globally which threatens to make TB
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FIGURE 3 | The number of notified MDR/RR-TB cases by WHO member states from 2015 to 2019.

untreatable (4, 176). Drug resistant TB in the Africa region has
been amajor threat to the achievement of the goals ofWHO’s End
TB Strategy and the SDGs in the region (4). The spread of these
resistant strains mimics the pre-antibiotic era. According to the
2020 Global TB Report, about 0.5 million individuals developed
rifampicin-resistant TB (RR-TB) and 78% of this number were
confirmed as multi-drug resistant TB (MDR-TB) cases (4). The
drug resistance TB cases contributed 3.3% of all new TB cases
and 17.7% of previously treated people (4).

The threat posed by drug resistant TB strains can be
mitigated by gaining a better understanding of the mechanism
of the emergence of these strains and their evolution. With the
recent advances in bacterial genomics using NGS, the molecular
mechanisms of emergence, fixation, and transmission of drug
resistant TB are being unraveled (177). However, there is the
need to further assess the complexity of the emergence of drug
resistant strains that have become amajor challenge to the control
of the disease. Comparative genomic studies have also shown
that strain diversity could also be a major factor heightening the
threat of TB drug resistance (40, 178, 179). This section seeks
to throw more light on the advances made toward deciphering
the mechanisms of drug resistance especially among the West
African genotypes of MTBC and to provide new directions for
future studies.

There is paucity of data on TB drug resistance in sub-
Saharan Africa which has always called for active surveillance to
determine the true burden of DR in West Africa and Africa as
a whole (178). The WHO initially reported the burden of drug
resistance in West Africa based mainly on projected estimates.
An active surveillance conducted by the West African Network
of Excellence for Tuberculosis, AIDS and Malaria (WANETAM),
on isolates from 2009 to 2013 showed an unexpectedly higher
MDR-TB of 6% for new TB cases as compared to the 3.5%WHO
estimate in 2013 (180). Although the WHO estimated 20.5%
MDR-TB for retreatment cases (classified as patients who have

been previously treated for TB and have reported again with the
disease), the network reported 35% for the eight West African
countries (28, 180). In another study that screened isolates from
the eight West African countries from 2012 to 2014, the authors
also reported the same 6% MDR-TB for new cases and 34%
for retreatment cases (30). This shows the prevalence of drug
resistance in West Africa has been fairly constant and multi-
drug resistance has become an emerging health challenge inWest
Africa. The same trend is seen in the WHO Africa region where
the number of notified MDR/RR-TB cases have been constant
over a 5-year period (Figure 3).

Several studies have linked specific lineages/sub-lineages with
drug resistance (179, 181). A typical example is the Beijing
sub-lineage of MTBC which is associated with MDR-TB in
Asia (182, 183). The propensity for some of MTBC genotypes
to harbor resistance toward anti-TB drugs have been reported
in the sub-region. For instance, the Ghana sub-lineage of L4
which is mainly restricted to West Africa has been found to
be associated with drug resistance in Ghana (144). Comparative
genomics analysis of hMTBC from Ghana revealed that INH
resistant Mtb and Maf were significantly associated with katG
and inhApro mutations, respectively (144). In a separate study,
a univariate analysis revealed that L6 was less likely to be
associated with INH resistance (18). In support of this, a most
recent comparative genomics analysis of Maf has shown that
L5 has a high genetic inclination toward development of drug
resistance compared to L6 (40). West Africa is unique in its
MTBC genotypes and evolution of drug resistance which calls
for further molecular investigation. Although a number of the
resistant isolates reported in the sub-region were sequenced and
analyzed for the presence of mutations associated with drug
resistance, there is still a lot that were only characterized by
phenotypic methods (18, 28, 30, 144).

The number of WHO States with at least one reported
case of XDR-TB has been increasing over the years (Figure 4).

Frontiers in Public Health | www.frontiersin.org 9 July 2021 | Volume 9 | Article 70665145

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Asare et al. Tuberculosis Genomic Epidemiology in West Africa

FIGURE 4 | The number of WHO member States with at least one confirmed case of XDR-TB.

FIGURE 5 | The number of notified XDR-TB case from 2015 to 2019.

This confirms the spread of XDR-TB globally. The number
of reported XDR-TB cases has been on the rise with
that of Africa on a slight decrease (Figure 5). The DR
picture for Africa might look different for different parts of
the region.

The WANETAM reported the circulation of pre-XDR-
TB, which is MDR-TB with additional resistance to either a
fluoroquinolone or an aminoglycoside, among retreatment cases
in all the eight countries in 2016 without any record of XDR-
TB. Interestingly, only Ghana and Togo had reported pre-XDR
TB among new cases. It was not surprising when Ghana reported
its first XDR-TB case in 2018 (29). Togo, together with Burkina-
Faso and Niger had already reported at least one XDR-TB case
in 2011 (184). This calls for more genomic studies in West-
Africa to understand the evolution and spread of DR-TB inWest-
Africa.

FUTURE PERSPECTIVE

Despite these evidence of genomic diversity among the MTBC

supported by phenotypic data including variable outcome of

TB infections, differences in macroscopic morphology, niacin
production, and inhibition by pyrazinamide (185, 186), most
research supporting global interventions are largely based on

limited and biased collection of isolates. The presence of a

unique TB causing bacteria restricted to West-Africa makes
it imperative for more genomic studies in the sub-region to

improve the understanding of the biology of Maf and the

functional implications of genomic diversity between lineages of
Maf and that of Mtb.

As has been detailed above, genomics and bioinformatics,

though relatively new in biomedical disciplines, they are very
useful tools for diseases surveillance and have a role to play in
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the control of infectious diseases including tuberculosis. WGS
of MTBC can be used in routine care settings for species
identification, determination of drug resistance profiles and to
complement epidemiological source investigation. Although few
research works have used these tools in West-Africa to date, they
are increasingly being used especially in universities and research
institutions. Nevertheless, due to cost and infrastructural as well
as expertise demands, its usefulness has not been felt in public
health intervention programs. Some implementation challenges
include funding for infrastructure as well as expertise for WGS in
many research settings and even greater challenges in the context
of the clinical settings. Major efforts need to be made in building
human capacity as well as infrastructure investment in national
public health reference laboratories to improve health care in
high burdened countries. Moreover, the cost of WGS is coming
down drastically and there are available simplified/portable
platforms such as the minion that is field friendly and less
expensive. The establishment of WGS in routine settings such
as regional and national public health reference laboratories of
the national health system will need to be done in a way that
is relevant to the local health priorities. It is anticipated that
current capacity building being championed by programs such as
the African Centers of Excellence being financed through World
Bank Loans, DELTAS financed by Wellcome Trust through the
African Academy of Sciences will enhance implementation of
WGS as part of routine health service surveillance activities,
which improve health delivery in West African countries such
as Ghana. This is evidenced in the contribution of some of the
centers in the sequencing efforts of SARS-CoV 2 within the
region (187).

The highest incidence and impact of antimicrobial
resistance (AMR) is experienced in resource-poor settings
(188). Underlying factors promoting AMR include misuse
of antimicrobials, lower access to alternative antibiotics and
the prevalence of multidrug-resistant bacterial strains (189).
The slow growth nature of the MTBC negatively impacts the
use of culture for routine surveillance of DR, hence, making
molecular detection the better option. Routine and systematic
surveillance of AMR infections is key to inform policy decisions
and public health interventions to counter AMR. WGS and

targeted sequencing offer the opportunity for the identification
of the causative pathogen, to understand the genetic basis
of resistance, as well as pathogen evolution and population
dynamics at different spatial and temporal scales. It also offers
the opportunity to probe the whole genome to detect not only
susceptibility to a single antibiotic but multiple antibiotics at
the same time. It is envisaged that potable sequencing platforms
will be established at least in national and supra national
reference laboratories within the region to support the DR
surveillance efforts.

The use of WGS has a great prospect toward improved
individual case management of infectious and non-
communicable diseases. Advancement in simplified,
high-throughput genomic technologies will in future assist
West-Africa to sequence the whole exome or genome of a person
at a price that is affordable for some health-care systems. More
services based on these technologies will enhance host-directed
therapies appropriate to individual patients with probing
limited to analysis of specific (sets of) genes of clinical value
(190, 191). WGS in future will be useful in West-Africa for
evaluation of interventions such as vaccination for preventive
policies through enhanced assessment of disease and drug
resistance transmission dynamics. Furthermore, it will improve
pathogen detection, especially with the emergence of new and
un-culturable infections as well as biological risk prediction.
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Non-typhoidal Salmonella (NTS) is a common cause for self-limiting gastroenteritis,
representing a public health concern globally. NTS is one of the leading causes
of foodborne illnesses in China; however, the invasive infection caused by NTS is
largely underappreciated. Here, we reported an NTS invasive infection caused by
an infrequently reported serovar Telelkebir (13,23:d:e,n,z15) strain FJ001 in China,
which carries antimicrobial-resistant genes [fosA7 and aac(6′)-Iaa] and typhoid-
toxin genes (cdtB, pltA, and pltB). By conducting the whole genomic sequencing,
we also investigated the relatedness of this strain with an additional 120 global
contextual Salmonella enterica serovar Telelkebir (S. Telelkebir) isolates, and assessed
the antimicrobial-resistant determinants and key virulence factors using the available
genomic dataset. Notably, all 121 (100%) of the S. Telelkebir strains possessed the
typhoid toxin genes cdtB, pltA, and pltB, and 58.67% (71/121) of S. Telelkebir harbored
antimicrobial-resistant gene fosaA7. The study by core genome multilocus sequence
typing (cgMLST) and core single-nucleotide polymorphism (SNP)-based phylogenomic
analysis demonstrated that the S. Telelkebir isolates from different sources and locations
clustered together. This suggests that regular international travels might increase the
likelihood of rapid and extensive transmissions of potentially pathogenic bacteria. For
the first time, our study revealed the antimicrobial resistance, virulence patterns, and
genetic diversity of the serovar S. Telelkebir isolate in humans and similar isolates over
the world. The present study also suggests that genomic investigation can facilitate
surveillance and could offer added knowledge of a previously unknown threat with the
unique combination of virulent and antimicrobial-resistant determinants.

Keywords: Salmonella Telelkebir, invasive infection, antimicrobial resistance gene, typhoid toxin, virulence gene

Frontiers in Microbiology | www.frontiersin.org 1 July 2021 | Volume 12 | Article 70415254

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.2021.704152
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.704152
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.704152&domain=pdf&date_stamp=2021-07-29
https://www.frontiersin.org/articles/10.3389/fmicb.2021.704152/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-704152 July 23, 2021 Time: 17:38 # 2

Qiu et al. Global Genomics of Salmonella Telelkebir

INTRODUCTION

Salmonella enterica is a major global foodborne pathogen (Pan
et al., 2018; World Health Organization (WHO), 2018; Jiang et al.,
2021). S. enterica is divided into six distinct subspecies: enterica,
salamae, arizonae, diarizonae, houtenae, and indica (Chand et al.,
2020). The S. enterica subsp. enterica consists of more than 1,500
serotypes. A small number of Salmonella serovars (S. Typhi and
S. Paratyphi A, B, or C) are human restricted and evoke an
invasive, life-threatening systemic disease (Parry et al., 2002; Liu
et al., 2021). In contrast, the non-typhoidal Salmonella (NTS)
serovars generally cause self-limiting diarrheal illnesses with low
case mortality. According to the Global Burden of Diseases,
Injuries, and Risk Factors Study (GBD 2017 Causes of Death
Collaborators, 2018), it was estimated that NTS accounts for 95
million cases of enterocolitis and 50,771 related deaths.

In sub-Saharan Africa, NTS is the most common cause
of bloodstream infection in immunocompromised adults and
children with a fatality rate of 20–25% (Feasey et al., 2012). In
developed countries, 5% of NTS cases are invasive, focal systemic
infections, or extra-intestinal disease leading to bacteremia (Suez
et al., 2013). The NTS infections in humans arise through the
food chain, but infection can also be contracted through contact
with the infected animals, person-to-person transmission, or
contaminated water (World Health Organization (WHO), 2018).
Various wildlife animals, reptiles, and their contaminated
environment could act as a reservoir for various rare and
infrequently reported serovars that are normally dissimilar from
those strains isolated from the commercial food chain. Currently,
most of the research is concentrated on S. Typhimurium and
S. Enteritidis, and comparatively lesser consideration has been
given to uncommon emerging serovars (Tankson et al., 2006;
Mansour et al., 2020). There is an evolving need to investigate
the incidence of these uncommon S. enterica serovars as a variety
of these have been linked to numerous foodborne outbreaks,
acute gastroenteritis, splenic abscesses, etc. (Rodriguez et al.,
2006; Berendes et al., 2007; Li et al., 2017), which are largely
underappreciated. In China, most of the foodborne bacterial
outbreaks (70–80%) are ascribed to Salmonella infections (Wang
et al., 2019; Paudyal et al., 2018; Li et al., 2020; Zhou et al.,
2020). However, the study on invasive NTS infection remains
incomplete in China.

Recently, various reports have indicated the efficiency
of whole-genome sequencing (WGS) in the epidemiological
investigation of transmittable disease at different geographical
locations (Gardy and Loman, 2018). The WGS methods
involve either the characterization of core single-nucleotide
polymorphisms (SNP) or core-genome multilocus sequence
typing (cgMLST) analysis (Mellmann et al., 2016). The cgMLST-
based approach involves the direct assessment and comparison
of newly determined genotypes with historically available data.
However, the SNP-based analysis requires recalculation once
there is a change in the data set unless a preliminarily established
reference genome is provided (Ruan et al., 2020).

In this study, we have investigated a bloodstream infection
case caused by Salmonella Telelkebir in China. To improve
our knowledge of the genomic epidemiology of S. Telelkebir,

phylogenetic relationship and comparative genomic analysis of
additional 120 global S. Telelkebir isolates from various countries
were also carried out.

MATERIALS AND METHODS

Ethics Statements
The FJ001 strain was collected and approved by the Shanghai
and Fujian Center for Disease Control and Prevention. Written
consent was obtained prior to the study for collecting the samples
for surveillance purposes.

Bacterial Isolates
The publicly available isolates with their metadata were collected
from Enterobase1 or the sequence read archive2. The S. Telelkebir
isolates were used in this study to embody various geographical
locations, including the UK (n = 61), United States (n = 23),
Germany (n = 18), Ireland (n = 4), France (n = 4), China
(n = 1), Mali (n = 1), Netherlands (n = 1), and Turkey
(n = 1). The locations of the remaining strains were not available
(NA) (Figure 1).

Clinical Study
A patient with no significant medical history was admitted to
a tertiary hospital for cardiovascular medicine in Fujian, with
fever, abdominal pain, diarrhea, and syncope on December 12,
2018. The patient had no history of travel or contact with any
wildlife or domestic animals. The patient had a history of eating
outside (roasted meat, the type of meat was unclear) 1 week
prior to the onset of the disease. However, other food sources
may have been the vehicle of infection. During admission, the
patient had a body temperature of 36.6◦C, and the blood pressure
was 124/60 mmHg. Blood tests showed a normal white blood
count (9.4 × 109/L) and a monocyte count (1.12 × 109/L). The
stool sample was normal and was negative for fungi and parasites
via microscopic examination. The stool sample was negative
for Salmonella and Shigella. On the second day of hospital
admission, the patient developed diarrhea, abdominal pain, and
fever. The injection treatments with Sulperazon (cefoperazone
sulbactam) and heparin were ineffective. During the treatment,
the patient had intermittent fever and chills. On December
16, a combination of treatments with Sulperazon (cefoperazone
sulbactam) and Cravit (levofloxacin) injection also failed. On
December 17, the bacterial blood culture indicated the presence
of Salmonella Group G, and the patient was diagnosed for sepsis
and multiple organ dysfunction syndromes. On December 18, the
patient was transferred to the intensive care unit with combined
treatment of imipenem–cilastatin and vancomycin, and the body
temperature of the patient and chills decreased. After a successive
4-day treatment, the blood culture was negative for Salmonella.
The patient completely recovered on December 26 and was
discharged from the hospital (Figure 2).

1http://enterobase.warwick.ac.uk
2https://www.ncbi.nlm.nih.gov/sra
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FIGURE 1 | Source location of S. Telelkebir strain genomes used in this study. The red color indicates the presence of this serovar. This map was created using an
online service (https://mapchart.net/).

FIGURE 2 | Timeline of the salmonellosis diagnosis, treatment, and investigation since December 12, 2018.

Characterization of Salmonella Telelkebir
For screening Salmonella and Shigella, blood and stool samples
were spread onto xylose lysine deoxycholate agar (XLD) and
MacConkey agar, respectively, and were incubated at 36◦C for
24 h. The stool cultures were negative for Salmonella, while
the blood culture displayed positive colonies on XLD after
24 h. The plate was purple-red in color, and colonies with the

typical characteristic of Salmonella, i.e., round, moist, smooth,
colorless, translucent, and black in the center were selected and
inoculated in triple sugar iron (TSI) plate for 24 h at 36◦C. The
Salmonella isolate was further subjected to biochemical analysis
(VITEK2 COMPACT; bioMérieux, France) and identified using
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS). The serotype agglutination
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assay was conducted using the anti-serum purchased from
Denmark (SSI Diagnostica, Denmark), and was confirmed
as a newly reported serovar (13,23:d:e,n,z15 or Telelkebir)
in mainland China.

Antimicrobial Susceptibility Testing
The bacteria isolate was used for antimicrobial susceptibility
testing (AST) against 17 antimicrobial agents. Broth
microdilution minimum inhibitory concentration (MIC)
determination was performed according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines and
interpretation (CLSI, 2018), the European Committee for
Antimicrobial Susceptibility Testing (EUCAST, 2018), and
where no EUCAST or CLSI interpretative criteria were available,
breakpoints were harmonized with those of the National
Antimicrobial Resistance Monitoring System (NARMS),
United States (FDA, 2017). The following antimicrobials were
tested: fosfomycin, levofloxacin, cefoperazone sulbactam,
streptomycin, ampicillin, amoxicillin–clavulanic acid, cefoxitin,
imipenem, nalidixic acid, ciprofloxacin, chloramphenicol,
tetracycline, kanamycin, gentamicin, trimethoprim–
sulfamethoxazole, ceftiofur, and azithromycin (Sangon
Biotech, China). Escherichia coli ATCC 25922 were used as
a control strain. The AST against all antibiotics were carried
out in Muller–Hinton broth (MHB) medium in both aerobic
and anaerobic conditions and incubated at 37◦C. The AST
was also performed in Dulbecco’s modified Eagle’s medium
(DMEM) (Dulbecco and Freeman, 1959) and incubated in a 5%
CO2 incubator.

DNA Extraction, Genomic Sequencing,
and Data Analysis
The genomic DNA of FJ001 isolate was extracted from
overnight cultures grown at 37◦C in Luria–Bertani broth
under 180 rpm shaking conditions by using a TIANamp
bacteria DNA kit (Tiangen Biotech, China) according to the
manufacturer’s protocol. The Qubit Broad Range assay kit
(Invitrogen, United States) was used for quantification. The
Genomic DNA library was constructed using Nextera XT
DNA library construction kit (No. FC-131-1024; Illumina,
United States). High-throughput genome sequencing was
accomplished by the Illumina NovaSeq 6000 platform, using
paired-end sequencing of 2 × 150-bp reads as previously
described (Biswas et al., 2019; Paudyal et al., 2019; Yu et al.,
2020). For the comparative genomic analysis, an additional
119 isolates (Supplementary Table 1), with assembled contigs
in FASTA format, were obtained from the Enterobase (see
text footnote 1). One additional strain, with raw reads in
SRA format was obtained from the NCBI SRA dataset (see
text footnote 2). The quality of sequencing was checked
with FastQC toolkit (Rouzeau-Szynalski et al., 2019). The raw
reads of the FJ001 genome were trimmed with trimmomatic
software prior to genome assembly. The raw reads for each
strain were assembled by using SPAdes 4.0.1 (Bolger et al.,
2014). QUAST (Gurevich et al., 2013) was used to assess the
assembled genomes through basic statistics generation, including

the total number of contig, the length of contig, and N50
(Supplementary Table 2). Prokka v.1.14 with default settings
under the in-house galaxy platform and Rapid Annotation
Subsystem Technology (RAST) server3 were used for annotation
of the assembled genomes. The NCBI Basic Local Alignment
Search Tool (BLAST) BLASTp4 program was used for similarity
alignment. The plasmid types and antimicrobial-resistant genes
were determined using the PlasmidFinder 2.05 and ResFinder
3.2,6 respectively (Zankari et al., 2012). The virulence factors
in the genome were examined using the Virulence Factors
Database (VFDB) (Liu et al., 2019). Salmonella Telelkebir
in silico serotyping was conducted by the Salmonella In
Silico Typing Resource (SISTR) platform7 and SeqSero2.8 The
multilocus sequence typing of the isolates were carried out
using MLST.9 The contigs were used for variant calling against
reference strain 98-12414 and outgroup control strain Poona
ATCC R© BAA-1673 by software Snippy v4.4.4 to obtain core
single-nucleotide polymorphism (SNP) for determining the
population structure of 121 available S. Telelkebir isolates.
After being filtered by 95% gap parameter to get the core
SNPs, a total of 85,694 SNPs were used to build a maximum-
likelihood phylogenetic tree with 1,000 bootstraps using IQ-
TREE v.1.6.12 with the best model TVM + F + ASC
(Letunic and Bork, 2007).

Core Genome Multilocus Sequence
Typing Analysis of Salmonella Telelkebir
Isolates
The cgMLST analysis was carried out using the Ridom
SeqSphere+ software v6.0.2 (Ridom). An ad hoc core
genome MLST (cgMLST) scheme was created for the
gene-by-gene analysis with SeqSphere+ (Ridom R© GmbH,
Münster, Germany). Hence, the S. Typhimurium LT2
(NC_003197.1) genome comprising 4,451 genes was
used as annotated reference. The cgMLST target definer
tool was applied to 121 Salmonella Telelkebir genomes
with the default settings of the software to define the
core genome loci (Simon et al., 2018). A cgMLST
tree was built using the neighbor-joining method. The
cgMLST distance matrix showing pairwise comparison
of allelic differences between 121 isolates is given in
Supplementary Table 3.

Data Availability
The genome for the strain FJ001 was deposited in the NCBI
(BioProject PRJNA666303). Associated metadata and virulence
genes can be found in Supplementary Table 1.

3http://rast.nmpdr.org/
4https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=
BlastSearch&LINK_LOC=blasthome
5https://cge.cbs.dtu.dk/services/PlasmidFinder/
6https://cge.cbs.dtu.dk/services/ResFinder/
7https://lfz.corefacility.ca/sistr-app/
8https://cge.cbs.dtu.dk/services/SeqSero/
9https://cge.cbs.dtu.dk/services/MLST/
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RESULTS

Salmonella Telelkebir Clinical Isolate
FJ001
In this study, we reported a bloodstream infection caused by
Salmonella Telelkebir (FJ001) isolate in mainland China. The
Salmonella isolate was serotyped by agglutination assay at both
the Fujian and Shanghai Center for Disease Prevention and
Control, and two independent groups confirmed this causative
isolate as an uncommon serovar S. enterica subsp. enterica
Telelkebir (13,23:d:e,n,z15). Here, a retrospective investigation
confirmed that the patient had no history of travel and pet
contact for 1 month prior to the onset of the disease. Exposure
factors are mainly related to the history of unclean diet,
i.e., roasted meat, but this cannot make accurate traceability
judgments for the source of infection. Also, other food source
may have been the vehicle of infection. However, Fujian
province, located in the sub-tropic region of Eastern China,
has abundant natural species resources, local processing, and
consumption habits of wild and farmed snakes. Therefore,
we cannot rule out the possibility of infection sources as
snakes and other reptiles (Yu-feng et al., 2020), for this
particular case.

Antimicrobial Resistance Profile for
FJ001
The MIC analysis showed that the strain FJ001 was susceptible
against all examined antimicrobial agents in both the tested
medium under the tested conditions (Supplementary Table 4).
It is interesting to note that earlier treatment with cefoperazone
sulbactam alone or combined with levofloxacin failed to inhibit
the bacterial replication in the patient.

Antimicrobial Resistance Genes and
Plasmids in Salmonella Telelkebir
Population
WGS analysis indicated that the FJ001 strain carries two
antimicrobial-resistant genes, fosA7 and aac(6′)-Iaa. To
understand the global resistance patterns, plasmid profile, and
virulence patterns of the S. Telelkebir strains, an additional 120
strains were retrieved from Enterobase and NCBI. The WGS
analysis revealed that the global strains contains resistance genes
against eight antibiotic families: aminoglycosides including
aac(3)-Vla (1/121), aac(6′)-Iaa_1 (121/121), ant(3′′)-Ia_1
(1/121), aph(3)-Ib_5 (2/121), and aph(6)-Id_1 (3/121); beta-
lactamases, including blaTEM−1B (3/121), blaCTX−M−15 (1/121),
and blaOXA−1 (1/121); phenicols, including catB3_1 (1/121) and
catA1_1 (1/121); trimethoprims including dfrA14_5 (1/121);
quinolones including qnrB19_1 (10/121), qnrB1_1 (2/121),
and qnrS1_1 (1/121); sulfonamides, including sul1_5 (12/121)
and sul2_2 (2/121); tetracyclines, including tet(A) (3/121), and
fosfomycins including fosA7_1 (71/121) (Figure 3). All the
S. Telelkebir genomes harbored at least one antimicrobial-
resistant gene aac(6′)-Iaa_1 (Supplementary Table 1). A total
of 58.67% (71/121) isolates harbored resistance genes for

fosfomycin, and 11.57% (14/121) isolates possessed resistance
gene for quinolones. Three isolates recovered from human
infections from different countries harbored antimicrobial
resistance gene blaTEM−1B. Two human isolates from Mali
(07-1331) and UK (56980) harbored resistance genes to more
than three antibiotic families (Figure 3), which indicates that
these strains could be multiple drug-resistant (Elbediwi et al.,
2019; Mansour et al., 2020). A total of 35.2% isolates harbored
plasmids, mainly IncI1α, IncFII, Col440I, IncHI2, IncN, and
IncI2 (Delta) (Figure 3).

Virulence Genes in Salmonella Telelkebir
Population
The virulence gene profile for the 121 strains was
carried out using the virulence factor database (VFDB)
(Supplementary Table 1). The FJ001 strain harbored cytolethal
distending toxin (cdtB) gene and carried fimbrial adherence
genes and secretion system genes. A total of 55.81% of the
genes (72/129) were conserved among all strains. Twenty-
one genes were not present in any of the strains, and the rest
of the genes were variable. All the strains carried fimbrial
adherence genes fim, csg, and inv, the secretion system genes,
sopA, sopB, sopE2, spaOPQRS, spiC, sscAB, sifA, and pipB, and
the operons sse and ssa. The secretion system genes pipB2,
sopD2, and slrP, and the effector genes, sseK1, and sseK2, and
bacteriophage-related genes sodCI, sspH2, and sspH1 genes
were variable among the strains. Importantly, all strains (100%)
were positive for the cytolethal distending toxin (CDT) genes
(cdtB, pltA, and pltB). The cdtB gene is considered as one of
the typhoid toxins of Salmonella Typhi, which causes cell arrest
due to DNA damage (Chang et al., 2019). The BLASTp analysis
of the proteins CdtB, PltA, and PltB of Salmonella Telelkebir
showed that all the proteins were highly similar (100–97%) to
the CdtB, PltA, and PltB proteins of the available S. enterica
strains in NCBI.

Phylogenetic Analysis of Salmonella
Telelkebir Population
To determine the phylogenetic relationship, Snippy v.4.4.4
was used to obtain SNP alignment. A total of 18 ST types
were identified in 121 isolates from 10 countries across
four continents (Figure 3 and Supplementary Table 1).
The present study showed that ST450 is the predominant
sequence type (33%, 40/121), followed by ST2222 (19%,
23/121), and ST2651 (9%, 11/121) (Figure 3). The FJ001 strain
belongs to ST5494, and it clustered with a human isolate
isolated from France. The R17.4518 obtained from Taiwan,
China, had the ST2651 and clustered with the UK isolates.
Interestingly, the two Chinese strains did not cluster together.
Among the ST450 isolates, 29 isolates (72.5%) were obtained
from humans; four isolates were recovered from animals (10%),
whereas the source of the remaining seven isolates could not
be obtained. The ST2222 and ST2651 strains were mainly
isolated from humans (23 and 11 strains, respectively). The
ST450 and ST2249 were associated with strains of animal
origin. The phylogenomic analysis reveals that the closely
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FIGURE 3 | The phylogenomic relationship among 121 Salmonella Telelkebir strains. The tree has been rooted using the serovar Poona ATCC R© BAA-1673 as the
outgroup. The numbers 1–6 represents the inner to outer rings corresponding to reservoir, ST, country, cdtB, plasmids, and resistance genes, respectively. The strain
FJ001 containing leaf node is represented in red. The following plasmids were present in the Telelkebir strains: IncI1α, IncFII, Col440I, IncHI2, IncN, and IncI2 (Delta).

related strains are from very diverse geographical origins.
In the ST profiles, the UK region presented a substantial
higher diversity among the examined isolates (Figure 3 and
Supplementary Table 1). ST2155 was associated with the food
products (baklava from Turkey).

Core Genome Multilocus Sequence
Typing Analysis of Salmonella Telelkebir
Population
The cgMLST based approach was employed to evaluate the
genomic epidemiological features of the global S. Telelkebir
strains. The cgMLST study was performed on a collection of
loci that were shared by all Salmonella isolates, which were
then used for gene by gene comparison. The difference in the
nucleotide sequences of these loci determines the clustering
of isolates (Tang et al., 2017; Pearce et al., 2018). According
to cgMLST results, these samples were diverse as depicted by
the different number of alleles between the isolates (Figure 4).
Nineteen clusters and 68 singletons were identified in the global
phylogenetic tree. The FJ001 strain did not form any cluster.
The nearest neighbor for the FJ001 strain was 201702574,
which were obtained from France with an allelic difference of
53 alleles. The clusters were perfectly coherent with the STs

assignment. The ST450 group was subdivided into seven different
clusters, with ST450-cluster (C1) being the dominant type. The
ST450 strains were isolated from various geographical locations
and different years and the reservoirs for these strains where
humans (n = 4) and animals (n = 4) (Supplementary Table 1),
whereas the cluster C1 mainly included the strains recovered
from humans and animals that had an allelic difference of
one to six alleles. Two S. Telelkebir isolates from China had
resistant genes [fosA7 and aac(6′)-Iaa] but belonged to different
types both by MLST and cgMLST. The results suggested that
the antimicrobial resistance gene profile varied according to
the cgMLST clusters (Supplementary Table 1). The fosfomycin
resistance genes were observed in C1, C4, C5, C6, C7, C13,
C14, C15, C16, C18, and C19 clusters. The qnrB19 resistance
gene was present among clusters C1 (28.57%, 2/7), C8 (100%,
3/3), and C10 (100%, 2/2) and it was mainly associated with
plasmid Col440I.

DISCUSSION

There are earlier reports on the isolation of uncommon
Salmonella Telelkebir serovar (Tankson et al., 2006; Octavia
et al., 2019). However, little is known about its resistance
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FIGURE 4 | Minimum spanning tree of 121 Salmonella Telelkebir isolates from different origins are depicted here. The numbers on the connecting lines illustrate the
numbers of different alleles between connected samples. Closely related samples are represented with shaded circles of closely related genotypes (≤7 different
cgMLST alleles) are shaded with gray. The FJ001 strain is shaded in red.

profile, epidemiology, and disease-causing potential. Previous
reports suggested that Salmonella serotype Telelkebir is an
infrequently reported variant that is mainly associated with
exotic animal species, mostly reptiles (Berendes et al., 2007).
Between 1995 and 2007, S. Telelkebir strains were obtained
from animal-feed ingredients in Poland (Dera-Tomaszewska,
2012). Berendes et al. (2007) reported a case study where
a 17-year-old girl had sepsis splenic abscesses caused by
Salmonella serovar Telelkebir. The same variant was cultivated
from the feces of the reptile pets that were held in the
home of the patient. Our study demonstrates that the four
global animal isolates had between one and six cgMLST allelic
differences to the closest human isolates. In a previous study,
three 2017 Bavarian S. Agona feed-origin outbreak strains
were compared with a French outbreak isolate and 48 S.
Agona isolates collected from 1993 to 2018, out of which 28
were epidemiologically outbreak related. The cgMLST analysis
revealed that four most relevant clusters comprised 3 to 15
samples with a maximum within-cluster difference of zero
to five alleles (Dangel et al., 2019). The study revealed that
cgMLST can be used for reasonable, reproducible, and reliable
high-resolution classification to monitor outbreak clusters and
relationships among past or international cases, which could also
be interpreted using representative public data.

Even though the FJ001 strain was pan-susceptible toward
the tested antimicrobial agents, treatment with cefoperazone

sulbactam alone or combined with levofloxacin failed when
administrated to the patient. Interestingly, the WGS analysis
revealed that the strain FJ001 had no antimicrobial resistance
genes against quinolones and β-lactam class of antibiotics.
One of the possible reason could be that for Salmonella spp.
and Shigella spp., aminoglycosides, first- and second-generation
cephalosporins and cephamycins may appear active in vitro,
but are not effective clinically (CLSI, 2016). Also, according to
“the 90–60 rule” coined by Rex and Pfaller (2002), a susceptible
result in in vitro is associated with a favorable therapeutic
response in 90–95% of patients. Various host or pathogen
factors influence the efficiency of antibiotic therapy in vivo, such
as the host immune system, site of infection (penetration of
antimicrobial agents into the site), and bacterial virulence factors
that may increase or hinder the immune response leading to
poor clinical outcomes (Stratton, 2006; Ersoy et al., 2017). This
could be the possible explanation of the ineffectiveness of these
drugs in the patient.

The fosA7 is a new antimicrobial resistance gene against
fosfomycin that was recently identified in S. Heidelberg
from broiler chickens in Canada (Rehman et al., 2017). The
gene fosA7 confers resistance to broad-spectrum antibiotic
fosfomycin, which is extensively used to treat drug-resistant
Gram-negative bacteria (Balbin et al., 2020). A total of 58.67%
of the tested S. Telelkebir strains (71 strains) harbored the
fosA7 gene. The fluoroquinolones are the drugs of choice
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for the treatment of iNTS due to their broad-spectrum
antimicrobial activity. Nevertheless, the extensive use of these
drugs has led to the appearance of resistant strains globally,
mainly in Gram-negative bacterial species. The qnrB19 gene
is one the most frequent variants of qnr genes globally, and
out of the 121 strains, 12 isolates are positive for qnrB19
gene (Supplementary Table 1; Ciesielczuk et al., 2013). The
qnr is often found in association with genes that impart
resistance to other antibiotics classes, e.g., β-lactams and
aminoglycosides (Robicsek et al., 2006). In the present study,
the qnr genes were mostly associated with aminoglycosides
which suggests that Enterobacteriaceae strains harboring qnr
resistance may denote a serious threat to public health. Also,
the presence of blaTEM−1B gene was observed in three human
S. Telelkebir isolates from the United Kingdom, Ireland, and
Mali. The broad-spectrum β-lactamase enzymes can hydrolyze
almost all β-lactams and are commonly linked with genes
conferring resistance to several other classes of antibiotics
(Bush and Bradford, 2016).

The screening of the virulence gene profile demonstrated that
all S. Telelkebir isolates harbored various fimbrial genes (bcf,
fim, inv, and csg) and secretion systems involved in cell invasion
and bacterial viability in phagocytes. Previous results suggest
that fimbriae are involved in differential intestinal colonization
of animal species (Weening et al., 2005; Yue et al., 2012).
The cytolethal distending toxin (CDT) or typhoid toxin is
a bacterial genotoxin, which are encoded by several Gram-
negative bacteria, including S. enterica. Our comparative genome
analysis, for the first time, revealed that FJ001 strain and all the
Salmonella Telelkebir strains harbored the gene cdtB, pltA, and
pltB typhoid toxin gene, which highlights particular concern in
public health. Typhoid toxin is recognized as a major virulence
factor of S. Typhi, and it is reported to play a central role
in the pathogenicity of S. Typhi. It has been observed that
typhoid toxin is involved in the establishment of S. Typhi
persistent infection most likely by altering the immune cell
functions to its favor (Song et al., 2010; Chong et al., 2017).
The genes encoding Salmonella-CDT (i.e., genes pltA, pltB, and
cdtB) have been characterized in around 40 NTS serovars (den
Bakker et al., 2011; Mezal et al., 2014a). Previous reports suggest
that the amino acid alignments of CdtB, PltA, and PltB are
extremely conserved among S. enterica serotypes (Rodriguez-
Rivera et al., 2015). The BLASTp analysis of all the proteins
CdtB, PltA, and PltB of Salmonella Telelkebir strains showed
high sequence similarity (100–97%) to S. enterica strains. This
suggests that the CdtB, PltA, and PltB are highly conserved
among S. enterica serotypes. Also, cellular-level Salmonella
CDT significantly alters the outcome of infection by inducing
DNA damage, which is associated with a cell cycle arrest and
activation of the host cell’s DNA damage response (Chang
et al., 2019). Earlier findings revealed that S. Javiana isolates
harboring cdtB, pltA, and pltB caused cytoplasmic and nuclear
enlargement together with cell cycle arrest in G2/M phase,
increased invasion and cytotoxicity toward HeLa cells that are
characteristic of CDT activity (Mezal et al., 2014a). Recently,
Xu et al. (2020) reported the presence of the cdtB, pltA, and
pltB genes in iNTS serovar S. Uzaramo, which showed a higher

killing rate than the classic gastrointestinal infectious agent S.
Typhimurium and suggested it to be a possible explanation of
the invasiveness of these serovars. Ahn et al. (2021) demonstrated
that even when host cells infected with S. Typhi are treated with
antibiotics, typhoid toxin is continuously secreted by antibiotic-
resistant S. Typhi. These NTS serovars might have acquired
these unique virulence factors through horizontal gene transfer
during homologous recombination between S. Typhi and non-
typhoidal serovars, by a prophage that integrates into the bacterial
DNA chromosome (Bakker et al., 2011), and it might have led
to a higher capacity of invasion in NTS (Mezal et al., 2013;
Mezal et al., 2014b).

The SNP-based phylogenomic analysis also revealed that the
strains clustered together irrespective of the time of isolation,
source, and geographical location. This could be the result of
global dissemination, due to the convenient and regular global
travels, there is an increase in the possibility for fast and extensive
transmissions of bacterial pathogens, which permits these isolates
to effortlessly cross geographical barriers. Regardless of the
improved surveillance followed today in response to the outbreak
of infectious diseases, transmission connections cannot be
identified in the event of an infectious disease outbreak due
to missed screening, antimicrobial therapy suppression, and
difficulties recognizing contacts (Jia et al., 2019).

CONCLUSION

In summary, we reported a bloodstream infection caused by
an uncommon NTS serovar Telelkebir in mainland China.
These infrequently reported Salmonella serovars can possibly
be misidentified in clinics, and the actual threat possessed
by these serovars may be underestimated. Although the real
threat of human diseases caused by this infrequently reported
Salmonella serovar remains unknown, the combination of unique
virulence factors and antimicrobial resistance genes carried by
these minority NTS may lead to adverse clinical outcomes,
demonstrating the necessity for an enhanced surveillance for the
clinically important typhoid-toxin-containing serovars.
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As a determinant human pathogen, Klebsiella pneumoniae is known to cause rare

K. pneumoniae liver abscess syndrome (KLAS) which was more common in Asia in

early-stage and reported increasingly outside Asia now. Patients with KLAS who have

septic metastatic ocular or central nervous system (CNS) lesions are associated with high

morbidity and mortality. Relatively infrequent adult community-acquired K. pneumoniae

meningitis have been documented and most were with poor prognosis. In this paper,

we reported a case of KLAS presenting purulent meningitis as disease onset. While

negative results were obtained in the bacterial culture of CSF, blood, or liver pus,

metagenomic next-generation sequencing (mNGS) of CSF, and blood samples which

were synchronously performed demonstrated Klebsiella pneumoniae as the pathogenic

microorganism (13,470 and 5,318 unique reads, respectively). The ultimately cured

patient benefited from rapid pathogen diagnosis, early percutaneous drainage of the

abscess, and prompt appropriate antibiotic administration. Our case highlights the

importance of clinicians using mNGS for early pathogen diagnosis of this disease.

Keywords: K. pneumoniae liver abscess syndrome, purulent meningitis, rapid pathogen diagnosis, metagenomic

next-generation sequencing (mNGS), case report

INTRODUCTION

K. pneumoniae is a well-known human nosocomial pathogen although it appears as the normal
flora of the human oral cavity and intestine in most situations (1). Most Klebsiella pneumoniae
community-acquired infections result in pneumonia or urinary tract infections. However, it
also causes rare K. pneumoniae liver abscess (KLA) in the absence of predisposing factors of
hepatobiliary disease (2). KLA was reported most in Asia in early-stage and now it is increasing
outside Asia (3, 4). Except for liver abscess, bacteremia dissemination may result in severe
complications including endophthalmitis, meningitis, necrotizing fasciitis, and other illnesses.
About 13% of patients with KLA have septic metastatic ocular or central nervous system (CNS)
lesions which are associated with high morbidity and mortality (5). The rapid diagnosis followed
by appropriate treatment may improve the patient’s outcome.

Metagenomic next-generation sequencing (mNGS) is becoming a powerful pathogen detection
tool with the advantages of high sensitivity, wide-coverage, and high efficiency, which can greatly
improve pathogen identification (6). It has now been successfully used for pathogen detection in
biological specimens including CSF and blood (7). Early diagnosis assisted by mNGS contributes
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to timely treatment. In our report, we displayed a case of KLA
manifested as purulent meningitis at the onset of the disease.
Rapid pathogen diagnosis facilitated further lesion detection,
proper treatment, and full recovery of the patient. Until now,
few KLA cases with metastatic meningitis were reported, fewer
patients achieved a good prognosis (8). Our case suggested the
importance of early pathogen diagnosis.

CASE PRESENTATION

A 59-year-old female rural resident in Hunan province, China,
was admitted to the Emergency Department (ED) of Second
Xiangya Hospital, Central South University. She complained of
headache with fever for 6 days and fatigue and somnolence
for 1 day. The first symptoms were headache with fever. She
experienced four episodes of diarrhea on the first day. No other
gastrointestinal symptoms were presented since then. From the
second day to the fourth day, she was admitted to a local hospital.
A lumbar puncture was performed because of clinical suspicion
of “intracranial infection.” The intracranial pressure was 140
mmH2O. Cerebrospinal fluid (CSF) was yellow and purulent, and
revealed 1,080 white blood cells/µL with a monocyte’s ratio of
56.9%. She was immediately treated with intravenous ceftriaxone
2,000mg q12h. Although the history of diabetes was denied,
her random blood glucose was as high as 14 mmol/L during
hospitalization. On the fifth day, she was recommended to
refer to our hospital due to the new appearance of fatigue and
somnolence. Her past medical history showed no recent travel,
tick bites, sick contact, alcohol, or drug use. Upon admission,
her initial vital signs included a body temperature of 36.7◦C,
heart rate of 82 beats/min, blood pressure of 125/80 mmHg,
respiratory rate of 23 breaths/min, and oxygen saturation of
99% on 2 L/min oxygen. Her consciousness was somnolence.
No skin rash was observed, and no obvious abnormality was
found on physical examination of the heart, lung, and abdomen.
A neurologic examination revealed that the neck was stiff and
Kernig’s sign was positive. Laboratory test on ED showed a white
blood cell count of 9.0 × 109/L with an elevated neutrophil
ratio of 83.9% in blood routine test. Liver function test showed
hypoalbuminemia (26.1 g/L). There was no significant change
in the coagulation panel. The random blood glucose was 15.3
mmol/L. The blood ketone and lactate were 2.43 and 0.9 mmol/L,
respectively. Lung computed tomography (CT) scan showed
focal small patchy infiltrates in both lower lungs. Considering the
severity of the patient’s condition, she was sent to the intensive
care unit of the department of neurology (NICU) for further
treatment. Further laboratory tests and auxiliary examinations
were arranged. The concentrations of procalcitonin, C-reactive
protein, erythrocyte sedimentation rate (ESR) and interleukin 6
(IL-6) were 8.720 ng/ml, 134.0 mg/L, 45 mm/h, and 630.0 pg/ml,
respectively. The result of glycosylated hemoglobin was 10.7%.
Thyroid function test results showed that T3 was 0.56mol/L, FT3
was 1.58 mol/L, and T4 was 50.70 mol/L. Two sets of peripheral
blood cultures were ordered. Lumbar puncture showed the
intracranial pressure was 130 mmH2O. Cerebrospinal fluid
(CSF) revealed 1,000 white blood cells/µL with proportion of

multinucleated cells of 95%, protein of 943 mg/L, and glucose
of 3.97 mmol/L (synchronous blood glucose of 14.0 mmol/L).
The CSF Gram staining, Ink staining, acid-fast staining, and
bacterial culture were all negative. The above findings led
to the diagnosis of purulent meningitis, pulmonary infection,
diabetes mellitus (DM), and diabetic ketosis. To further identify
the pathogen, the PACEseq mNGS test (Hugobiotech, Beijing,
China) was also performed on CSF samples on the Nextseq
550 platform (Illumina, San Diego, CA). She has immediately
received emergency management of ketosis and was treated with
intravenous meropenem 2,000mg q8h and vancomycin 500mg
q6h on admission (at this moment, the duration of ceftriaxone
therapy was 3 days).

On the second day of hospitalization, a brain MRI scan
was performed, and partial enhancement of the pia mater was
recommended (Figures 1A,B). She experienced a chill with a
body temperature of 38.6◦C on this day. Peripheral blood culture
was performed. Lumbar puncture and intrathecal injection of
20mg vancomycin were arranged continuously on the second to
the fourth day.

On the fourth day of hospitalization, the mNGS of CSF
reported Klebsiella pneumoniae, with a total of 13,470 detected
unique reads detected (Figure 2A). Klebsiella pneumoniae
invasive liver abscess syndrome was suspected as the clinical
features and unusual findings of the pathogen in this patient.
An abdominal enhanced CT demonstrated a single abscess
(67mm × 62mm) in the right lobe of the liver with separating
enhancement (Figures 1C,D) and confirmed our suspicion.
No other intra-abdominal pathologies, such as gallstones,
were observed. To quickly ascertain the transmission route,
mNGS of a blood sample was also arranged. After the
diagnosis with Klebsiella pneumoniae invasive liver abscess
syndrome, the antimicrobials of the patient were adjusted to
meropenem 2,000mg q8h intravenously. An emergency CT-
guided percutaneous drainage of the liver abscess was performed,
which drained 210mL of yellow pus over the first 24 h. The liver
aspirate was subjected to Gram staining and both aerobic and
anaerobic culture. Repeated blood and liver pus cultures were
required during episodes of fever.

On the seventh day of hospitalization (the third day after
operation), only 20mL yellow pus was drained over the third
24 h. Reexamination of abdominal CT suggested the liver
abscess was reduced to 51mm × 37mm (Figure 1E). Lumbar
puncture after operation showed the intracranial pressure was
140 mmH2O. Cerebrospinal fluid (CSF) revealed 1 white blood
cells/µL (mononuclear cells), protein 780 mg/L, and glucose 5.88
mmol/L (synchronous blood glucose of 8.1 mmol/L). Meanwhile,
the blood mNGS results demonstrated 5,318 unique reads of
Klebsiella pneumoniae (Figure 2B). Thus, purulent meningitis
with Klebsiella pneumoniae was septic metastatic from invasive
liver abscess through blood.

On the ninth day of hospitalization (the fourth day after
operation), the patient recovered to good condition after
treatment. However, the patients and their families strongly
requested to return to the local hospital for further treatment. A
telephone follow-up after 3 months showed the patient recovered
and was discharged from the hospital after 29 days of treatment.
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FIGURE 1 | MRI or CT scan images of the patient. (A,B) indicated partial enhancement of pia mater in brain enhanced MRI; (C,D) revealed an area of abnormal

attenuation measuring 67mm × 62mm in the right lobe of the liver, indicative of a single large multi-loculated abscess in abdominal enhanced CT; (E) displayed the

abscess reduced to 51mm × 37mm 3 days after emergency CT-guided percutaneous drainage of the liver abscess in abdominal plain CT; (F) showed no lesions in

liver in the reexamination of abdominal CT after full recovery.

FIGURE 2 | mNGS results of pathogen identification: 47.7 and 42.56% of bacterial reads corresponded to K. pneumoniae with coverage of 15.2653 and 4.1186% in

CSF (A) and blood (B), respectively.

Thus, the total duration of treatment was nearly 40 days. The
patient underwent abdominal CT again, which showed no lesions
in her liver (Figure 1F) at the second follow-up after 9 months.

It should be noted that bacterial cultures of CSF, blood, and
liver pus in the whole disease course were all negative.

DISCUSSION

Klebsiella pneumoniae liver abscess syndrome (KLAS) is clinically

characterized by bacteremia, liver abscesses, and metastatic

infection caused by hypervirulent strains harboring capsular
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serotype K1 or K2. DM may be a risk factor for this syndrome
(2). The most common clinical manifestations of patients with K
pneumoniae liver abscesses are fever, chills, and abdominal pain.
However, all these manifestations lack specificity. For patients,
especially those who suffer from diabetes mellitus present with K
pneumoniae bacteraemia, meningitis, endophthalmitis, or other
extrahepatic infections, it is necessary to look for potential liver
abscess. Thus, timely identification of pathogens is the key to
better management. However, traditional methods for pathogen
discovery such as bacterial culture are time-consuming and
lack sensitivity (9). The positivity rate of traditional methods
is influenced by quality and quantity of specimens, patient
antibiotic administration, the severity of infection, and laboratory
sufficiency. In our case, the effort was paid through the repeated
bacterial cultures of CSF, blood, or liver pus. However, the results
were poor and were most likely influenced by empirical antibiotic
therapy. The patient’s treatment could be delayed without the
identification of the pathogen by mNGS.

mNGS emerges as an alternative and efficient molecular
diagnostic method, which overcomes the limitations of
traditional methods. It is now increasingly applied in the
identification of pathogens in clinical practice, such as sepsis,
meningitis, and acute respiratory infection (7, 10, 11). The state-
of-the-art mNGS technology has advantages in identifying rare,
novel, difficult-to-detect, and coinfected pathogens directly from
clinical samples, providing timely diagnostic evidence to guide
treatment plans (12). In the future, more validated workflows,
lower cost, and simplified interpretation criteria would be needed
to further routinely implement mNGS in clinical practice. Our
patient was an elderly rural woman who had an unrecognized
history of DM. She presented with purulent meningitis at the
time of onset and was demonstrated as KLAS on the fourth day
after admission. After consulting the literature, we found that
adult community-acquired K. pneumoniae meningitis has been
less recorded (8, 13). Unfortunately, few patients have survived
this disease. In addition to the severity of the disease, the lack
of timely diagnosis and standardized treatment may also be the
important reasons.

Until now, there are no clear guidelines for the management
of Klebsiella pneumoniae invasive liver abscess syndrome with
purulent meningitis (2). The basic consensus is the combination
of early percutaneous drainage or open (laparoscopic) surgical
drainage of the abscess and prompts the appropriate antibiotic
administration. The selection of antibiotics is based on in-
vitro susceptibilities and clinical response. However, results

of antibiotics susceptivity are time-consuming. Therefore, the
empirical use of high-dose third-generation cephalosporins,
including cefotaxime (up to 2,000mg every 4 h) and ceftriaxone
(2,000mg, twice a day) are options for treatment of K.
pneumoniae meningitis. Imipenem and meropenem can be
given to patients when strains containing extended-spectrum
beta-lactamase are suspected. Our patient benefited from the
empirically and sufficiently intravenous use of meropenem and
early percutaneous drainage of abscesses in our clinic.

In conclusion, we shared a case of KLA that presented with
purulent meningitis at the onset of the disease. Rapid pathogen
diagnosis through mNGS facilitated further lesion detection,
proper treatment, and full recovery of the patient. Nowadays,
adult community-acquired K. pneumoniae meningitis carries a
very poor prognosis. Our case highlights the importance of early
pathogen diagnosis by mNGS for the precise treatment of this
disease. Meantime, it raises the potential of diagnosing severe
infectious diseases from pathogens to lesions.
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The nosocomial pathogen Acinetobacter baumannii is a frequent cause of healthcare-
acquired infections, particularly in critically ill patients, and is of serious concern
due to its potential for acquired multidrug resistance. Whole-genome sequencing
(WGS) is increasingly used to obtain a high-resolution view of relationships between
isolates, which helps in controlling healthcare-acquired infections. Here, we conducted
a retrospective study to identify epidemic situations and assess the percentage of
transmission in intensive care units (ICUs). Multidrug-resistant A. baumannii (MDR-AB)
were continuously isolated from the lower respiratory tract of different patients (at the
first isolation in our ICU). We performed WGS, pulsed-field gel electrophoresis (PFGE),
and multilocus-sequence typing (MLST) analyses to elucidate bacterial relatedness and
to compare the performance of conventional methods with WGS for typing MDR-AB.
From June 2017 to August 2018, A. baumannii complex strains were detected in 124
of 796 patients during their ICU stays, 103 of which were MDR-AB. Then we subjected
70 available MDR-AB strains to typing with WGS, PFGE, and MLST. Among the 70
A. baumannii isolates, 38 (54.29%) were isolated at admission, and 32(45.71%) were
acquisition isolates. MLST identified 12 unique sequence types, a novel ST (ST2367)
was founded. PFGE revealed 16 different pulsotypes. Finally, 38 genotypes and 23
transmissions were identified by WGS. Transmission was the main mode of MDR-
AB acquisition in our ICU. Our results demonstrated that WGS was a discriminatory
technique for epidemiological healthcare-infection studies. The technique should greatly
benefit the identification of epidemic situations and controlling transmission events in the
near future.

Keywords: Acinetobacter baumannii, epidemiology, whole-genome sequencing, intensive care unit, multi-drug
resistance

INTRODUCTION

Acinetobacter baumannii is a Gram-negative pathogen that causes serious nosocomial infections,
especially in patients with advanced age, mechanical ventilation, respiratory failure, or a prolonged
hospital stay in intensive care units (ICUs) (Vazquez-Lopez et al., 2020). In recent decades,
A. baumannii has emerged as an important nosocomial pathogen that exhibits high levels of

Frontiers in Microbiology | www.frontiersin.org 1 September 2021 | Volume 12 | Article 71556870

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.2021.715568
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.715568
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.715568&domain=pdf&date_stamp=2021-09-13
https://www.frontiersin.org/articles/10.3389/fmicb.2021.715568/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-715568 September 7, 2021 Time: 13:11 # 2

Mao et al. Transmission of Multidrug-Resistant Acinetobacter baumannii

resistance to antibiotics and has become endemic in some
geographical regions. Multidrug-resistant A. baumannii (MDR-
AB) increases hospital stays and costs and limits therapeutic
options. Critically ill patients infected with MDR-AB strains have
substantially higher mortality rates (Falagas et al., 2006).

Accurate strain classification is a key process necessary for
managing antimicrobial-resistant strains in health care-related
infections (Kalenic and Budimir, 2009; Nishi and Hidaka, 2016).
Pulsed-field gel electrophoresis (PFGE) is still used for typing
analysis of A. baumannii, although it has drawbacks in terms
of the time requirement and difficulty in data interpretation
(Thong et al., 2002; Singh et al., 2006). Multilocus-sequence
typing (MLST), the partial sequence-based typing method, is
usually considered as the gold standard for global epidemiological
investigations. It focuses on the clustering of isolates worldwide
and is not sensitive to short duration and small-scale outbreaks
(Tomaschek et al., 2016). It is considered a complementary
approach of PFGE since it connects isolates with global
epidemiology (Tomaschek et al., 2016). In a decade, whole-
genome sequencing (WGS) has become a promising method in
microbiological laboratories for strain identification, molecular
epidemiology and outbreak analysis (Makke et al., 2020). It has
the highest discriminatory power and is likely to be widely used
with cost reduction (Halachev et al., 2014; Salipante et al., 2015;
Hwang et al., 2021).

In this study, we conducted a retrospective study to identify
an epidemic situation and MDR-AB-transmission events. We
used reference-based single-nucleotide polymorphism (SNP)
approaches to map either processed reads or assembled contigs
to a reference genome, followed by SNPs calling. Then, SNPs
differences among the MDR-AB isolates were processed. We
aimed to describe the prevalence and molecular epidemiology
of MDR-AB in the ICU through WGS-based typing and
compare the performance of conventional methods with WGS
for typing MDR-AB.

MATERIALS AND METHODS

Setting
The First Affiliated Hospital of Guangzhou Medical University
is a 1500-bed teaching hospital and a tertiary referral center
for major respiratory disease in southern China. This study was
conducted in the 27-bed adult ICU, which cares for patients
with respiratory disease and those who have undergone thoracic
surgical procedures. The ICU included 4 senior intensivists, 14
attendings, 6 residents, medical students, and nurses during the
study period. Attendings and residents staffed the ICU 24 h
per day and every day of the week. Three teams provided
ICU medical coverage during the day: each including a senior
intensivist, four attendings and two residents taking care of
seven bed patients. The nurse-to-patient ratio was maintained at
1–1.5:1 during daytime and 1:3 at night.

Infection control measures mainly implemented in ICU have
been previously described (Ye et al., 2015), mainly included:
performing hygiene according to the WHO recommended and
re-emphasis on the appropriate use of gloves, especially not

allowed wear gloves to contract clean area items; implementing
a cohort strategy, colonized/infected patients were admitted to
a special room and treated by a dedicated team of healthcare
workers; practice contact precautions for colonized/infected
and newly admitted patients. Artificial airway management
followed Critical Care Medicine Branch of Chinese Medical
Association Guideline for diagnosis, prevention, and treatment
of ventilator-associated pneumonia (Chinese Society of Critical
Care Medicine, 2013).

Ethical approval was not required because the study was
conducted as part of normal surveillance and management of
healthcare-associated infections.

Bacterial Identification and
Antimicrobial-Susceptibility Testing
Seventy-five MDR-AB complex isolates were collected from the
lower respiratory tract of hospitalized ICU patients between June
2017 and August 2018 and were designated AB-1 to AB-75, based
on admission date. The lower respiratory tract specimens were
obtained by tracheal aspiration.

Strains were cryopreserved until needed for WGS. Initial
identification was conducted using the VITEK2 Compact
30 System (bioMérieux). Antimicrobial susceptibility was
determined via microdilution in accordance with guidelines of
the Clinical and Laboratory Standards Institute (M100-S29).
MDR was defined as resistance to at least one representative
agent from three or more of the five antimicrobial-agent
classes: cephalosporins (such as ceftazidime or cefepime),
carbapenems (such as imipenem), β-lactamase inhibitors
(such as cefoperazone/sulbactam), fluoroquinolones (such
as ciprofloxacin), and aminoglycosides (such as amikacin)
(Magiorakos et al., 2012).

PFGE Analysis
Isolates were inoculated in liquid Luria-Bertani medium and
cultured overnight at 37◦C. The bacterial supernatant was
collected through centrifugation and resuspended in 1× Tris-
ethylenediaminetetraacetic acid (EDTA) buffer (TE buffer) before
an equal volume of 2% clean cut agarose was added. After
immediate mixing, the liquid was placed in a mold and allowed
to solidify. The block was then placed into 300 µL cell lysate
(in 100 mmol/L Tris and 100 mmol/L EDTA), mixed with
5 µL proteinase K (20 mg/mL), and incubated overnight at
50◦C. Next, the block was washed three times with 1 × TE,
for 1 h/wash step, before being incubated overnight at 25◦C
with 50 U Apa I enzyme. Subsequently, PFGE was performed
using a CHEF-DR III PFGE apparatus, under the following
conditions: running buffer, 0.5× TBE; 1% Pulsed-Field Certified
Agarose; 14◦C; 6 V/cm; angle of 120◦; 0.5–20 s, overall time:
20 h. After the current ended, ethidium bromide staining was
performed and images were obtained. Fingerprints were analyzed
by BioNumerics software, using the unweighted pair group
method and the arithmetic averages method, a 2% tolerance
in strip position difference, and a 0.8% optimization value.
Strains with ≥87% similarity were classified as the same subtype
(representing the same clone), and those with <87% similarity
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were classified as different genotypes (representing different
clones) (Seifert et al., 2005).

WGS and Assembly
Genomic DNA was extracted from 3 mL overnight cultures
of 75 A. baumannii complex isolates, using the SPARK DNA
Sample Prep Kit-96 (Enzymatics, United States). A library was
generated for each isolate using the NEB Next Ultra DNA
Library Prep Kit (Illumina, San Diego, CA, United States).
DNA library concentrations were quantified using a Qubit R©

2.0 Fluorometer and a QubitTM dsDNA HS Assay Kit,
and 150-base pair (bp) paired-end reads were generated
with a HiSeq R©2500 instrument. Sequencing was performed at
the Shanghai Biotechnology Corporation. We implemented a
filtering pipeline that trimmed reads from the 3′ end with
<20 sequencing quality, discarded adaptor sequences and reads
<45 bp in length, removed reads containing Ns or where <50%
of bases had >20 sequencing quality. Assembly statistics are
displayed in Supplementary Table S1.

MLST Analysis
Conventional MLSTs were inferred in silico from WGS data.
Seven MLST loci were selected using a sequence-extraction tool
and then identified using a public A. baumannii MLST database.1

Single-Nucleotide Polymorphism
Detection and Whole-Genome Phylogeny
Paired reads were mapped to A. baumannii strain
XH386 (reference genome; GenBank accession number
NZ_CP010779.1) using the Burrows–Wheeler Aligner (version
0.7.12). The original file was converted to a BAM file in SamTools.
SNP and InDel results were processed simultaneously using the
HaplotypeCaller tool, based on a real-time de novo algorithm
with BAM files (reserved mutation sites with sequencing quality
>30) and obtained VCF files. The SNPhylo program was
used to remove low-quality SNPs; processed SNPs were then
concatenated into a sequence and compared in the MUSCLE
program. During this process, we discarded the following single-
nucleotide variations (SNVs): (1) those in genes annotated as
phages, transposases, or integrases, (2) those in genomic regions
annotated as phages using Phage Finder, (3) those within 20 bp
of the start or end of a contig, and (4) those with sequence quality
<100. Tree construction was performed in PHYLIP. Trees were
visualized in Evolview version 3.0.2 This analysis was performed
at the Shanghai Biotechnology Corporation.

Previously, A. baumannii was estimated to have a ∼5
SNPs/year mutation rate over the whole genome (Hawkey et al.,
2018). Isolates were assigned as the same genotype if their SNV
numbers were ≤10.

Nucleotide Sequence Accession
Numbers
Generated sequence reads were submitted to the NCBI Sequence
Read Archive under the accession number PRJNA639298.

1https://pubmlst.org/organisms/acinetobacter-baumannii
2https://evolgenius.info/

RESULTS

Bacterial Isolates and Patients
This study spanned the period from June 2017 to August
2018, when 868 admissions (involving 796 patients) to the
ICU were recorded. After deleting repetitive samples from the
same patients with same isolates, we identified 124 samples
as A. baumannii complex or A. baumannii using the VITEK2
Compact 30 System, of which 103 showed MDR.

Among those 103 samples, the first 75 MDR-AB complex
and A. baumannii isolates obtained were retrieved from storage;
WGS successfully analyzed 71 isolates. Seventy isolates were
determined to be A. baumannii, and one isolate was identified
as Acinetobacter calcoaceticus.

The 70 MDR-AB strains analyzed using WGS were from 70
different patients. The clinical characteristics of these 70 patients
are summarized in Table 1.

Presentation With MDR-AB Upon ICU
Admission and MDR-AB Acquisition in
the ICU
All patients were screened for lower-respiratory tract infections
within 24 h of admission and assessed at least once/week.
Acquisition with MDR-AB was defined by a change in the
colonization status from culture-negative to positive or a change
of strains based on epidemiological data. During the study
period, 55 patients (53.4%, 55/103) carried MDR-AB at the time
of admission, and 48 acquisitions were identified. Among the
70 patients whose isolates were analyzed with WGS, 54.28%
(n = 38) carried MDR-AB at the time of admission. Thirty-
two acquisitions were identified: 13 patients who were negative
during the first screening showed MDR-AB in a later screening;
19 patients showed changes of MDR-AB strains.

Antibiotic-Susceptibility Testing
Drug-sensitivity test results of the 70 MDR-AB strains are shown
in Supplementary Table S2. Almost all isolates were resistant
to quinolones. We found that 100% of the MDR-AB strains
(n = 70) were resistant to ciprofloxacin, 80% (n = 56) were
resistant to levofloxacin, and 14 isolates showed intermediate
resistance to levofloxacin. Resistance rates to third-generation
cephalosporins (cefotaxime and ceftazidime) were 91.43 and
97.14%, respectively. In addition, 98.57% (n = 69) were resistant
to imipenem or piperacillin–tazobactam, 97.14% (n = 68) were
resistant to meropenem, and all tested isolates were sensitive to
colistin (six strains were untested).

MLST Analysis
Ten different STs were identified using the Oxford scheme,
whereas only two STs were identified using the Pasteur MLST
scheme. Considering that the Oxford scheme shows a higher
concordance with WGS phylogenies and better discriminates
between strains with short evolutionary distances, we adopted
the Oxford scheme for further analysis. We identified 12 unique
STs among the 70 A. baumannii isolates, namely ST208 (n = 31),
ST136 (n = 14), ST195 (n = 9), ST457 (n = 4), ST1633 (n = 3),
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TABLE 1 | Clinical characteristics of the patients with MDR-AB
sequenced in this study.

Characteristicsa

Age (years) 60.09 ± 17.01

Gender, male 45 (64.29)

Prior hospital stay (<1 year) 17 (24.29)

Location before ICU admission

Internalb 35 (50.00)

Outsidec 35 (50.00)

Days of stay in ICU 28.50 (11.75–48.75)

Days of ventilation 31.00 (18.75–66.00)

Days of ICU stay after MDR-AB isolated 22.50 (9.00–43.25)

APACHE II score upon ICU admission 18.71 ± 6.57

SOFA score upon ICU admission 8.66 ± 4.12

Primary ICU admission diagnosis

Chronic pulmonary disease 25 (35.71)

Pneumonia 44 (62.85)

Diabetes mellitus 18 (25.71)

Hypertension 24 (34.29)

Malignancy 16 (22.86)

Surgery procedure (< 30 days) 17 (24.29)

Antibiotics used before ICU admission 66 (94.29)

Antibiotic classd

Carbapenem 45 (64.29)

Penicillin 1 (1.43)

Piperacillin–tazobactam 42 (60.00)

Cephalosporin 17 (24.29)

Fluoroquinolones 23 (32.90)

Glycopeptide 26 (37.14)

Antifungal 43 (61.43)

Invasive procedures

Ventilator 67 (95.71)

Blood transfusion 7 (10.00)

Hemodialysis 7 (10.00)

Nasogastric tube 2 (2.86)

Peripheral venous catheter 5 (7.14)

Central venous catheter 60 (85.71)

Urinary catheter 64 (91.43)

Outcome

28-day mortality 3 (4.29)

Hospital mortality 17 (24.29)

aAll data are presented as the number, with the percentage in parenthesis, except
for the age, APACHE II score, and SOFA score, which are presented as the
mean ± SD. The number of days in the ICU, the number of days of ventilation,
and the number of days in the ICU after MDR-AB was isolated are presented
as median (IQR).
b Internal, patients were transferred from other departments in our hospital.
cOutside, patients transferred from the other hospitals.
dUse of antibiotics in patients: used within 30 days before the first MDR-AB isolate
was discovered and the antibiotics were used for at least 72 h.

ST1849 (n = 2), ST369 (n = 2), ST229 (n = 1), ST191 (n = 1),
ST1486 (n = 1), ST1806 (n = 1), and a novel ST, ST2367(n = 1)
(Figure 1). Except for the ST229 clone, belonging to complex
110 international clone VII (CC110 IC7), the remaining isolates
were assigned to clonal complex 92 (also known as international
clone II), widely epidemic in over 30 countries (Karah et al.,

2012; Tomaschek et al., 2016). Our study identified three major
STs, with the predominant population being ST208, accounting
for 44.29% (31/70). ST136 was the second-most prevalent clone
(20.00%, 14/70), followed by ST195 (12.86%, 9/70).

PFGE Analysis
During the period when these strains were collected, we also
typed isolates using PFGE. Strains with ≥87% similarity were
considered the same subtype, representing the same clone (Seifert
et al., 2005). Accordingly, we identified 16 different pulsotypes
(Figure 1). Notably, 27 strains were classified as clone 8, making
it the most abundant epidemic clone, and it continued to spread
through the ICU during the study period.

Whole-Genome SNP Phylogenetic
Analysis
A phylogenetic tree based on SNPs was constructed to clarify
relationships among the sequenced strains. The median of the
minimum SNV number across different isolates during the
research period was 426 (interquartile range: 275–948; range:
0–52,781). Five distinct primary clades were identified (clades
A–E; Figure 2).

We found 38 genotypes, with 14 genotypes identified in
more than one patient. Along the 14 genotypes identified in
more than one patient, we found that five genotypes consist
of 16 instances where patients carried MDR-AB at the time of
admission, suggesting that a common source of infection existed
outside of the ICU (Figure 3).

Transmission was defined as patient acquisition of a genotype
cultured from a previous patient, irrespective of overlapping
patient stay in the ICU. Under WGS, transmission occurred
when SNVs ≤10 between isolated pathogens. We identified 23
transmissions for 11 genotypes, consisting of 16 transmissions
where donors were patients who carried MDR-AB at the time
of admission (for eight genotypes), and 7 transmissions where
the donor was not identified (for three genotypes) (Figure 3).
Genotypes 1 and 5 showed the highest number of transmissions
(four cases in each genotype).These results demonstrate that the
major source of transmissions in our ICU was the admission
isolates, also suggested that MDR-AB spread in our ICU mainly
through transmission.

According to PFGE results, 27 MDR-AB strains formed clone
8, the largest epidemic clone, which was associated with 13
acquisitions. We reexamined this prevalent clone using WGS
to determine whether “outbreak” isolates and transmissions
identified with this technique actually reflect the relationship
between different pathogens. The 13 acquisitions of MDR-AB
isolates belonging to clone 8 were divided into five WGS clades,
involving seven genotypes (Figures 2, 3). Mean number of SNVs
among them was 279, ranging from 0 to 602 (92–377; Figure 4),
and six isolates had <10 SNVs.

DISCUSSION

In this study, we used WGS to retrospectively investigate the
epidemiology of clinical MDR-AB isolates in an adult ICU
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FIGURE 1 | Pulsed-field gel electrophoresis profiles of MDR-AB and dendrogram, and MLST.
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FIGURE 2 | Phylogenetic tree based on SNPs. Numbers refer to the ID number of isolates. Different letters (A–E) and colors refer to branches of the five major
clades. Outer purple ring, ST208; outer yellow ring, ST195; outer blue ring, ST136; outer black ring, ST457. Dots represent acquisitions of MDR-AB isolates of clone
8 with the same PFGE type.

and to determine how frequently MDR-AB is transmitted
between ICU patients.

Data from a previous epidemiological WGS study of
Staphylococcus aureus suggested that, under standard infection-
control measures, transmissions contributed to a small part
of S. aureus acquisitions (Price et al., 2014). Price et al.
(2014) reported that just 14% of patients were potentially
involved in transmission at an adult ICU and high-dependency
unit. Our findings demonstrated that, among the 868 ICU
admissions, 23 of 103 patients with lower-respiratory tract
infections acquired MDR-AB through transmission. Several
factors may have contributed to the higher frequency of
transmission in our ICU. First, the primary diagnosis upon
ICU admission was mainly pneumonia (44/70, 62.86%). In

27 of these patients MDR-AB were cultured. Second, the
samples collected also different from those of previous studies,
as diagnosing lower-respiratory tract infections was the main
objective of our study. Third, although the number of
beds in our ICU and the study duration were similar,
length of stay in our ICU was significantly longer than
others reported.

Since our hospital is a center of respiratory disease in
southern China, one of the most common reasons for
admission to ICU is critical patients cause by respiratory
diseases. Half of the patients were transferred from other
hospitals where they had been treated, and 38/70 patients
(56.52%) carried MDR-AB at admission. Preventing the spread
of MDR-AB was a big challenge for our ICU. In our
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FIGURE 3 | Timelines and overlap of major MDR-AB genotypes. The line indicates stay periods in the ICU. The gray line represents patients in whom MDR-AB
isolates were detected before ICU admission. Vertical bars indicate the time at which MDR-AB-positive samples were detected.

FIGURE 4 | Single-nucleotide polymorphisms matrices for the 13 MDR-AB acquisitions belong to clone-8, as typed by PFGE.

study, only two patients did not require ventilation, and
most patients used antibiotics before admission into the ICU.
Mechanical ventilation frequently requires tracheal intubation,
which increases the risk of inhaling pathogenic bacteria or
gastrointestinal tract bacteria (Coffin et al., 2008; De Waele
et al., 2010). Prior use of antibiotics was demonstrated as an
independent risk factor for colonization/infections with multi-
resistant Gram-negative bacteria (Vasudevan et al., 2013). Along
the ICU patients, bronchoscopy is a common diagnostic and

therapeutic procedure which could cause nosocomial outbreak
(McGrath et al., 2017).Those factors all pose risks for acquisition
of MDR-AB and may contribute to transmission.

Among the 38 admission isolates, 16 MDR-AB isolates
were highly related (SNV <10) and belonged to four
genotypes, comprising seven isolates of patients transferred
from another hospital and nine isolates from a different
department in our hospital. These findings suggest that
MDR-AB had disseminated in our hospital and spread widely

Frontiers in Microbiology | www.frontiersin.org 7 September 2021 | Volume 12 | Article 71556876

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


fmicb-12-715568 September 7, 2021 Time: 13:11 # 8

Mao et al. Transmission of Multidrug-Resistant Acinetobacter baumannii

throughout the local Guangzhou area. The data also imply
that MDR-AB adapted for persistence and transmission in a
hospital environment.

Acinetobacter baumannii can survive in the environment
for a long time and is potentially transmissible (Marchaim
et al., 2007). Contaminated environments and equipment can
act as reservoirs for MDR-AB (Chapartegui-Gonzalez et al.,
2018). In our study, strains belonging to the same genotype
isolated from different patients (such as genotype 1 and 5)
were sustained for a long period, and the patients did not
share the same time in the ICU. This indicated that some
transmission events might have occurred indirectly via the
contaminated environment or healthcare workers. These findings
are consistent with previous research conducted in our ICU
(Ye et al., 2015). Except for genotype 1 and 5, the remain
genotypes involved in more than one patient did not persist
for a longer time. In our study period, a bundle of infection-
prevention measures was implemented, including hand hygiene,
contact precautions, and cohorting with dedicated healthcare
staff. All of the components of the infection prevention bundle
played a role in controlling MDR-AB dissemination. Cohorting
with dedicated healthcare staff was firstly implemented in
2015 in our ICU to control MDR-AB outbreak (Ye et al.,
2015) and is still implemented up to now. This measure was
recommended by the Centers for Disease Control (WHO, 2017)
and Prevention and the European Centre for Disease Prevention
and Control (Magiorakos et al., 2017) and was shown to be
efficient (Abboud et al., 2016; Perez-Blanco et al., 2018). We
suggested that cohort strategy maybe contribute to reduce the
MDR-AB dissemination in our ICU.

Classifying pathogens to elucidate epidemiology of pathogenic
bacteria and hospital outbreaks relies on typing techniques
with higher discriminatory power. Using conventional
epidemiological data, our study identified 32 potential
acquisitions that involved 29 clones from more than two
isolates identified through PFGE. When WGS data were
included, we reduced the number of transmissions to 23. In
comparison with PFGE ability to type MDR-AB, WGS separated
isolates belonging to clone 8 into five different clades. Then, we
examined the typing ability of MLST. Although each clade typed
by WGS corresponded to one of the three predominant STs,
ST208 was interspersed into three different clades. PFGE and
MLST both show poor agreement with WGS. Our data indicated
that WGS offers the advantage of resolving differences between
closely related isolates (Zarrilli et al., 2013). Therefore, WGS was
more suitable for typing and identifying transmission between
patients, especially when the same pandemic ST isolates are
identified regionally.

The PubMLST database assigned all strains to 12 STs that
could be grouped into CC92 clonal complexes (also known
as international clone II), except for ST229. The majority of
isolates belonged to ST-208, which had spread throughout other
provinces in China (Jiang et al., 2016; Ning et al., 2017).
Between 2012 and 2015, ST457 was reported as a prevalent
pathogen with enhanced virulence in five hospitals in southern
China (Zhou et al., 2018). Our study identified just four strains
belonging to ST457, three of which were isolated at the time

of admission, and they were not closely related (>25 SNPs).
These findings suggest our ICU was not associated with the new
emerging clones.

This study had two major limitations. First, we did not test
any environmental samples or healthcare workers’ hands, sources
that may have contributed to the spread of MDR-AB. Second,
considering the sensitivity of bacterial culture, some changes in
colonization status from culture-negative to culture-positive may
have been false-positives. Hence, rate of acquisition may have
been overestimated.

CONCLUSION

In conclusion, transmission mainly contributed to MDR-
AB acquisition in our ICU; thus, prevention and control
of MDR-AB hospital infections must be strengthened. Our
study provides a high-resolution genome-wide perspective
on MDR-AB epidemiology in a healthcare setting, while
contributing to the development of appropriate intervention and
prevention strategies.
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A new easy-to-use online bioinformatic tool analyzing whole genome sequences of

healthcare associated bacteria was used by a local infection control unit to retrospectively

map genetic relationship of isolates of E. faecium carrying resistance genes to

vancomycin in a hospital. Three clusters of isolates were detected over a period of

5 years, suggesting transmission between patients. Individual relatedness between

isolates within each cluster was established by SNP analyses provided by the system.

Genetic antimicrobial resistance mechanisms to antibiotics other than vancomycin

were identified. The results suggest that the system is suited for hospital surveillance

of E. faecium carrying resistance genes to vancomycin in settings with access to

next Generation Sequencing without bioinformatic expertise for interpretation of the

genome sequences.

Keywords: vancomycin resistant enterococci, whole genome sequencing, bioinformatics, genomic epidemiology,

infection control, surveillance

INTRODUCTION

Surveillance of specific microorganisms in hospitals and evaluation of genetic relationship of
isolates is fundamental in detecting and interrupting transmission. Whole Genome Sequencing
(WGS) offers a unique tool for analyzing relationship of vancomycin resistant enterococci (1–
3), and may serve as a method for typing the bacteria for local surveillance. While bioinformatic
analyses ofWGS data have generally been hampered by complicated procedures, tools requiring no
bioinformatic skills are now available to support infection control. Here, a local infection control
unit retrospectively analyzed all available genome sequences of Enterococcus faecium carrying
resistance genes to vancomycin isolated at a hospital from 2014 to 2018 by a new online tool, 1928
Diagnostics. Based on WGS data 1928 Diagnostics analyze core genome genetic relationship and
genetic antibiotic resistance mechanisms in individual bacterial isolates (4).
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MATERIALS AND METHODS

Clinical Isolates
The study was carried out at Odense University Hospital, which
is a >1,000 bed university hospital placed at two geographical
locations. Isolates of E. faecium carrying vanA and/or vanB gene
from clinical (non-screening) samples were analyzed. The first
isolate from each patient in the years 2014 to 2018 was included.
Date and place of sampling was recorded. No patient information
was included. Core genome Multi Locus Sequencing Typing
(cgMLST) of some of the included isolates have previously been
reported (5, 6).

Whole Genome Sequencing Data Analyses
WGS was carried out by 2 × 150 bp paired end sequencing
using a MiSeq instrument (Illumina, San Diego, CA, USA).
Compressed unassembled sequence files were uploaded to
the 1,928 Diagnostics pipeline (https://www.1928diagnostics.
com/). The system initially performed a quality check based
on sequencing depth/coverage. Results for individual isolates
processed by 1,928 Diagnostics were presented with MLST
sequence type (ST) and antibiotic resistance gene profiles.
A cgMLST based Unweighted Pair Group Method with
Arithmetic mean (UPGMA) dendrogram showing number of
allelic differences was generated by the system. One thousand
nine hundred twenty-eight Diagnostics uses the resqu database
for identification of horizontally transferred antibiotic resistance
genes (https://www.1928diagnostics.com/resdb/).

Isolates with 20 or less allelic differences were considered
genetically related (7). Clusters of more than three genetically
related isolates were studied in detail by the single
nucleotide polymorphism (SNP) analysis function in 1928
Diagnostics. Closest Genbank complete chromosome sequence,
identified by KmerResistance (https://cge.cbs.dtu.dk/services/
kmerresistance/) using sequence files from a randomly selected
isolate from each cluster, served as reference. The exclusion
distance was set to 10.

RESULTS

MLST
A total of 64 genomes from E. faeciumwere available for analyses.

Fifty-eight isolates carried the vanA gene, five carried vanB
gene and one isolate from December 2018 carried both vanA
and vanB gene (Figure 1). One isolate was not typeable by
MLST. This was confirmed by MLST-2.0 (https://cge.cbs.dtu.dk/
services/MLST/), which failed to detect hits in the pstS locus.
The most common MLST type was ST80, including 30 isolates
of which 26 carried vanA gene, three carried vanB gene, and the
one isolate carrying both vanA and vanB genes. The UPGMA
dendrogram showed large allelic variation in the core genome
of the ST80 isolates (Figure 1). Twelve isolates were ST203 and
eight were ST1421.

Core Genome MLST, Epidemiology, and
Antibiotic Resistance Gene Profiles
Three clusters were evident form the cgMLST based UPGMA
dendrogram (Figure 1). Cluster 1 consisted of eight isolates of

vanA gene positive E. faecium ST1421. All isolates in this cluster
were from the second half of 2018 (Figure 2). The SNP analyses
(Figure 3) showed few SNP differences between isolates. In
addition to the vanA gene, the isolates all carried resistance genes
to aminoglycosides [aac(6’), ant(9’)-la, aph(3’)-IIIa, macrolide-
lincosamide-streptogramin B (MLS), erm(A), erm(B), msr(C),
and trimethoprim dfr(G)]. All resistance genes had more than
98.5% amino acid match and 100% length match compared to
the reference sequence. Six isolates were cultured from patients
at five hospital departments and two isolates were from patients
consulting General Practitioners.

Cluster 2 included 10 ST203 isolates carrying vanA gene.
The bacteria were cultured from first half of 2017 onwards
(Figure 2). The isolates were cultured from patients at seven
hospital departments. The isolates in Cluster 2 SNP analyses
showed larger variation compared to the isolates in cluster
1 (Figure 3). All isolates in this cluster carried resistance
genes to aminoglycosides [aac(6’), ant(6’)-la, MLS erm(B),
msr(C), trimethoprim (dfrG), and tetracycline tet(M), tet(U)].
Except for one isolate with a length fraction of 94.3%
of the reference sequences, all resistance genes had more
than 98.5% amino acid identity and 100% length to the
references. The catA gene, an effector of chloramphenicol
resistance, was detected in seven of the isolates. The amino
acid sequence and length were both 100% identical to the
reference sequence.

Cluster 3 included 17 vanA gene positive isolates. Sixteen
of the isolates were typed as ST80, while one was not
typeable. MLST 2.0 (https://cge.cbs.dtu.dk/services/MLST/) also
failed to type this isolate. The isolates in cluster 3 were
cultured from 2016 onwards and showed numbers of SNP
differences between those detected in Cluster 1 and Cluster
2. The isolates carried resistance genes to aminoglycosides
[aac(6’), aph(3’)-IIIa, MLS erm(B), msr(C), and tetracyclines
tet(M)]. With three exceptions both identity and fragment
length were more than 98% of the reference sequences for
all of these resistance genes. The E. faecium in this cluster
were collected from six departments and one GP from
2016 onwards.

DISCUSSION

WGS offers a unique method for typing and monitoring
healthcare associated bacteria such as enterococci carrying
resistance genes to vancomycin. For the technique to be
useful in clinical practice, the bioinformatic handling of
sequence data should be easy and fast. Access to external
sequencing facilities may provide high quality genome
sequences without data analyses and interpretation. We
used 1928 Diagnostics, a new online tool for bioinformatic
analyses of transmissible bacteria, to review the genetic
characteristics of E. faecium carrying genes encoding
resistance to vancomycin at the hospital during a period of
5 years.

The genomes of the ST80 isolates were highly heterogenous,
including isolates carrying vanA gene and isolates with vanB
gene. One isolate of ST80 E. faecium carried both vanA and vanB
genes as did 5% of vancomycin-resistant E. faecium in Denmark
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FIGURE 1 | cgMLST based UPGMA clustering dendrogram of clinical (non-screening) E. faecium carrying resistance genes to vancomycin isolated 2014–2018

isolated at a large university hospital. Three clusters of genetically related isolates were identified. The number of allelic differences between individual isolates are

indicated at each node. The MLST sequence type and the van gene (vanA or vanB gene) is indicated for each isolate next to the dendrogram. One isolate was not

typable (NT). One isolate carried both vanA and vanB gene. Year of isolation is indicated for individual isolates.
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FIGURE 2 | Number of isolates per half a year. Isolates of the three clusters identified from Figure 1 are indicated by color.

in 2018 (5). Heterogenous ST80 vancomycin-esistant E. faecium
has been reported from Denmark (8). Recent studies of ST80
vancomycin-resistant E. faecium in Sweden showed comparable
epidemiological discrimination by 1,928 Diagnostics cgMLST
and SNP analyses (9).

Three major clusters of related isolates were evident. The
clusters replaced each other over time as the most frequently
isolated strain and isolates of the strains within each cluster
continued to be detected afterwards. The Cluster 1 strain of
E. faecium ST1421 carried the vanA gene without necessarily
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FIGURE 3 | Phylogenetic trees based on SNPs in the core genome of E. faecium carrying vanA gene in the three clusters from Figure 1. Reference chromosome

genome used for the analysis is indicated for each cluster. Location for sampling (General Practitioner or hospital department) is indicated for each isolate. ICU,

Intensive Care Unit (hospital location 1); Ort, orthopedic surgery; Surg, abdominal surgery; Onc, oncology; Geri, geriatrics; GP, General Practitioner; Gast,

gastroenterology; ICU-II, Intensive Care Unit at second hospital location; Haema, hematology; Emer, emergency; Emer-II, emergency at second location.
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expressing resistance to vancomycin in vitro (10). This strain was
frequently detected in Denmark in 2018 and 2019 (5). Cluster
2 and Cluster 3 also reflected the nation-wide occurrence of
dominating strains of E. faecium carrying vanA gene during the
5 years (5). Genes encoding resistance to antibiotics other than
vancomycin varied between clusters and were largely identical
in isolates within each cluster. Knowledge on mechanisms
of resistance to antimicrobials other than vancomycin may
potentially contribute to treatment guidance and to tracking
routes of transmission of antimicrobial resistance.

The detailed relatedness between isolates within each cluster
was established by SNP analyses. No association between place
of sampling and relatedness of isolates was evident. However,
location of sampling does often not reflect place of transmission.
It is noteworthy, that bacteria of all three clusters were isolated
from patients referred to the same Intensive Care Unit and
that 10 of the isolates were from patients admitted to this
unit. This may be due to patient factors, use of broad-
spectrum antimicrobials, extensive use of indwelling foreign
body materials, and frequent sampling practice.

In conclusion, this retrospective study showed that a rapid
and easy-to-use bioinformatic pipeline clearly separated isolates
of E. faecium with resistance genes to vancomycin into clusters
and sporadic strains and allowed detailed analyses of clusters
of related isolates. Prospective studies should establish the
usefulness of 1928 Diagnostics and similar systems for real

time surveillance of vancomycin resistant E. faecium and other
hospital-associated bacteria.
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Xianhai Mao2* and Yufang Ma1*
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The microbes in human bile are closely related to gallbladder health and other
potential disorders. Although the bile microbial community has been investigated by
recent studies using amplicon or metagenomic sequencing technologies, the genomic
information of the microbial species resident in bile is rarely reported. Herein, we
isolated 138 bacterial colonies from the fresh bile specimens of four cholecystitis
patients using a culturome approach and genomically characterized 35 non-redundant
strains using whole-genome shotgun sequencing. The bile bacterial isolates spanned 3
classes, 6 orders, 10 families, and 14 genera, of which the members of Enterococcus,
Escherichia–Shigella, Lysinibacillus, and Enterobacter frequently appeared. Genomic
analysis identified three species, including Providencia sp. D135, Psychrobacter sp.
D093, and Vibrio sp. D074, which are not represented in existing reference genome
databases. Based on the genome data, the functional capacity between bile and
gut isolates was compared. The bile strains encoded 5,488 KEGG orthologs, of
which 4.9% were specific to the gut strains, including the enzymes involved in
biofilm formation, two-component systems, and quorum-sensing pathways. A total
of 472 antibiotic resistance genes (ARGs) were identified from the bile genomes
including multidrug resistance proteins (42.6%), fluoroquinolone resistance proteins
(12.3%), aminoglycoside resistance proteins (9.1%), and β-lactamase (7.2%). Moreover,
in vitro experiments showed that some bile bacteria have the capabilities for bile salt
deconjugation or biotransformation (of primary bile acids into secondary bile acids).
Although the physiological or pathological significance of these bacteria needs further
exploration, our works expanded knowledge about the genome, diversity, and function
of human bile bacteria.

Keywords: bile bacteria, genomic characterization, antibiotic resistance genes, virulence factors, culturome,
cholecystitis patients
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INTRODUCTION

Cholecystitis leads to gallbladder inflammation or even
perforation, tissue death, gangrene, fibrosis, and shrinking of
the gallbladder, which is a hospitalized disease with increasing
medical and financial burden (Wadhwa et al., 2017; Wang
et al., 2021). The cardinal symptoms were fever, pain, and
nausea with increasing levels of clinical indicators, such as
serum transaminases, alkaline phosphatase, and total bilirubin
(Chisholm et al., 2019). Laparoscopic cholecystectomy was
commonly applied for treating this disease (Loozen et al., 2018).

Although the pathogenicity in cholecystitis still needs further
exploration, bacteria, as one of the important risk factors, were
closely correlated with its poor operative outcomes (Liu et al.,
2015; Yun and Seo, 2018). Moreover, positive bile culture rates
from laparoscopic cholecystectomy patients ranged from 25.1 to
60.3%, suggesting the presence of bacteria in the cholecystitis
patients’ bile (Nitzan et al., 2017; Yun and Seo, 2018). Due
to the limitation of culture conditions, most bile bacterial
isolates from clinical samples are aerobic bacteria especially
Gram stain-negative Enterobacteriaceae, such as Escherichia
coli, Klebsiella spp., Enterobacter spp., and less frequently
anaerobic bacteria, including Bacteroides and Clostridium spp.,
as well as microaerophilic Helicobacter pylori (Nitzan et al.,
2017; Cen et al., 2018). For culture-independent methods,
denaturing gradient gel electrophoresis (DGGE) was applied
for the investigation of microbiota composition (Liu et al.,
2015); however, low throughput and complex operation were
its limitations. With the advent of high-throughput sequencing
platforms and bioinformatic analysis pipelines, metagenome
sequencing analysis including 16S rRNA amplicon sequencing
and whole genomic shotgun sequencing have revealed the
abundant diversity composition of the bile microbiome (Wu
et al., 2013; Liu et al., 2015). Meanwhile, owing to nearly 80% of
the human intestinal bacteria were unculturable (Tajeddin et al.,
2016), with the advancement in bacterial culturomics technology
(Tidjani Alou et al., 2020), it is reasonable to infer that abundant
bile bacteria are waiting to be isolated.

Proper identification method of the isolated bacteria was
a highly essential step in the culture-dependent workflow.
The traditional polyphasic taxonomic strategy aims to generate
phenotypic and phylogenetic information of a bacterium,
such as its shape, color, size, staining properties, host range,
pathogenicity, indole test, gelatin liquefaction test, motility
test, and assimilation of carbon sources (Das et al., 2014).
In addition to biochemical identification, flow cytometry and
MALDI-TOF mass spectrometry can also be used for rapid
identification for cultured isolates (Das et al., 2014; Jang and
Kim, 2018). Despite each approach having its own advantages
and limitations, such as higher cost or rough results of flow
cytometer and equipment popularity of MALDI-TOF mass
spectrum hindered their application. Considerable advancement
in culturable bacterial identification and taxonomy methods
using genotypic and phylogenetic information has taken place
such as chemotaxonomy, numerical taxonomy, and DNA–DNA
hybridization, housekeeping gene amplification, and sequencing
(16S rRNA gene, gyrB, rpoABCD, etc.) and whole-genome

sequencing (Das et al., 2014). As the primary gene target
for bacterial identification and comprehensive consideration
of cost performance, the 16S rRNA gene was often used for
preliminary screening. Then whole-genome sequencing was used
for in-depth exploration of functional genes. In recent years,
cultivation-dependent microbiota studies of the human digestive
tract (Browne et al., 2016; Lagier et al., 2016), respiratory tract
(Fonkou et al., 2018), genitourinary tract (Thomas-White et al.,
2018), oral cavity (Fonkou et al., 2018; Martellacci et al., 2020),
and even in other model animals (Lagkouvardos et al., 2016;
Liu et al., 2020) mostly adopted this strategy and had isolated
hundreds of previously unknown bacteria inhabiting the human
body. In addition, live bacteria could facilitate the follow-up
mechanism researches regarding their impact on physiological
and pathological functions, such as the bile salt (salt ion form
of bile acid) metabolism test. Bile acids are cholesterol-derived
natural surfactants and are regarded as important digestive
hormones that are produced in the liver and secreted into the
duodenum via the gallbladder to regulate numerous physiological
processes in the host (Harris et al., 2018). They are known to
affect lipid digestion, antibacterial defense, glucose metabolism,
host metabolism, cancer progression, and innate and adaptive
immunity (Shapiro et al., 2018; Hang et al., 2019; Song et al.,
2020). The biotransformation of bile acids (BAs) by intestinal
bacteria may have an important role in cholesterol gallstone
formation and colon carcinogenesis via TGR and FXR (farnesoid-
X receptor) receptors (Salvioli et al., 1982; Funabashi et al., 2020).
So far, bacteria are mainly involved in two categories of bile acid
metabolism. Bile salt hydrolase (BSH) with deconjugation activity
hydrolyzes the amide bond that links the bile acid side chain to
glycine or taurine and takes part in the transformation process
from conjugated bile acid to unconjugated bile acid (Ridlon
et al., 2006). Besides, the dehydroxylase activity participates in the
transformation process from primary bile acid to secondary bile
acid (White et al., 1980). These metabolic activities have mostly
been found in intestinal bacteria (Kuipers et al., 2020). However,
the ability of bile acid biotransformation by bile bacteria has not
been reported to date.

Altogether, the objectives of the study are to (1) cultivate
and isolate a large number of bile bacteria of cholecystitis
patients and whole-genome sequence parts of isolates, (2)
conduct comparative analyses between our isolates and gut
isolates in public databases, which revealed different pathways
in our isolates, and (3) evaluate the bile salt metabolic capacity
of biliary bacteria in vitro. This work provided new insights
into the bile bacterial communities based on genomes and the
biotransformation potentiality of human bile bacteria.

MATERIALS AND METHODS

Sample Collection
Informed consents were obtained from all subjects, and this
study was approved by the Medical Ethics Committee of
Hunan Provincial People’s Hospital. The study was conducted
according to the principles of the Declaration of Helsinki of
1964 and later versions (2013) and was approved by the Medical
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Ethics Committee of the Hunan Provincial People’s Hospital
(Ethical approval number: 2020-54). All the experiments
were performed in accordance with relevant guidelines and
regulations. The bile samples collected from four postoperative
(laparoscopic cholecystectomy) acute cholecystitis patients in
Hunan Provincial People’s Hospital were kept in an anaerobic
gas bag (Mitsubishi, Japan), respectively, and rapidly transferred
to the laboratory for cultivation. To address the potential
contamination that might have occurred before and after the
samples reached our laboratory, sterile physiological saline
control samples without bile were applied in the study.

Cultivation and Identification of Bile
Species
All bile samples were centrifuged at 3,000 × g for 5 min and
carefully removed most of the supernatant of the bile sample but
left around 200 µl of supernatant on the bottom to resuspend
the pellet to keep bacteria with the highest density. These bacteria
were then spread on different solid media for culture. [BBL—
Brain Heart Infusion Agar (Becton Dickinson, United States),
Bifidobacterium Medium (Becton Dickinson, United States),
Lactose Bile (Becton Dickinson, United States), Blood Agar
Base Infusion Agar (Becton Dickinson, United States), Columbia
Blood Agar Base (Becton Dickinson, United States), BBE
Agar (Becton Dickinson, United States), and Gifu Anaerobic
Medium (Beijing Land Bridge Technology Co., Ltd, China)]
under aerobic and anaerobic conditions at 37◦C. Cultivation
and identification methods of bile species mainly referred to
two studies (Browne et al., 2016; Lagier et al., 2016). Briefly,
colonies were picked up and transferred on a fresh medium
for the purification of bacterial colony. Isolated colonies were
transferred into an 8-ml liquid medium for enrichment culture
and were identified using PCR amplification of the 16S rRNA
gene (primers: 7F 5′-AGAGTTTGATYMTGGCTCAG-3′; 1510R
5′-ACGGYTACCTTGTTACGACTT-3′) (Browne et al., 2016).
The PCR products were applied on Sanger sequencing at ABI
3730XL platform (Applied Biosystems, United States) (Browne
et al., 2016). Each 16S rRNA sequence was blasted against the
rRNA/ITS databases of the National Center of Biotechnology
Information (NCBI) for bacterial strain identification. The
identified aerobic strains were preserved in 30% glycerol and
anaerobic strains in 30% glycerol and 0.1% cysteine at a
−80◦C freezer.

Whole-Genome Shotgun Sequencing,
Assembly, and Annotation
The DNA of bacterial isolates was extracted using the Qiagen
DNA extraction kit (Qiagen, Germany) according to the
protocols of the manufacturer. The DNA concentration and
purity were determined by NanoDrop2000. DNA quality was
examined with a 1% agarose gel electrophoresis. Bacterial DNA
was fragmented to an average size of ∼300 bp using Covaris
M220 (Gene Company Limited, China). Paired-end libraries were
prepared by using a TruSeq DNA sample prep kit (Illumina,
United States). Adapters containing the full complement of
sequencing primer hybridization sites were ligated to blunt-end

fragments. Paired-end whole-genome shotgun sequencing was
performed on the Illumina HiSeq platform. High-quality reads
were extracted based on the FASTQ (Chen et al., 2018), with
default parameters. High-quality reads were used for de novo
assembly via SPAdes (Bankevich et al., 2012), using different
k-mer sizes (k = 21, 33, 55, 77). The shortest scaffolds were filtered
with a minimum length threshold of 200 bp. Gene identification
was performed from the assembled genome using Prodigal (Hyatt
et al., 2010), and the other genomic contents (e.g., rRNA and
tRNA sequences) were annotated using the Prokka (Seemann,
2014) pipeline. Protein-coding genes were further annotated
to the KEGG (Kyoto Encyclopedia of Genes and Genomes,
downloaded on February 2020) (Kanehisa et al., 2017) databases
using BLASTP (identity threshold of 35%, covering > 70% of
the gene length).

IDENTIFICATION OF ANTIBIOTIC
RESISTANCE GENES AND VIRULENCE
FACTORS

Identification and characterization of antibiotic resistance genes
(ARGs) and virulence factors of pathogens are crucial in
understanding bacterial pathogenesis and their interactions
with the host, and in the development of novel drugs,
vaccines, and molecular diagnostic tools. Furthermore, detecting
virulence or resistance markers improved outbreak monitoring
and therapeutic management. Currently, the use of the next-
generation sequencing platforms has allowed great progress in
this field (Bakour et al., 2016). ARGs were identified based on
ABRicate.1 ABRicate searched on the databases, including NCBI
Bacterial Antimicrobial Resistance Reference Gene Database,
CARD (Jia et al., 2017), ARG-ANNOT (Gupta et al., 2014),
and ResFinder (Zankari et al., 2012) for predicting ARGs. The
virulence factors of the genome were identified based on the
VFDB database (Chen et al., 2016).

Comparison Genome Analyses
Average nucleotide identity (ANI) between two genomes was
calculated using the fastANI algorithm (Jain et al., 2018). An ANI
threshold of 95% was used for species delineation for prokaryotic
genomes (Jain et al., 2018). The phylogenetic tree of bacterial
species was generated using PhyloPhlAn2 (Segata et al., 2013) and
visualized using iTOL (Letunic and Bork, 2019).

In vitro Bile Acid Transformations by Bile
Bacteria
Bile acids were dissolved in DMSO for preparation of a highly
concentrated stock solution. Then, the autoclaved GAM liquid
medium was applied to dilute the stock solution (volume
ratio of DMSO in a working solution <1h). The bile acid
experimental group [containing 200 ng/ml of final concentration:
TCA (taurocholic acid), CA (cholic acid), or GCA (glycocholic
acid)] and the control group (without bile acid) were inoculated

1https://github.com/tseemann/abricate
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with isolated bile bacteria in 200 µl of liquid media reaction
system at 37◦C. A control without bile acid (but with the
DMSO vehicle) and a sterile control with an equal volume
of bile acid (200 ng/ml) were prepared. Every reaction was
prepared in parallel. This experiment was done in triplicates. Bile
acids of internal standards were prepared at 200 ng/ml. After
12 h, the cultures were centrifuged (10,000 × g, 5 min), and
the supernatants were collected. Then, the double volume of
acetonitrile was added, and the aqueous phase was collected after
centrifuging at 20,000× g for 10 min. The detection was achieved
using a Phenomenex Kinetex Polar C18 ODS (2.1 × 100 mm,
2.6 µm) analytical column. The mobile phase consisted of 0.1%
ammonium hydroxide water (A) and acetonitrile (B) at a flow
rate of 0.3 ml/min, and the following gradient condition was
used: 0–1 min 65% A; 1–4 min 65–60% A; 4–5.5 min 60–35%
A; 5.5–6.5 min 35–20% A, 6.5–7.0 20–10% A, 7.0–8.0 10% A,
8.0–8.5 10–65% A). An Applied Biosystems AB Sciex Qtrap5500
Mass Spectrometer (MS/MS) equipped with an electron spray
ionization (ESI) source was used to analyze target metabolites at
negative ionization mode (Scherer et al., 2009). The optimized
ion spray voltage and drying gas temperature were set at -
4,500 V and 550◦C, respectively. The curtain gas (CUR) flow was
35 L/min; gas1 and gas2 (nitrogen) were set at 45 and 55 psi,
respectively, and the retention time was 70 ms. Quantification
assays were performed using multiple reaction monitoring.

Statistical Analyses
The value of metabolite output is equal to the output of the
experimental group minus the average output of the control
group. All statistical analyses were performed based on the R
platform. Histograms were performed using GraphPad Prism 7
software (GraphPad Software) and were indicated using the mean
with the standard deviation.

RESULTS

Cultivation and Genome Sequencing of
Bacteria in Bile Specimens
To explore the bile bacterial community, the fresh bile specimens
collected from cholecystitis patients were cultivated using seven
different media under both aerobic and anaerobic conditions.
In total, we obtained 138 bacterial colonies and performed
full-length 16S rRNA gene sequencing to enable taxonomic
assignment. These isolates included 70 (50.7%) members of
Firmicutes, 65 (47.1%) members of Proteobacteria, and 3 (2.2%)
members of Actinobacteria; meanwhile, they expanded 3 classes,
6 orders, 10 families, and 14 genera (Supplementary Table 1).
At the genus level, Enterococcus (31.9%), Escherichia–Shigella
(22.9%), Lysinibacillus (9.4%), and Enterobacter (8%) were
the most frequent members in the biliary community, while
the remaining 10 genera represented 28.2% (39/138) of the
cultivated isolates (Figure 1A). Proteus mirabilis (24 strains)
and Enterococcus faecalis (17 strains) were the most abundant
species, which may be due to the property of facultative anaerobes
(Portela et al., 2014; Jamil et al., 2021). Enterobacteriaceae had
the largest isolated strains (28 strains) under aerobic conditions

(Supplementary Table 1). In addition, 63 strains were obtained
under anaerobic conditions (63/138), and most of them were also
facultative anaerobes, such as the Enterococcus genus.

We clustered the isolates into 35 operational taxonomic units
(OTUs) based on 99% nucleotide similarity of their 16S rRNA
gene sequences and performed whole-genome sequencing for the
representative isolate for each cluster. After de novo assembly
of the sequencing reads, we obtained 35 high-quality draft
genomes that exceeded 95% genomic completeness for each
strain (Figure 1B). A phylogenetic tree of the draft genomes was
shown in Figure 1C. The genome sizes of these biliary bacterial
isolates were on average 4.0 Mbp, ranging from 1.9 to 7.1 Mbp
(Supplementary Table 2), and the G + C contents of these
genomes ranged from 37.4 to 63.3% (on average, 47.4%). The
majority (32/35) of the biliary genomes could be assigned into
known species, showing > 95% ANI to at least one sequenced
genome in the NCBI database, whereas the other 3 biliary
isolates were “novel species” as they previously had no available
whole-genome information (Supplementary Table 2). Moreover,
despite the 16S rRNA gene sequences of these biliary strains
seemed diverse, 26 genomes were further grouped into 8 species-
level genome bins based on 95% ANI.

Characteristics of the Novel Species
We analyzed the genomes of three novel species to investigate
the distinctive features of those biliary bacterial species. Biliary
strain Providencia sp. D135 consisted of 27 contigs with a
total length of 4.45 Mbp (N50 length: 315 kbp). This strain
was moderate homology with the genome of Providencia sp.
WCHPr000369, a clinical strain that was isolated from the human
rectum (proposed name: Providencia huaxiensis) (Hu et al.,
2019), with 92.3% ANI (Figure 2A). Biliary strain Psychrobacter
sp. D093 consisted of 99 contigs with a total length of 2.69 Mbp
and showed 82.9% ANI with the genome of Psychrobacter
cryohalolentis K5 (Figure 2B). Biliary strain Vibrio sp. D074
consisted of 87 contigs with a total length of 3.93 Mbp and
showed 79.6% ANI with the genome of Vibrio anguillarum
VIB43 (Figure 2C).

Comparison of Bile and Gut Isolates
To investigate the specificity of bile bacterial species,
we compared our bile isolates with 1,520 bacterial
strains cultivated from the gastrointestinal tract of
healthy adults (Zou et al., 2019). Based on whole-
genome pairwise ANI, 13 strains were specifically
detected in bile samples. These bile-specific genomes were
mainly distributed in Firmicutes, including Lactobacillus
murinus, Enterococcus casseliflavus, Paenibacillus lautus,
Staphylococcus pettenkoferi, Lysinibacillus sp. D060,
and Solibacillus silvestris, and several Proteobacteria
clades, including Providencia sp. D135, Morganella
morganii, Vibrio sp. D074, and Psychrobacter sp. D093
(Supplementary Figure 1).

The functional roles of the members of bile and gut strains
were compared based on their profiles of the KEGG orthologs
(KOs). The bile strains encoded 5,488 KOs, of which 95.1%
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FIGURE 1 | Overview of the cultivated bacteria from bile specimens. (A) Pie plot shows the composition of 138 bacterial colonies. (B) Venn diagram of the
distribution of isolates in the four bile samples. (C) Phylogenetic tree of 35 whole-genome sequenced isolates. Color represents the genus assignment of the isolates.

were also encoded by the gut strains (Figure 3A). The bile-
specific KOs were involved in pathways including biofilm
formation, two-component systems, quorum sensing, and ABC
transporters (Figure 3B). We also undertook an enrichment
analysis and identified 3,740 statistically enriched KOs and 695
reduced KOs in bile bacteria (Benjamini–Hochberg-adjusted

p < 0.05, Fisher’s exact test). The bile-enriched KOs had
frequently performed some key functions, including ABC
transporters, two-component system, quorum sensing, purine
metabolism, biofilm formation, oxidative phosphorylation,
pyruvate metabolism, and phosphotransferase system, while
the bile-reduced KOs were involved in functions such as
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FIGURE 2 | Circular representation of the genomes of four novel species, including (A) Providencia sp. D135, (B) Psychrobacter sp. D093, and (C) Vibrio sp. D074.
For each genome, the inner three circles represent the genome scale, G + C skew, and G + C content; the outer circle(s) shows the genome region that have close
orthologs with the closest strains in the National Center of Biotechnology Information (NCBI) database. Average nucleotide identity (ANI) of the bile genomes and its
closest strains are shown.

the ribosome, two-component system, amino sugar and
nucleotide sugar metabolism, and starch and sucrose metabolism
(Figures 3C,D).

Antibiotic Resistance Genes, Virulence
Factors, and Bile Acid Metabolism Genes
Next, we examined the existence of ARGs and virulence factors
in the genomes of bile species, aiding to extend their potential
clinical pathologic features. A total of 472 genes from 27
genomes were identified as ARGs based on annotations in
the available antibiotic resistance databases (Supplementary
Table 3). Most of the ARGs were related to multidrug
resistance (MDR) (42.6%), fluoroquinolone resistance (12.3%),
aminoglycoside resistance (9.1%), and β-lactamase (7.2%). The
remaining genes were involved in resistance against various
types of antibiotics such as tetracycline (4.4%), glycopeptide

(4%), peptide (4%), and trimethoprim (4%). At the species level,
Escherichia coli, Citrobacter sp. CRE-46, Klebsiella aerogenes,
and Klebsiella pneumoniae encoded a higher number of ARGs
than other bile species, especially that their ARGs were enriched
in types including MDR, fluoroquinolone resistance, and β-
lactamase (Figure 4A). Enterococcus faecalis frequently encoded
the genes involving trimethoprim, macrolide, and tetracycline
resistances, while Enterococcus casseliflavus and Enterococcus sp.
FDAARGOS_553 encoded the genes of glycopeptide resistance.
In addition, we identified 354 genes involving virulence
factors from 20 bile strains (Supplementary Table 4). The
virulence factors were mainly distributed in species including
Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae,
Citrobacter sp. CRE-46, and Klebsiella aerogenes (Figure 4B).
In addition, we identified a total of 12 genes encoding the
BSH and 319 genes involved in the transformation of primary
bile acids to secondary bile acids (i.e., the multiple steps
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FIGURE 3 | Comparison of the functions of bile and gut bacterial strains. (A) Venn diagram shows the comparison of KEGG orthologs (KOs) between bile and gut
strains. (B–D) Distribution of KEGG level C pathways of the bile-specific KOs (B), the bile-enriched KOs (C), and the gut-enriched KOs (D).

7α/β-dehydroxylation) (Supplementary Table 5). These genes
spanned all 35 genome-sequenced strains, suggesting that the
bile bacteria have widely participated in bile acid metabolism.
At the species level, Lysinibacillus sp. D060, Solibacillus silvestris,
Paenibacillus lautus, and the members of Klebsiella (i.e.,
K. aerogenes and K. pneumoniae) had the largest number of bile
acid metabolism genes.

Evaluation of Bile Salt Metabolism
Potentiality of Bile Bacteria
We evaluated the potential BSH and dehydroxylase activities in
24 strains, which were selected by phylogenetic tree based on
16S rRNA gene amplicon sequence by measuring the changed
concentration of free bile acids or secondary bile acids in
the supernatant of cultures. Paenibacillus sp. H203 (Ps) and
Lysinibacillus xylanilyticus Gute33 (Lx) were detected with strong
bile salt deconjugation capabilities. Cholic acid formed with GCA
substrate [586.1 ± 135 ng/ml (Ps), 445.4 ± 14.1 ng/ml (Lx)] and
1,500.6 ± 42 ng/ml (Ps), 1,525.4 ± 49 ng/ml (Lx) cholic acid

formed with TCA substrate (Figure 5A). Lysinibacillus sp. MJJ-
11 and Corynebacterium testudinoris DSM 44614 strain showed
the stronger capabilities of forming secondary bile acid, which
converted CA to DCA (Figure 5B).

DISCUSSION

The bile bacteria, including the Vibrio genus especially Vibrio
cholerae (Asnis et al., 1996), Escherichia coli, Klebsiella
spp., Enterococcus (Yun and Seo, 2018), Staphylococcus,
Corynebacterium (Backert et al., 2018), and Lactobacillus
salivarius, have been studied extensively (Woo et al., 2002).
Tajeddin et al. (2016) found that enterobacteria were the
dominant biliary bacteria based on cultivate-dependent
methods. As an alternative animal model of humans, most of the
bile and gall bladder bacteria of healthy pigs were Streptococcus
alactolyticus, Staphylococcus epidermidis, and Corynebacterium
testudinoris, which suggested that healthy host bile may also
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FIGURE 4 | Distribution of antibiotic resistance genes (ARGs) and virulence factors in the bile bacterial strains. Heat maps show the number of ARGs (A) and
virulence factors (B) for each strain.

FIGURE 5 | Detection of bile salt metabolism by bile bacterial strains. The concentration of metabolites (A) converted glycocholic acid (GCA) to cholic acid (CA) (red
bar), or taurocholic acid (TCA) to CA (blue bar) (B) converted CA to deoxycholic acid (DCA).

contain bacteria (Jimenez et al., 2014). In our previous research
and the work of others, the bile pathogenic bacteria were
considered a predisposing factor in gallbladder disorders (Liu
et al., 2015; Shen et al., 2015; Tajeddin et al., 2016). Furthermore,
metagenomic results indicated that many potential bile bacteria
still cannot be isolated and cultivated (Liu et al., 2015). With
more cultivated and detected conditions termed “culturomics”
emerging (Lagier et al., 2016), many previously unavailable “dark
matter bacteria” from bile would be isolated.

In this study, we characterized the isolated bacterial genome
from the fresh bile specimens from four cholecystitis patients

and evaluated its bile acid biotransformation ability in vitro.
Our results showed that the number of cultivable bile bacteria
exceeds expectations, spanning 138 bacterial isolates that were
distributed in 14 genera. In particular, three bacterial species
(i.e., Providencia sp. D135, Psychrobacter sp. D093, and Vibrio
sp. D074) were not represented in existing reference genome
databases. Enterobacteriaceae had the most isolated strains (28
strains) under aerobic conditions, in agreement with previous
studies (Tajeddin et al., 2016). Although there was little research
on bile anaerobes, we obtained 63 strains under anaerobic
conditions, however, most of them were facultative anaerobes.
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The possible reasons were the small sample size (n = 4)
and the nutrient composition of the medium, which was
not specifically optimized or not rich enough for bile
bacteria. For instance, Lagier et al. (2016) reported that liquid
media precultivation operation can effectively promote the
diversity of isolated bacteria. In addition, the centrifugal
operation may lose some lighter bacteria; therefore, after
centrifugation, the supernatant can be aseptically filtered (Spin-
X Centrifuge Tube Filter, Corning Inc.) and concentrated, and
the concentrated part will be used for cultivation to obtain
more bacteria. The isolated bacterial genomes could extend
the databases, which are the basis for metagenomics analysis
(Lagier et al., 2016).

Whole-genome sequencing was performed on 35 bacterial
species and compared with gut isolates. Our results showed that
many pathways, such as biofilm formation, ABC transporters,
and quorum sensing, were enriched in bile bacteria, which
may contribute to communicate with each other and resist the
antibacterial high concentration of bile salts (Davidson et al.,
2008; Moons et al., 2009; Rutherford and Bassler, 2012). Bile
salts promoted the biofilm formation of bile bacteria, and
the biofilms of bacteria-laden gallstones influenced the illness
severity (Stewart et al., 2007). Especially, the biofilm formation
ability seems to be a necessary condition for bile resistance
and polymicrobial infection in this organ (Tajeddin et al., 2016;
Zheng et al., 2017). Therefore, this high abundance of functional
pathways of bile bacteria, such as biofilm formation, was related
to its living environment and physiological characteristics.

Enterobacteriaceae had the largest isolated strains (28 strains)
under aerobic conditions in this study which was consistent
with the previous studies (Yun and Seo, 2018) and had been
identified to be closely related to cholecystitis in our previous
research (Liu et al., 2015). ARGs and virulence factors analyses
of the bacterial isolates further revealed that important Gram-
negative opportunistic pathogen of the Enterobacteriaceae, such
as Escherichia coli, Citrobacter sp. CRE-46, Klebsiella aerogenes,
and Klebsiella pneumoniae, encoded the higher number of ARGs
and the virulence factors than other bile species. This result
was inconsistent with those of previous studies that less than
5% resistance was observed in bile isolated bacteria against
carbapenem, beta-lactam antibiotics, glycopeptide antibiotics,
and linezolid via the antibiotic susceptibility tests (Yun and
Seo, 2018). This difference may be caused by different test
methods and their sensitivity. Therefore, the combination of
the bioinformatics and the verification of conventional drug-
susceptibility testing method on the pivotal isolates in the next
step may have positive significance in the quicker selection of the
most suitable antibiotics for clinical applications.

In humans, the major bile salts included taurocholic acid
(TCA) and glycocholic acid (GCA) derived from cholic
acid (CA), while taurochenodeoxycholic acid (TCDCA)
and glycochenodeoxycholic acid (GCDCA) derived from
chenodeoxycholic acid (CDCA). The salts of their 7-alpha-
dehydroxylated derivatives, deoxycholic acid (DCA), and
lithocholic acid (LCA), are also found, with derivatives of cholic,
chenodeoxycholic, and deoxycholic acids accounting for over
90% of human biliary bile acids (Hofmann, 1999). Bile acids are

closely related to human health and can be metabolized by gut
bacteria, which generated free bile acid by deconjugation and
generated secondary bile acids by 7α-and 7β-dehydroxylation,
such as deoxycholic acid and lithocholic acid (Ridlon et al.,
2016; Wang and Jia, 2016; Marion et al., 2019; Song et al., 2019;
Funabashi et al., 2020). Secondary bile acids, especially DCA,
have been listed as carcinogens and promoters of CRC (Yang
and Yu, 2018). High-fat diet-induced high levels of DCA in the
intestine are also considered an important risk factor for CRC.
Herein, based on the phylogenetic tree of isolates, we selected 24
bile bacterial strains and detected their bile salt deconjugation
and transformation abilities. Lysinibacillus genus had strong bile
acid biotransformation ability (Figure 5), which was consistent
with previous reports that Paenibacillus and Lysinibacillus widely
carried BSH (Song et al., 2019). This ability of bile bacteria
may allow them to overcome the bile salt damaging effect.
Although this study provided direct evidence in vitro for the bile
bacteria involved in the biotransformation of bile acid, however,
we are not sure that the bacteria-mediated transformations
occur in the gallbladder or not so far. The reason is that the
presence of in vivo bile acid transformations performed by certain
isolated microorganisms lacks rigor since the same strain may
display completely different functional performance between its
in vivo and in vitro activity (Marion et al., 2019). For instance,
Clostridium hiranonis did not deconjugate tauro-conjugated
bile acids in germ-free mice, although its ability to deconjugate
taurocholic acid (TCA) was shown in vitro (Narushima et al.,
1999). Importantly, our research results provided new insights
for screening bile salt metabolizing bacteria, which many studies
focused on gut bacteria (Lucas et al., 2021).

Our data helps in understanding the genetic basis of
the physiology, biochemical pathways, and evolution of the
isolates and provides a preliminary exploration in bile acid
transformations by bile bacteria; however, the sample size and
culture conditions were relatively small. Therefore, larger-scale
bacterial isolation and identification, more in-depth screening
isolates with bile acid transformation ability in vivo by metabolite
detection method, and verifying the impact of metabolite on
gallbladder and even whole-body health are to be investigated
in the next step.
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Brucellosis is an important zoonosis that is emerging in some regions of the world, gaining 
increased relevance with the inclusion of the causing agent Brucella spp. in the class B 
bioterrorism group. Until now, multi-locus VNTR Analysis (MLVA) based on 16 loci has 
been considered as the gold standard for Brucella typing. However, this methodology is 
laborious, and, with the rampant release of Brucella genomes, the transition from the 
traditional MLVA to whole genome sequencing (WGS)-based typing is on course. 
Nevertheless, in order to avoid a disruptive transition with the loss of massive genetic 
data obtained throughout the last decade and considering that the transition timings will 
vary considerably among different countries, it is important to determine WGS-based 
MLVA alleles of the nowadays sequenced genomes. On this regard, we aimed to evaluate 
the performance of a Python script that had been previously developed for the rapid in 
silico extraction of the MLVA alleles, by comparing it to the PCR-based MLVA procedure 
over 83 strains from different Brucella species. The WGS-based MLVA approach detected 
95.3% of all possible 1,328 hits (83 strains × 16 loci) and showed an agreement rate with 
the PCR-based MLVA procedure of 96.4% for MLVA-16. According to our dataset, 
we suggest the use of a minimal depth of coverage of ~50x and a maximum number of 
~200 contigs as guiding “boundaries” for the future application of the script. In conclusion, 
the evaluated script seems to be a very useful and robust tool for the in silico determination 
of MLVA profiles of Brucella strains, allowing retrospective and prospective molecular 
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INTRODUCTION

Brucellosis is one of the most common bacterial zoonosis 
causing great damage to the farming industry and public health 
(Franc et  al., 2018). The brucellosis burden specifically on 
low-income countries has led the World Health Organization 
(WHO) to classify it as one of the world’s leading neglected 
zoonotic diseases (WHO, 2020). However, given the absence 
of specific signs and symptoms, the disease is commonly 
underdiagnosed (Valdezate et  al., 2010).

Brucellosis is transmitted to humans by ingestion of 
unpasteurized dairy products or by direct contact with infected 
animals, placentas, or aborted fetuses (Young, 2005). It can 
constitute a severely debilitating illness, with diverse symptoms 
ranging from fever, sweating, fatigue, weight loss, headache, 
and joint pain. Neurological complications, such as personality 
changes, meningitides, encephalitis, and peripheral neuropathy, 
can also occur (Dean et  al., 2012).

The interest in human brucellosis has been boosted due to its 
recent re-emergence and enhanced surveillance worldwide and from 
the inclusion of the causing agent Brucella spp. in the group of 
class B bioterrorism agent (Franco et  al., 2007). A low infectious 
dose of 100–1,000 organisms is sufficient to cause an infection. 
The mechanisms of transmission, through aerosols or food chains, 
make them easily transmissible to both humans and animals (Tan 
et  al., 2015). Thus, the distinction between natural outbreaks and/
or intentional release of microorganisms may be  of fundamental 
importance in the context of the bioterrorism.

Studies enrolling DNA–DNA hybridization procedures and 
comparative genomics revealed that Brucella species are 
characterized by >80% interspecies homology and >98% sequence 
similarity (Whatmore et  al., 2006; Kattar et  al., 2008). Indeed, 
the sequencing of 16S rRNA gene showed 100% identity between 
all Brucella spp. (Gee et  al., 2004). The genus presently encloses 
12 genetically highly related species. Human brucellosis can 
be caused by various Brucella species; however, Brucella melitensis 
is the most virulent and by far the most frequently observed 
causative agent of human infection (Young, 2005; Georgi et  al., 
2017). On this regard, the identification of the circulating Brucella 
species, biovar, and genotype is very important, mainly for tracking 
back infectious sources and monitoring transmission routes 
(Pisarenko et  al., 2018). The species identification by PCR assays 
is sufficient for the purposes of diagnosis of human/animal disease 
or the detection of food contamination but not for the tracing 
of outbreaks or bioterrorism events (De Santis et  al., 2011).

To achieve the goal of sub-species discrimination, Variable 
Number Tandem Repeats (VNTR) have been investigated in 
multi-locus VNTR analysis (MLVA) by various research groups 
since 2003 (Bricker et al., 2003; Le Fleche et al., 2006; Whatmore 
et  al., 2006). This MLVA Brucella typing scheme has proved 
to have the ability to differentiate Brucella species, biovar, and 

even some isolates. This is facilitated do to the creation of an 
online database of MLVA-16 profiles (MLVA Bank, n.d.)1 that 
is available to all laboratories, allowing the comparison of 
Brucella strains worldwide (Le Fleche et  al., 2006; Mambres 
et  al., 2017; Sun et  al., 2017). The recent implementation of 
whole genome single nucleotide polymorphism (SNP)-based 
typing, associated with its decreasing costs, has led to substantial 
improvements of both molecular subtyping and phylogenetic 
analyses in microbiology. The development of core- and whole- 
genome multilocus sequence typing (MLST) schemes has been 
focused on the restrict number of bacterial pathogens, including 
Brucella spp. but their application may be  tricky (Tan et  al., 
2015; Janowicz et  al., 2018; Sankarasubramanian et  al., 2019). 
In fact, the creation of universal intra- or inter-species schemes 
needs to overcome some genetic hurdles such as the existence 
of paralogous genes, annotation issues, the accessory genome, 
and nomenclature-associated difficulties. Nevertheless, public 
databases for molecular typing and microbial genome diversity 
(PubMLST) are already available,2 allowing the use of whole 
genome sequences for typing purposes of multiple bacterial 
species. The same scenario is seen in the viral field as 
bioinformatics platforms were already developed, allowing the 
genotype determination from viral complete genomes, as for 
influenza virus and SARS-CoV-2 (Borges et  al., 2018).3 
Meanwhile, until whole genome data is fully established and 
accepted by the scientific community for classification/typing 
purposes in Brucella, the in silico determination of MLVA 
schemes can be of extreme utility. In fact, not only it overcomes 
the laborious PCR-based MLVA assessment but it also allows 
the dynamic cross-comparison with the typing-associated genetic 
data determined during the last decade. On this regard, a 
Python script has been developed focusing on the in silico 
determination of Brucella MLVA schemes taking advantage of 
the increasing number of sequenced genomes (Georgi et  al., 
2017). As no experimental validation of such script was 
performed, we  now aimed to evaluate the agreement among 
the MLVA profiles determined through PCR- and WGS-based 
approaches for strains from several Brucella species, in order 
to check the validity of such technological transition underlying 
the genetic characterization of Brucella.

MATERIALS AND METHODS

Samples
Eighty-three Brucella strains isolated in Portugal, Spain, Germany, 
Hungary, and Belgium were used in this study. This set comprises 

1 https://microbesgenotyping.i2bc.paris-saclay.fr
2 https://pubmlst.org/
3 https://insaflu.insa.pt/

epidemiological studies, which are important for maintaining an active epidemiological 
surveillance of brucellosis.
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essentially not only B. melitensis but also some representatives 
of B. suis, B. abortus, and B. ovis (Supplementary Table S1). 
Unfortunately, we had no access to the isolates of low prevalent 
species such as B. ceti, B. canis, and B. pinnipedialis. Brucella 
melitensis 16M strain (NC_003317 and NC_003318) was used 
as a reference strain.

All samples were handled in a BSL-3 biocontainment 
laboratory at the Portuguese National Institute of Health. Brucella 
isolates were cultured on blood agar for 3–5 days at 37°C 
under 5% CO2, and total DNA was extracted from fresh cultures 
on the NucliSens easyMAG platform (Biomerieux), according 
to the manufacturer’s instructions.

All strains were identified as Brucella species by real-time 
PCR, using a previously published assay (Pelerito et  al., 2017). 
The molecular methods used up to species differentiation were 
performed in a tandem fashion. Firstly, an “in house” real-time 
PCR using hydrolysis probes was used to detect and identify 
Brucella genus. Secondly, for species differentiation, primers 
and Taqman probes were designed within the BMEII0466 gene 
for B. melitensis and BruAb2_0168 gene for B. abortus (Gopaul 
et  al., 2008; Pelerito et  al., 2017).

MLVA Assays
Single locus amplification of the eight minisatelite loci (panel 
1) and eight microsatelite loci (panels 2A and 2B), that constitute 
the MLVA-16 assay, was performed as describe by Le Fleche 
(Le Fleche et al., 2006), with modifications by Garofolo (2015). 
MLVA PCRs were performed in four multiplex reactions in 
a final volume of 10 μl. The reactions contained: 1× Type-it 
Multiplex PCR Master Mix (Qiagen), 0.5× solution buffer, 
primers at appropriate concentrations, and 5 μl of DNA. The 
thermocycling conditions were as follows: 96°C for 5 min 
followed by either 30 (for multiplex 1, 3, and 4) or 24 cycles 
(for multiplex 2) of: 95°C for 30 s, 60°C for 90 s, and 72°C 
for 30 s; followed by 60°C for 30 min. Multiplex 2 was run 
for 24 cycles in order to contain VNTR amplification artifacts 
(Garofolo et  al., 2013). A 1.1 μl of each MLVA PCR product 
was mixed with 15 μl of formamide-diluted GeneScan 500 LIZ 
dye or GeneScan 1,200 LIZ dye size standards (Applied 
Biosystems), depending on the expected size of the fragments, 
and denatured at 96°C for 3 or 5 min, respectively. The mixtures 
were electrophoresed on an 8-capillary 3500 Genetic Analyzer 
equipped with 50 cm-long capillaries and POP7 polymer (Applied 
Biosystems). Estimation of molecular sizes of PCR products 
was obtained using GeneMapper software 6 (Applied Biosystems) 
with default analysis parameters. The reference B. melitensis 
16 M strain, for which the expected size is known for each 
VNTR locus, was used as control for allele’s assignment.

Whole Genome Sequencing
For each strain, WGS was performed as previously described 
(Pinto et al., 2018). Briefly, quantification and quality assessment 
of the purified DNA was performed using the DNA HS Assay 
Kit (Thermo Fisher Scientific) in the Qubit Fluorometer and 
agarose gel electrophoresis (0.8%), respectively. High-quality 
DNA samples were then used to prepare dual-indexed Nextera 

XT Illumina libraries that were subsequently subjected to cluster 
generation and paired-end sequencing (2 × 250 bp and 2 × 300bp) 
on a MiSeq Illumina platform (Illumina Inc.), according to 
the manufacturer’s instructions.

Reads quality control and bacterial de novo assembly were 
performed using the INNUca v4.0.1 pipeline,4 which consists 
of several integrated modules for reads QA/QC, de novo 
assembly, and post-assembly optimization steps. Briefly, after 
reads’ quality analysis (FastQC v0.11.5)5 and cleaning 
(Trimmomatic v0.36; Bolger et al., 2014), genomes were assembled 
with SPAdes 3.11 (Bankevich et  al., 2012) and subsequently 
improved using Pilon v1.18 (Walker et al., 2014), with genome 
coverage being monitored and reported after each processes. 
In order to evaluate the impact of the “post-assembly polishing” 
on the assembled genomes and subsequently on the in silico 
MLVA analyses, the SPAdes assemblies were also performed 
skipping the Pilon step. A final check was also performed. 
Considering that the in silico extraction of loci may be influenced 
by the quality of the assembled genomes, another largely used 
de novo assembler – Velvet (Zerbino and Birney, 2008) was 
applied through VelvetOptimiser v.2.2.5,6 for comparative 
purposes, with and without Pilon. The VelvetOptimiser script 
was run using trimmed reads for odd k-mer values ranging 
from 31 to 127 (highest k-mer used in SPAdes), with all 
program default settings unchanged apart from the minimum 
output contig size, which was the same as used by SPAdes.

WGS-Based MLVA
Bacterial draft genomes were subjected to a Python script for 
in silico extraction of Brucella MLVA scheme (with 16 loci) 
as previously described (Georgi et  al., 2017).7 This script is 
based on the count of repetitive DNA stretches contained 
within conserved DNA boxes that are upstream and downstream 
to the repetitions. As determining numbers of repeated stretches 
from WGS data may be  error-prone, we  carefully checked 
each locus in respect to the expected total length, internal 
repeat homogeneity or probability to get collapsed VNTRs 
during the assembly. All resulting MLVA 16 genotypes were 
compared to a public database with 2,215 entries of B. melitensis 
strains that can be  assessed online (Grissa et  al., 2008).8

Accuracy Evaluation of the WGS-Based 
MLVA Approach
To assess the performance of the WGS-based MLVA approach, 
we determined the percentage of agreement between PCR- and 
WGS-based MLVA methods by calculating the number of 
identical results (i.e., identical called alleles), divided by the 
total number of hits that were detected simultaneously by both 
approaches. Although the PCR-based MLVA approach is 
considered as the gold standard (with obvious accuracy increment 
after the optimization of the multiplex PCR with fluorescent 

4 https://github.com/B-UMMI/INNUca
5 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
6 https://github.com/tseemann/VelvetOptimiser
7 https://github.com/dinergate42/in-silico-typing
8 http://microbesgenotyping.i2bc.paris-saclay.fr/
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dyes for capillary electrophoresis), we  believe the use of the 
“total number of hits that were detected simultaneously by 
both approaches” as the denominator, as the most reasonable 
and cautious procedure. In fact, although some hits were 
exclusively detected by the PCR-based MLVA approach, the 
opposite scenario was also observed. The maximum number 
of possible hits is 1,328 (i.e., 83 strains × 16 loci).

Finally, for all strains, the performance of the bioinformatics 
script in extracting all MLVA loci was also evaluated by taking 
into account the quality of the draft genome generated by 
two assemblers (SPAdes and VelvetOptimiser) with and without 
“post-assembly polishing.” Briefly, for each condition, both the 
mean coverage depth and the number of contigs of each draft 
genome were correlated with the number of extracted alleles. 
Pearson’s coefficients (r) were measured to see potential linear 
associations. Nevertheless, as these final evaluations were done 
as complements of the major strategy, for the sake of clarity, 
whenever the text refers “WGS-based MLVA approach” it refers 
to the approach that used SPAdes with Pilon.

RESULTS

The performance of the WGS-based MLVA approach was 
assessed through the determination of the percentage of 
agreement with the results obtained by using the gold standard 
PCR-based MLVA. For the sake of clarity, we defined as “shared 
hits” the ones that were simultaneously detected by both 
approaches regardless their correct allele assignment. In this 
regard, the number of “matching alleles” was estimated using 
the number of “shared hits” as denominator.

Overall, the WGS-based MLVA approach detected 1,265 of 
the 1,328 possible hits (95.3%). One, two, and ≥3 loci yielded 
no results for 18 (21.6%), 7 (8.4%), and 7 (8.4%) of the strains, 
respectively (Figure  1). Regarding the PCR-based MLVA 
approach, it detected 1,269 (95.6%) hits, whereas one, two, 
and ≥3 loci yielded no results for 18 (21.6%), 8 (9.6%), and 
6 (7.2%) strains, respectively.

The allelic profiles obtained by both approaches are presented 
in Supplementary Table S2. Of the total 1,328 possible hits, 
1,222 (92.0%) were simultaneously detected by both approaches 
(“shared hits”), whereas 6.8% were differently detected solely 
by one approach. These discrepancies were mostly observed 
for loci Bru07 and Bru09 (both from panel 2B) and Bru11 
(from panel 1; Figure  2). Both MLVA approaches 
simultaneously failed the detection of 16 out of the 1,328 
hits (1.2%), where 12 fall in panel 2B, specially focusing 
loci Bru04 and Bru07.

The analysis per locus showed an agreement rate of MLVA 
profiles (ratio of “matching alleles” per number of “shared hits”) 
determined through PCR- and WGS-based approaches ranging 
from 89.9 to 100.0% (Figure  2). The discrepancies involved 
loci from all three panels, being more pronounced in six loci 
(Bru06, Bru12, Bru55, Bru19, Bru21, and Bru04). In general, 
the mean of agreement of MLVA profiles for all 16 loci was 
96.4%, revealing a high allele concordance between the 
two approaches.

We also inspected the quality of the draft sequences 
used as input because the Python script for in silico extraction 
of Brucella MLVA schemes is applied after the genome 
assembly and thus may be  dependent on the quality of 
the “reads.” The influence of the mean depth of coverage 
and number of contigs on the efficacy of the bioinformatics 
script is illustrated in Figure  3. As expected, a negative 
linear correlation was observed among the efficacy of the 
in silico extraction and the number of assembled contigs, 
with less partitioned genomes allowing the detection of a 
higher number of alleles. On the other hand, higher genome 
mean coverage depth seem to favour the in silico extraction 
of MLVA loci.

As a final assessment, the performance of the bioinformatics 
script was also evaluated by using as input draft genome 
sequences assembled with different assemblers (SPAdes versus 
VelvetOptimiser; Supplementary Figure S1). Curiously, although 
no significant differences were observed regarding the number 
of loci extracted both with and without “post-assembly polishing” 
(data not shown), we  observed that VelvetOptimiser was 
particularly affected by a low depth of coverage and genome 
fragmentation. In fact, for a mean depth of coverage <50 as 
well as for high fragmented genomes, the number of detected 
MLVA loci decreased more sharply when we used VelvetOptimiser 
than when SPAdes assemblies were used.

FIGURE 1 | Number of MLVA loci detected per strain through PCR- and 
WGS-based MLVA approaches. The data for each approach are disposed 
along the imaginary radius of the circle graph (one radius per strain). The 
WGS-based results are relative to the MLVA loci extraction using draft 
genomes assembled with SPAdes 3.11 (Walker et al., 2014) and 
subsequently improved with Pilon v1.18 (Bankevich et al., 2012) from the 
INNUca v4.0.1 pipeline (see methods for details).
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DISCUSSION

The control of brucellosis requires an accurate surveillance 
and the use of high discriminatory methods to characterize 
outbreak strains and determine the infection source and 
transmission routes. For many years, multiple typing methods 
were used for Brucella characterization at both species and 
biovar levels. These relied on host specificity, growth features, 
biochemical reactions, serotyping and bacteriophage typing, 
but they lacked discriminatory power (Sun et  al., 2017). 
There are some studies focusing the application of WGS-based 
approaches to Brucella spp., where strains from multiple 
species and locations are commonly included 

(Pisarenko et  al., 2018; Ashford et  al., 2020; Esquivel et  al., 
2020; Pelerito et al., 2020). Nevertheless, currently, PCR-based 
MLVA is the most widely used approach for outbreak 
investigations and is still considered the gold standard for 
Brucella typing. Although the traditional MLVA assay relies 
on singleplex PCR followed by gel electrophoresis, some 
laboratories have already adopted a less error-prone approach 
based on multiplex PCRs and multicolor capillary 
electrophoresis (Garofolo, 2015; Vergnaud et al., 2018). The 
sixteen markers enrolled in the MLVA-16 scheme are a 
combination of moderately variable (minisatellites, panel 
1) and highly discriminatory (microsatellites, panels 2A 
and 2B) loci (Al Dahouk et  al., 2007). A MLVA typing 

FIGURE 2 | Performance of the PCR- and WGS-based MLVA approaches per locus. The graph represents the number of strains (right YY scale), for which it was 
possible to determine an allele per locus using each approach. The green line shows the percentage of agreement (left YY scale) per locus between both 
approaches (i.e., when identical alleles were called between the two methodologies). The loci are grouped according to the MLVA-16 panel they belong to 
(i.e., Panel 1, Panel 2A, and Panel 2B). The WGS-based results are relative to the MLVA loci extraction using draft genomes assembled with the INNUca v4.0.1 
pipeline using Pilon v1.18 (Bankevich et al., 2012).

A B

FIGURE 3 | Influence of the mean coverage depth and number of contigs on the efficacy of the WGS-based MLVA extraction. The graphs show the 
correlation of the efficacy (measured by the number of loci for which an allele was called) of the bioinformatics script with the number of assembled contigs 
(A) and with the depth of coverage (B) after quality improvement. For (A,B), the tendency lines are shown with the respective equations and the Pearson 
coefficient (r). The WGS-based results are relative to the MLVA loci extraction using draft genomes assembled with the INNUca v4.0.1 pipeline using Pilon 
v1.18 (Bankevich et al., 2012).
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assay depends on the selection of markers which individually 
would not provide a relevant clustering. Taken separately, 
the Tandem Repeat markers are either not informative 
enough, are too variable or show a high level of homoplasy. 
As such, the combination of well selected independent loci 
may be highly discriminatory as previously shown for other 
species (Le Fleche et  al., 2006).

On behalf of the unavoidable transition from the classical 
typing to the WGS-based approaches, Python scripts were 
recently developed for the rapid in silico extraction of the 
Brucella MLVA alleles (Georgi et  al., 2017; Vergnaud et  al., 
2018). This will allow the assignment of the MLVA types 
in the genomic era, avoiding the undesirable loss of genetic 
information that has been provided during more than 
10 years by using the gold standard PCR-based MLVA typing. 
This is also important because the timings for the technology 
transition will vary considerably among different countries. 
As no experimental evaluation had been performed so far 
for one of those scripts (Georgi et  al., 2017), our main 
goal was to access its performance against the gold 
standard method.

Overall, the WGS-based MLVA approach detected 95.3% 
of all possible 1,328 hits and the agreement with the experimental 
method in detecting the correct alleles was found to be 96.4%. 
Despite this high level of agreement, some loci could not 
be  detected either by both or by solely a single approach. 
Although most of the loci did not simultaneously fail for several 
strains, it is worth highlighting Bru04 and Bru07 (both from 
panel 2B), for which the PCR-based MLVA approach failed 
for nine out of the 83 strains under study. We may hypothesize 
the occurrence of experimental difficulties associated with a 
less optimized PCR for these specific loci. However, we observed 
that Bru04 and Bru07 were also the loci for which the WGS-based 
MLVA approach most failed (for seven and 18 strains, 
respectively). We  speculate that this relies on the fact that 
these loci are among the ones with the shortest repetitive 
sequence stretches. This could hypothetically be  an obstacle 
for a more precise experimental distinction between the number 
of repeats. Bioinformatically, short repetitive stretches may 
eventually impact MLVA loci determination mainly when high 
genome fragmentation occurs.

According to the results obtained for the present dataset, 
we  observed that the performance of the WGS-based MLVA 
approach does not seem to be dependent on the post-assembly 
polishing but is clearly dependent on the depth of coverage 
and the degree of assembly fragmentation (where SPAdes 
performed better). Still, a minimal depth of coverage of ~50x 
and a maximum number of ~200 contigs (a range where 
both assemblers behaved similarly) seem to constitute guiding 
“boundaries” for the future application of the script. Of note, 
some failures underlying the WGS-based MLVA approach 
could hypothetically be  solved by the long-reads technology 
as it usually overcomes the assembly problems associated 
with the repeated sequences, although this technology is 
more prone to yield sequencing errors. On the other hand, 
the use of very short reads (e.g., 100 nt) may yield highly 
fragmented genomes and thus a more erroneous determination 

of the repeat number. In this study, we  used the Illumina 
technology with reads of 250–300 nt, which, together with 
a minimum depth of coverage of ~50x, yielded highly 
solid results.

In conclusion, although this study focused the most 
prevalent species (with emphasis in B. melitensis) the evaluated 
script seems to be  a very useful and robust tool for in silico 
extraction of MLVA types of Brucella strains, dealing with 
a large number of samples in a short time period, and 
allowing retrospective and prospective molecular 
epidemiological studies. This allows a continuous and 
non-disruptive transition to a new typing era by putting the 
newly sequenced strains in the frame of the genetic 
characterization obtained for thousands of isolates collected 
worldwide throughout the last decade. This will certainly 
be  important for public health reference laboratories to 
maintain an active epidemiological surveillance of brucellosis.
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The mite Otodectes cynotis is distributed worldwide and parasitism the ear canals
of cats and dogs, causing otitis externa. Molecular biology of O. cynotis is poorly
understood, with only a few genes being deposited in public databases. In the present
study, we aimed to perform transcriptome analysis of O. cynotis using SMRT and
Illumina sequencing of RNA from different development stages. SMRT-Seq of O. cynotis
demonstrated 5,431 final transcripts, including 406 long non-coding RNAs and 2,698
differentially expressed genes (DEGs), including 1,357 up-regulated genes and 1,341
down-regulated genes between adult mites and nymph/larva. A total of 397 putative
allergen genes were detected, 231 of which were DEGs. Among them, 77 were
homologous of known mite allergens. The expression level of allergen genes hints at
the pathogenicity of mites in different life stages, and the protein interaction network
analysis could identify possible key genes in the pathogenic mechanism. Intriguingly,
Gene Ontology analysis showed that most of the (DEGs) were associated with the terms
hydrolase activity and proteolysis. Kyoto Encyclopedia of genes and genomes (KEGG)
analysis identified drug metabolism-cytochrome P450 signal pathway as one of the
top pathways. SMRT-Seq of the full-length transcriptome of O. cynotis was performed
first, and a valuable resource was acquired through the combination analysis with the
Illumina sequencing data. The results of our analyses provide new information for further
research into Otodectes cynotis.

Keywords: Otodectes cynotis, SMRT, Illumina, different expressed genes, allergen

INTRODUCTION

The ear mite O. cynotis is the most common etiological agent of otitis externa in cats and dogs
(Bosco et al., 2019; Silva et al., 2020). It also parasitizes in the ear canal of ferrets, red foxes, and
terrestrial carnivores (Taenzler et al., 2017; Briceño et al., 2020; Fanelli et al., 2020; Huang et al.,
2020). Animals can be infected by direct or indirect contact with infected animals (Six et al., 2016).
A brown waxy substance can be found in the ear canal of mildly infested cats, which then form a
crust on the surface of the ear canal. As the irritation intensifies, itching becomes more and more
obvious. Cats keep shaking their heads, scratching their ears, and rubbing their ears on objects
due to the itching, resulting to hematomas and ulcers (Montoya, 2018). Cats may cramp or move
in circles in severe cases. In addition, purulent otitis externa can be caused by the occurrence
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FIGURE 1 | Adult O. cynotis mites.

of secondary bacterial infections (Roy et al., 2011). The life cycle
of O. cynotis is incomplete metamorphosis (egg, larva, nymph,
and adult) (Tonn, 1961). The mite is long-legged and can be
easily recognized as whitish spots in the ear canal. Underside
of its body, the chitinous bars behind the either front legs
meet to form a V shape, and the female mites have suckers
only on the front two pairs of legs (Figure 1). O. cynotis mites
live on the surface of the ear canal of cats and dogs (Curtis,
2004). They pierce the host skin with its mouthparts, and
feed on the lymph, tissue fluid, and blood of the host (Powell
et al., 1980), they cause stimulation of the parasitic site, leading
to dermatitis or allergic reactions (Montoya, 2018), causing
excessive keratinization and proliferation of epithelial cells
(Powell et al., 1980). Meanwhile, inflammatory cells, especially
mast cells and macrophages increase, and subcutaneous blood
vessels dilate (Kelleher, 2001).

Current research on O. cynotis focuses mainly on case reports,
drug treatments, and in vitro acaricidal (Carithers et al., 2016;
Yang and Huang, 2016). Only a few studies of its molecular
biology (Salib and Baraka, 2011; Taenzler et al., 2017). As a result,
there are only a limited number genes from O. cynotis mites
deposited in public databases (Hu et al., 2019). In the present
study, we aim to use single-molecule real-time sequencing
(SMRT-Seq) and Illumina based RNA-sequencing (RNA-Seq)
to obtain sequence information of O. cynotis mites, analyze
the expression of allergen genes at different life stages, and

determine the protein-protein interaction (PPI) network of
O. cynotis mites.

MATERIALS AND METHODS

Ethics Approval and Consent to
Participate
This study was approved by the Animal Care and Use
Committee of Sichuan Agricultural University (SYXK2019-187).
All animal procedures used in this study were carried out
in strict accordance with the guide for the Care and Use
of Laboratory Animals (National Research Council, Bethesda,
MD, United States) and the recommendations of the ARRIVE
guidelines.1 All methods were carried out in accordance with
relevant guidelines and regulations.

Sample Collection
O. cynotis mites were isolated from the crust in the ear canal
of naturally infested cats. Cats were obtained from the cattery
in Chengdu City. The veterinarian treated cats accordingly after
the crusts were taken. Crusts were incubated in petri dishes at
35◦C, and mites were collected every half an hour. Live mites
(larvae, nymphs, and adults) were identified depending on their
morphological criteria (Ahn et al., 2013). Samples that included
larva, nymph, and adult mites (Ocy_A_N_L) were utilized for
SMRT-Seq Meanwhile, nymph/larva mite samples (Ocy_N_L)
and adult mite samples (Ocy_A) were prepared for Illumina
sequencing. Each group comprised three samples.

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen,
Valencia, CA, United States), the mites were homogenized
by full grinding. The purity and concentration of the RNA
were evaluated using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Rockland, DE, United States) using
the OD260/280 ratio. The integrity of RNA was determined
using agarose gel electrophoresis on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, United States).

Single-Molecule Real-Time Sequencing
The Iso-Seq library of the Ocy_A_N_L group was prepared
according to the Isoform Sequencing protocol using the Clontech
SMARTer PCR cDNA Synthesis Kit and the BluePippin Size
Selection System protocol as described by Pacific Biosciences
(PacBio) (PN 100-092-800-03; Pacific Biosciences, Menlo Park,
CA, United States). Full length cDNAs were obtained, subjected
to DNA damage repair and end repair, and then ligated to
sequencing adapters and digested with exonuclease. Libraries that
met the quality criteria were sequenced on the PacBio Sequel
platform according to the effective concentration and data output
requirements of the library.

Illumina Sequencing
For the Ocy_N_L and Ocy_A groups, a total amount of 1.5 µg
RNA per sample was used as input material for the RNA

1http://www.nc3rs.org.uk/arrive-guidelines
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sample preparations. Sequencing libraries were generated using
NEBNext R© UltraTM RNA Library Prep Kit for Illumina R© (NEB,
United States) following manufacturer’s recommendations and
index codes were added to attribute sequences to each sample.
Briefly, mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer (5X). First strand cDNA was
synthesized using random hexamer primer and M-MuLV Reverse
Transcriptase (RNase H−). Second strand cDNA synthesis was
subsequently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3′ ends of
DNA fragments, NEBNext Adaptor with hairpin loop structure
were ligated to prepare for hybridization. In order to select cDNA
fragments of preferentially 250∼300 bp in length, the library
fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, United States). Then 3 µl USER Enzyme (NEB,
United States) was used with size-selected, adaptor-ligated cDNA
at 37◦C for 15 min followed by 5 min at 95◦C before PCR.
Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer. At
last, PCR products were purified (AMPure XP system) and library
quality was assessed on the Agilent Bioanalyzer 2100 system.
The clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq PE Cluster Kit v3-
cBot-HS (Illumina) according to the manufacturer’s instructions.
After cluster generation, the library preparations were sequenced
on an Illumina Hiseq platform NovaSeq 6000 (Illumina, San
Diego, CA, United States) and 125 bp/150 bp paired-end reads
were generated. The fastp (0.19.7, -g -q 5 -u 50 -n 15 -l 150)
was used to conduct quality control on Illumina raw data.
Raw reads of fastq format were firstly processed through in-
house perl scripts. In this step, clean reads were obtained by
removing reads containing adapter, reads containing ploy-N
and low-quality reads from raw reads. At the same time, Q20,
Q30, and GC content the clean data were calculated. All the
downstream analyses were based on the clean data with high
quality.

Single-Molecule Real-Time Reads
Processing
Sequence data were processed using the SMRTlink 7.0 software
(PacBio). Circular consensus sequences (CCSs) were generated
from the subread BAM files. The CCS.BAM files were used
as the output, which were then classified into full-length
and non-full-length reads using Lima (PacBio), and polyA
sequences were removed using refine (PacBio). The full-
length fasta files produced were then subjected to isoform-level
clustering [n∗log(n)]. Additional nucleotide errors in consensus
reads were corrected using the Illumina RNAseq data using
the software LoRDEC (V0.7;-k 23;-s3) (Salmela and Rivals,
2014). Any redundancy in the corrected consensus reads was
removed using CD-HIT (v4.6.8; -c0.95; -T6; -G0; -aL0.00; -
aS0.99; -AS30) (Fu et al., 2012) to obtain final transcripts for
subsequent analysis.

Functional Annotation of Genes
Non-redundant transcript sequence obtained after CD-HIT
deduplication were regarded as genes and were grouped and
mapped to seven protein and nucleic acid databases to obtain
gene annotation information. These databases included the NCBI
non-redundant protein sequence database (NR) (Li et al., 2002),
NCBI nucleotide sequences (Nt), Protein family (Pfam) (Finn
et al., 2016), Clusters of Orthologous Groups of proteins and
euKaryotic Ortholog Groups (KOG/COG) (Tatusov et al., 2003),
a manually annotated and reviewed protein sequence database
(Swiss-prot) (Bairoch and Apweiler, 2000), Gene Ontology (GO)
(Ashburner et al., 2000) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa et al., 2004). For BLAST searching,
we set the e-value to “1e-5” in the NT database analysis and used
the Diamond BLASTX software (v0.8.36) and set the e-value to
“1e-5” for the NR, KOG, Swiss-Prot, and KEGG analyses.

Long Non-coding RNA (lncRNA)
Prediction
PLEK (version 1.2)2 (Li et al., 2014) and CNCI (version 2)3 (Sun
et al., 2013) were used to predict the gene coding potential of
transcripts obtained after CD-HIT deduplication. Then, genes
predicted from PLEK and CNCI were blast searched against
databases of known proteins using CPC (2.0)4 (Kang et al.,
2017). The transcripts predicted by PLEK, CNCI, and CPC were
subjected to hmmscan homologous searching (PfamScan, 1.6)5

in the Pfam database. Transcripts that predicted by PLEK, CNCI,
and CPC software, and homologous searched with Pfam database
were putatively identified as lncRNAs.

Identification of Differentially Expressed
Genes and Functional Categorization
The clean reads from Illumina RNA-Seq were mapped back
onto the final transcript sequences from SMRT-Seq by using
Bowtie (version V2.3.4, -q;–phred33;–sensitive;–dpad 0;–gbar
99999999;–mp 1,1;–np 1;–score-min L,0,-0.1;-I 1;-X 1000;–no-
mixed;–no-discordant;-p 8;-k 30) (Supplementary Table 1).
Gene expression levels were calculated by RSEM (V1.3.0, –
phred33;-quals;–forward-prob 0.5;–time) with FPKM (expected
number of Fragments Per Kilobase of transcript sequence per
Millions base pairs sequenced) method. Differential expression
analysis of the Ocy_N_L group and the Ocy_A group was carried
out using the DESeq2 R package (1.16.1) (Love et al., 2014).
DESeq2 provides statistical routines to determine differential
expression in digital gene expression data using a model based
on the negative binominal distribution.

The resulting P-values were adjusted using the Benjamini and
Hochberg’s approach to control the false discovery rate. Genes
with an adjusted P-value < 0.05 found by DESeq2 were assigned
as differentially expressed.

2https://sourceforge.net/projects/plek/
3https://github.com/www-bioinfo-org/CNCI
4http://cpc2.gao-lab.org/download.php
5https://www.ebi.ac.uk/seqdb/confluence/display/THD/PfamScan
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Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Analysis of
Differentially Expressed Genes
Gene Ontology (GO) enrichment analysis of Differentially
Expressed Genes (DEGs) was implemented by the GOseq
(version 1.10.1),6 in which gene length bias was corrected. GO
terms with corrected P-value less than 0.05 were considered
significantly enriched by the DEGs. KEGG is a database
resource for understanding high-level function and utilities of the
biological systems, such as cells, organisms, and ecosystems, from
molecular level information, especially large-scale molecular
datasets generated by genome sequencing and other high-
throughput experimental technologies.7 We got KOBAS software
(version 3.0)8 to test the statistical enrichment of DEGs
in KEGG pathways.

Protein-Protein Interaction Network
Construction and Hub Gene
Identification
The PPI network for the O. cynotis gene products was
predicted using Search Tool for the Retrieval of Interacting
Genes (STRING, version 11.0)9 online database. The PPI
network was analyzed using Cytoscape software (version
3.5.1),10 which also calculated the degree of each protein
node. The genes with the top 10-degree scores were
identified as hub genes.

Analysis of Allergen Genes
The 5,431 final transcripts of O. cynotis demonstrated
from SMRT-Seq were BLAST (e-vaule;10e-5) searched
against allergen sequences from the allergome database
website11 to obtain homologous sequence. These homologous
sequences can be regarded as putative allergen genes
(Chruszcz et al., 2018). The sequence homologs of known
mite allergens and the DEGs were filtered from the
putative allergen genes.

Quantitative Real-Time Reverse
Transcription PCR Identification
Sixteen genes were selected to validate their expression levels
using quantitative real-time reverse transcription PCR (qRT-
PCR). Among these genes, five were hub genes from PPI network
analysis, and eleven genes are putative allergen genes with
high FPKM values in the Ocy_N_L and Ocy_A groups. The
qRT-PCR analysis was carried according to previous research
(He et al., 2019).

6http://www.bioconductor.org/packages/release/bioc/html/goseq.html
7http://www.genome.jp/kegg/
8http://bioinfo.org/kobas/download/
9http://string-db.org/
10https://cytoscape.org
11http://www.allergome.org/

RESULTS

Transcriptome Analysis Using PacBio
Sequel
The full-length transcriptome of O. cynotis mite was generated
by PacBio Sequel. In total, 12,842,815 subreads with an average of
1,417 bp from 18.2 Gb of data were obtained. Then 191,632 CCS
were generated after removing adapters and artifacts, including
113,064 full-length non-chimeric (FLNC) reads. The length of the
FLNCs ranged from 50 to 14,775 nt, with an average of 1,679 nt.
The number of polished consensus sequences was 14,210, and
the mean length of polished consensus sequences was 1,653 nt
(range = 57–8,193 nt). After removing redundant sequences from
the corrected consensus reads by CD-HIT, 5,431 final transcripts
with an average of 1,774 nt were obtained for subsequent analysis.

Functional Annotation of Genes
A Venn diagram of the gene functional annotation from five
databases is given in Supplementary Figure 1. The diagram
shows the transcript numbers annotated in the different
databases, and the overlapping relationship between these five
databases. A total of 1,260 transcripts were annotated in the Nt
database; 3,683 in the Pfam database; 3,692 in the KOG/COG
database; 3,908 in the Swiss-prot database, and 3,684 and
4,128 in GO and KEGG databases (Supplementary Figure 2),
respectively. In the GO annotation, 5,510; 7,723; and 4,369 genes
were annotated in the cellular component, biological process,
and molecular function categories, respectively (Figure 2). The
homologous species of O. cynotis were predicted by sequence
alignment based on hits from the NR database. Of all the
gene hits to NR from BLASTx, the transcripts had the highest
number of hits to Sarcoptes scabiei (3,138 genes), followed by
Rhagoletis zephyria (711 genes), and Tetranychus urticae (172
genes) (Supplementary Figure 3).

LncRNA Prediction
We identified 406 lncRNAs of 5,431 genes (S1), as showed in the
Venn diagram of the number of LncRNAs predicted according to
CNCI, Pfam, Plek, and CPC analyses (Supplementary Figure 4).
Two of these lncRNAs were nearly 3,000 nt. The functions of
these lncRNAs will be characterized in a future study.

Gene Expression Level Analysis
To assess the changes in gene expression levels in the different
life stages of O. cynotis, Illumina sequencing clean reads
were compared to the set of final transcripts obtained from
PacBio sequencing. Genes expression levels were quantified using
Fragments Per Kilo-base of transcript per Million mapped reads
(FPKM). The number of genes with different FPKM values from
six samples is shown in Figure 3. Over 40% genes in the adult
mites had a highest FPKM of more than 60, whereas, the FPKM
values of more than 40% of the nymph/larva mites genes were
located between 15 and 60. To evaluate the reproducibility of
the RNA-Seq data from the three biological replicates for each
sample, the Pearson correlation analysis was conducted using
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FIGURE 2 | Gene Ontology (GO) functional annotation of O. cynotis genes.

FIGURE 3 | The gene numbers for different Fragments Per Kilo-base of transcript per Million mapped reads (FPKM) values of adult mites vs. nymph/larva mites.
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FIGURE 4 | (A) Map of the number of differentially expressed genes. (B) Cluster map of DEGs.

the R2 values of all six samples. The average correlation of
gene expression level among biological replicates were 0.9733
and 0.9697 in adult and nymph/larva mites, respectively, which
demonstrated good reproducibility of the gene expression results.

Identification of Differentially Expressed
Genes and Functional Categorization
We identified 2,698 DEGs, among which 1,357 genes were up-
regulated and 1,341 genes were down-regulated (Figure 4A).
A heat map of all the DEGs was established (Figure 4B).
A Venn diagram showed that 5,191 and 5,201 genes were
expressed in adult mites and nymphs/larvae mites, respectively.
Moreover, 23 and 33 genes were expressed only in adult mites
and nymphs/larvae, respectively (Figure 5).

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Analysis of
Differentially Expressed Genes
Gene Ontology analysis of DEGs indicated that 1,471 DEGs
were enriched in the biological process category, 384 DEGs
were enriched in the cellular process category, and 785 DEGs
were enriched in the molecular process category. Intriguingly,
in the molecular process category, more than 500 DEGs were
associated with the term “catalytic activity” and over 200 DEGs
were associated with the term “hydrolase” activity. In the

biological process category, DEGs were mainly associated with
the terms “single-organism metabolic process” and “proteolysis.”
The main KEGG pathways associated with the DEGs were
“Lysosome,” “Phagosome,” “Drug metabolism -cytochrome
P450” and “Rheumatoid Arthritis” signaling pathways. DEGs-
enriched KEGG pathways scatter diagram is shown in Figure 6.

FIGURE 5 | A Venn diagram of differentially expressed genes (the criteria for
differential gene screening are |log2(FoldChange)| > 0&qvalue < 0.05).
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FIGURE 6 | DEGs-enriched Kyoto Encyclopedia of genes and genomes (KEGG) pathways scatter diagram (q-value is the p-value corrected by multiple hypothesis
test, the value range of q-value is [0,1]).

FIGURE 7 | Quantitative real-time reverse transcription PCR (qRT-PCR) of hub genes and putative allergen genes (relative expression of Ocy_N_L groups to Ocy_A
groups).
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Protein-Protein Interaction Network
Construction and Hub Gene
Identification
The PPIs among final transcripts from PacBio sequencing and
DEGs were predicted using STRING tools. The analysis identified
49 nodes and 147 edges among the final transcripts; and 26
nodes and 47 edges among the DEGs. The results showed
that FBpp0079187 and FBpp0085265 were both hub genes
among final transcripts and DEGs. The hub genes are listed in
Supplementary Table 2.

Analysis of Allergen Genes
According to the results from the putative allergen analysis, 397
putative allergen genes were obtained from the final transcripts,
among which 231 were DEGs. Seventy-seven sequences were
homologs of known mite allergens from Dermatophagoides
farinae, Dermatophagoides pteronyssinus, Tyrophagus
putrescentiae, Euroglyphus maynei, and Lepidoglyphus destructor.

Quantitative Real-Time Reverse
Transcription PCR Validation of
Differentially Expressed Genes
Five hub genes and 11 putative allergen genes were selected to
validate their expression levels using qRT-PCR. Furthermore,
a comparison between the expression value of qRT-PCR and
the FPKM was conducted. Two of these hub genes were all
outstanding genes with a high degree of connectivity in the PPI
network among the final transcripts and DEGs. Selected putative
allergen genes were from those with the top 30 FPKMs in both
of adult mites and nymphs/larvae. The relative expression levels
of these sixteen genes are presented in Figure 7. The results of
the analysis indicated that the expression levels of selected genes
determined using RNA-Seq were reliable.

DISCUSSION

In this study, a combination of SMRT and Illumina sequencing
was applied to identify DEGs between the different development
stages of O. cynotis. Illumina sequencing is limited to the
assembly of full-length transcripts, whereas SMRT-Seq
overcomes these limitations by mostly generating the full-length
transcript as one read (Rhoads and Au, 2015). Bioinformatic
tools, such as LoRDEC and CD-HIT could rectify the errors
of SMRT reads (Li et al., 2017; Xiao et al., 2017). After SMRT
sequencing and processing, the maximum length of final
transcripts was 8,193 nt and the N50 of these transcripts were
2,059 nt, with an average of 1,774 nt. Functional annotation
analysis showed that the transcripts had the highest number of
hits to S. scabiei in NR BLASTx, probably because S. scabiei and
O. cynotis are mites that both belong to Arthropoda, Arachida,
Arcarina. However, S. scabiei belongs to the Sarcoptidae and
O. cynotis belongs to the Psoroptidae.

LncRNAs are key molecules that regulate gene expression and
have become a hot topic in biology (Luo et al., 2017; Jia et al.,
2018). To accurately predict lncRNAs, PLEK and CNCI were

used to predict the gene coding potential of the final transcript
sequences, identifying 4,831 and 4,624 transcript sequences,
respectively. Then, 707 and 1,600 transcript sequences were
obtained from CPC and Pfam database analyses. In the Pfam
database, Pfam-A database records the high-quality domains of
most known proteins and the Pfam-B database covers the domain
families more comprehensively, which made the gene coding
potential prediction more accurate. Ultimately, 406 lncRNA
sequences were predicted. Supplementary Figure 5 shows that
the average length of the mRNAs was 8,193 nt, whereas that of the
lncRNAs was 3,377 nt. The functions of these putative lncRNAs
require further study.

DEGs analysis identified 23 genes that were unique to adult
mites and 33 genes that were unique to nymphs/larvae. Among
the genes unique to adults, functional annotation predicted that
three of them encoded autophagy protein 6, colincin immunity
protein, and acetylcholinesterase. Among the genes unique
to nymphs/larvae, functional annotation predicted that three
of them encoded protein kinase domain, cystathionine beta-
synthase-like, and major facilitator like protein 5. However, some
of these unique genes had no annotation in the seven databases.
These genes might have crucial functions in the development,
reproduction, and pathogenic mechanism of the different life
stages of O. cynotis mites.

Differential gene expression analysis identified 2,698 DEGs
(1,357 up-regulated and 1,341 down-regulated) between adult
mites and nymphs/larvae. Gene Ontology analysis of the DEGs
indicated that genes involved in catalytic activity, hydrolase
activity and proteolysis might play a significant role in the life
stages of mites. Proteases are the main allergens of the house
dust mite, and the hydrolysis of these proteases is reported to
promote and aggravate the allergic reaction and inflammatory
responses of the host (Stewart and Robinson, 2003). In Psoroptes
ovis (P. ovis) infections, proteases can degrade fibrinogen to
provide a flow of serous exudate from the host (Kenyon and
Knox, 2002). For S. scabiei infections, aspartic protease can
digest serum molecules and skin from the host (Mahmood
et al., 2013). Equally, hydrolases might also help to mite survival
and invasion. The enrichment of the DEGs in proteolysis and
hydrolase activity could explain how the mites in different
life stages have different abilities to invade host skin, i.e., the
hydrolases and proteases might participate in the invasion of
O. cynotis mites.

In the KEGG pathway analysis of DEGs, the up-regulated
genes were enriched in 243 pathways and the down-regulated
genes were enriched in 231 pathways. The KEGG pathways are
illustrated in Figure 6, including both up-regulated and down-
regulated genes. These pathways were “Lysosome,” “Phagosome,”
and “Drug metabolism Cytochrome P450” signaling pathways;
however, the top pathway enriched for the down-regulated genes
was the oxytocin signaling pathway (30 DEGs). The hub genes
selected in the PPI network might have pivotal roles in the
development of O. cynotis mites. FBpp0079187 and FBpp0085265
were hub genes defined in both the final transcripts and DEGs.
FBpp0079187 was annotated as receptor of activated protein
C kinase 1-like (RACK1-like) in the NR database. RACK1 is
a candidate interacting protein for establishing infection of
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Bombyx mori cypovirus (Zhang et al., 2017). RACK1 participates
in physiological process, such as development, system function,
and circadian rhythm. Moreover, it plays a significant role
in shuttling proteins around the cell, anchoring proteins at
particular locations, and stabilizing protein activity (McCahill
et al., 2002; Adams et al., 2011). FBpp0085265 was annotated
as elongation factor 2-like (eEF2-like) in the NR database.
eEF2 has an essential role in protein synthesis, in which it
catalyzes the translocation of tRNA and mRNA (Carlberg et al.,
1990; Kaul et al., 2011). These two hub genes were the top
two DEGs among the hub genes, which suggested that the
main difference between adult mites and nymph/larva mites
was in the life processes of development system function and
circadian rhythm.

O. cynotis mites are the most common etiological agent of
otitis externa in cats and dogs, which feed on lymph, tissue fluid,
and blood of the host. When mites invade a host, dermatitis
or allergic reactions occur. Allergic reactions can be protective,
but can also be harmful to the host, leading to tissue damage
and immunological hypersensitivity. The ability of an antigen
to induce allergic sensitization is called allergenicity (Thepen
et al., 1992; Hales et al., 2006; Chapman et al., 2007; Tsolakis
et al., 2018). Allergens of mites could promote inflammation
and allergic reactions, including rhinitis, asthma, and dermatitis
(Aalberse, 2000; Arlian, 2002; Stewart and Robinson, 2003). In
the present study, 231 transcript sequences were predicted to be
homologous genes of allergens, and 77 of them were homologous
genes of known mite allergens. These genes might be the main
participants in the pathogenesis of O. cynotis mites. The role
played by allergens in house dust mite infections has made
them a hot topic in mite research. House dust mite allergens
were identified to increase the allergic immune response of
the host by cleaving IgE receptors and boosting the innate
immune response (Gough et al., 1902; Trompette et al., 2008;
Mizuma et al., 2016). Twenty-one house dust mite allergens
have been widely studied, including their structure, chemical
and biological properties (Thomas et al., 2010; Fischer and
Walton, 2014). Several other allergens were predicted in the
genome or transcriptome of S. scabiei and P. ovis, such as
triosephosphate isomerase, chitinase-like protein, Pso 1, Pso 2,
Pso 10, and Pso 11 (Temeyer et al., 2002; Nisbet et al., 2006,
2007; He et al., 2017, 2018; Korhonen et al., 2020). Moreover, a
series of sequences homologous to known mite allergens were
predicted in the transcriptome of Chorioptes texanus (He et al.,
2019). These findings highlight that mite allergens might also
play a crucial role in the pathogenesis of chorioptic mange. In
the present study, the allergens selected for qRT-PCR verification
were homologous to mite allergens, such as Der p 2, Ferritin,
Fatty acid-binding protein, Tropomyosin, High molecular weight
allergen M-177, Der f 30 allergen, Group 14 allergen protein,
HDM allergen, Der f 13 allergen, Eur m 1, and Der f 39.
In total, we predicted 77 genes in O. cynotis mites that were
homologous to known allergen sequences; however, the functions
of these sequences require a further investigation. Research
concerning allergens from the house dust mite, S. scabiei, P. ovis
and other mites will provide the basis for further research into
O. cynotis allergens.
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