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Editorial on the Research Topic

Evolutionary Mechanisms of Infectious Diseases

Infectious diseases have been and continue to be one of the major causes of mortality around the
world, posing significant health, social, and economic burdens. According to the World Health
Organization (WHO), three infectious diseases (lower respiratory infections, diarrheal diseases,
and tuberculosis) are among the top 10 causes of death. Infectious pathogens continue to emerge
and re-emerge, underscoring considerable epidemic challenges to public health (Fauci, 2005;
Watkins, 2018).

Evolution plays an important role in infectious diseases (Antia et al., 2003; Chabas et al., 2018;
Echaubard et al., 2018). Driven by constant arms race between microbial pathogens and their
hosts, pathogens evolve mechanisms to evade host defense (Hilleman, 2004; Van Avondt et al.,
2015; Bernard et al., 2018), develop drug resistance (Nathan and Cars, 2014; Laxminarayan et al.,
2016; Haldar et al., 2018), adapt to host environment (Sperandio, 2018; Beekman and Ene, 2020),
compete with host microbiota (Vonaesch et al., 2018; Tsolis and Baumler, 2020), evolve virulence
(Berngruber et al., 2013; Cressler et al., 2016; Geoghegan and Holmes, 2018), and spread and
transmit to new hosts (McCallum et al., 2001; Antonovics et al., 2017). A better understanding
of the key evolutionary features of infectious diseases such as pathogenicity, infectiousness, and
transmissibility could result in effective prevention and control strategies.

Evolutionary processes of infectious diseases reflect temporal and spatial dynamic
host-pathogen relationships, which may be revealed in genome structures and organization,
population dynamics, and host/vector physiological systems. Recent efforts that bring together
high-throughput omics technologies and big data analytical approaches have contributed to new
insights of these processes (Cowell andWinzeler, 2019; Khan et al., 2019; Ball et al., 2020). The goal
of this Research Topic is to provide a forum for sharing ideas, tools, and results among researchers
from fields of evolutionary biology, infectious diseases, microbiology, genomics, and epidemiology.
The Topic is mainly focused on recent progress in using multidisciplinary approaches to the studies
of the evolutionary mechanisms of pathogenesis, virulence, host immunity, population dynamics,
and epidemiology.

We sincerely thank all researchers who have contributed to our Research Topic. This collection
of 21 articles is divided into four sections. The first section includes six articles focusing on
Coronavirus disease 2019 (COVID-19) and its causative agent severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). As of February 2021, over 104 million COVID-19 cases have
been confirmed worldwide, including over 2.2 million deaths (https://covid19.who.int/) since
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the emergence of the pandemic in December 2019 (Sohrabi
et al., 2020; Yang et al., 2020). The six articles in this section
offer new insight into the evolutionary and structural features of
SARS-CoV-2: (1) Xing et al. develop a freely available program,
MicroGMT, to identify and characterize mutations in microbial
genomes, with the default setting optimized for SARS-CoV2. (2)
Shen et al. present a comprehensive genomic epidemiology study
that reveals a haplotype pattern of geographical specificity at the
city-, state-, and country-levels, supporting the effectiveness of
travel restriction in preventing widespread transmission. (3) Lv
et al. describe a comparative genomic analysis between human
SARS-CoV-2 and its close relative Bat-CoV RaTG13, and identify
mutation patterns indicative of stronger purifying selection
occurred in SARS-CoV-2. (4) The article by Liu S. et al. extends
this topic. Distinct genomic single nucleotide variation signatures
are identified in more than 30,000 SARS-CoV-2 genomes, which
may have functional consequences due to the viral genetic
instability (Liu S. et al.). (5) Readers interested in SARS-CoV-2
pathogenesis will appreciate a timely report by Liu T. et al. on
the features and evolutionary difference of viral gene expression
and fusion events in the SARS-CoV-2 infected cells from the
patients withmoderate and severe COVID-19. (6) Cui and Zhang
report the presence of G-Quadruplexes in human coronaviruses
including SARS-CoV-2, suggesting targeting G-Quadruplexes as
a potential avenue to COVID-19 therapeutics.

The second section is devoted to the evolutionarymechanisms
of bacteria. We are glad to present three review articles:
Tuberculosis, one of the oldest known human infectious
diseases, remains one of the major causes of mortality globally.
Allué-Guardia et al. present a timely review to address
the interactions of Mycobacterium tuberculosis with the lung
environment and how these interactions may drive phenotypes
of M. tuberculosis with a particular emphasis on drug resistant
M. tuberculosis. Chomkatekaew et al. present the evidences
and their perspective on the genetic and genomic diversity
of Burkholderia pseudomallei, the cause of a lethal tropical
disease melioidosis, and shed light on the evolutionary arms
race between the bacterial pathogen and the host. The article by
Tang et al. provides a succinct review regarding the pathogenesis
and epidemiology of Klebsiella pneumoniae, the causative agent
of a range of respiratory tract, urinary tract, and bloodstream
infections. Two of the four original research articles are focused
on evolutionary mechanisms of antibiotic resistance. The article
by Black et al. highlights the increasing of non-carbapenemase
producing Enterobacterales (NCPE) in south Texas. Their
findings may have a direct impact on treatment regimens for
patients. Javed et al. report a nice experimental evolution study
of an extensively drug resistant (XDR) strain of Pseudomonas
aeruginosa, an opportunistic pathogen leading to widespread
infection and outbreak in hospitals. Their study demonstrates
that the acquisition of antibiotic (colistin) resistance can affect the
level of virulence (Javed et al.). Using a molecular evolutionary
analysis approach, Yamaguchi et al. report the role of BgaA as
a pneumococcal virulence factor in Streptococcus pneumoniae, a
common cause of community-acquired pneumonia. Hassan et al.
study and compare the genetic changes and adaptation that occur

to two different Burkholderia species during co-infection of a
cystic fibrosis patient’s lungs over 4.4 years.

The third section is composed by seven articles on eukaryotic
pathogens. Four articles are focused onmalaria, a life-threatening
mosquito-borne infectious disease. We highly recommend
an excellent review article by Su et al. which addresses
how the malaria parasites and their hosts interact, with a
particular emphasis on the evolutionary impacts of recent
human interventions such as drug and vaccine development.
Three of the original articles address different important issues
in malaria research: Brashear et al. present the draft of de
novo genome assembly of four new Plasmodium vivax clinical
samples collected in the China-Myanmar border area. The study
provides new insight into genetic diversity and copy number
variations of P. vivax multigene families (Brashear et al.).
Huang et al. genotype the parasites from Southern China and
present evidence for a genomic population with drug resistance.
The study also demonstrates the utility of SNP microarrays
for large-scale parasite molecular epidemiology (Huang et al.).
Further on the application side, Mu et al. develop a novel,
highly sensitive and accurate detection method for malaria
parasite infection via integration of inductively coupled plasma
mass spectrometry (ICP-MS) and Gold nanoparticles (AuNPs).
Three articles in this section study evolutionary mechanisms of
other eukaryotic pathogens. Cryptosporidium and Giardia cause
intestinal illnesses in humans and animals. Wu et al. describe the
first molecular epidemiological investigation of Cryptosporidium
spp. and G. duodenalis, in humans in Myanmar, indicating
the large potential of zoonotic transmission. The article by
Palevich et al. describes a comprehensive analysis of the complete
mitochondrial genomes of the New Zealand field strains
of Haemonchus contortus and Teladorsagia circumcincta, two
gastrointestinal nematodes. Using multilocus sequence typing,
Liu X. et al. identify genetic diversity and clonal population
structure in isolates of Enterocytozoon bieneusi, a unicellular
microsporidian parasite closely related to fungi.

The last section of the collection includes an interesting
piece of work by Shen-Gunther et al. on host-pathogen
interactions. The article reports a large-scale validation study
for the development of a panel of markers for the prediction
of severity of cervical cancer (Shen-Gunther et al.). This panel,
namely molecular pap smear, may have clinical applications
since it captures pathogen and host specific signature related to
pathogenicity and host susceptibility.

In summary, this collection of 21 articles covers a
variety of topics in evolutionary mechanisms of infectious
diseases, including the role of factors that influence pathogen
virulence and host susceptibility, the role of genetic variation
and population dynamics on pathogenesis, the role of
medical interventions on drug resistance, and the role
of disease control interventions on pathogen emergence
and transmission. We hope that the Research Topic will
be useful for a wide audience, particularly evolutionary
biologists, microbiologists, infectious disease researchers and
clinicians, genome scientists, systems biologists, graduate, and
undergraduate students.
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With the continued spread of SARS-CoV-2 virus around the world, researchers
often need to quickly identify novel mutations in newly sequenced SARS-CoV-2
genomes for studying the molecular evolution and epidemiology of the virus. We have
developed a Python package, MicroGMT, which takes either raw sequence reads or
assembled genome sequences as input and compares against database sequences
to identify and characterize indels and point mutations. Although our default setting
is optimized for SARS-CoV-2 virus, the package can be also applied to any other
microbial genomes. The software is freely available at Github URL https://github.com/
qunfengdong/MicroGMT.

Keywords: COVID-19, SARS-CoV-2, molecular evolution, epidemiology, bioinformatics, mutation, microbial, virus

INTRODUCTION

Since the first submission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
genome sequence to GISAID on January 10th, 2020, there have already accumulated 34786
sequences at GISAID by May 31st, 2020 (Elbe and Buckland-Merrett, 2017; Shu and McCauley,
2017). The genome sequences of SARS-CoV-2 will continue accumulating since researchers heavily
rely on DNA sequencing to study the epidemiology and molecular evolution of the virus (Lanciotti
et al., 1994; Chinese SARS Molecular Epidemiology Consortium, 2004; Faye et al., 2014). SARS-
CoV-2 is an RNA virus with limited proofreading capability of correcting replication errors
(Domingo and Holland, 1997; Domingo et al., 2008; Duffy et al., 2008; Denison et al., 2011), thus
it has been evolving continuously with new mutations (Bar-On et al., 2020; Koyama et al., 2020;
Pachetti et al., 2020), which inevitably face selective pressures imposed by the host. Although most
mutations are expected to be selectively neural, it is important to monitor if SARS-CoV-2 will
eventually evolve to be a stronger or weaker infectious agent as time goes on. Therefore, it is vital
to track mutations from newly sequenced SARS-CoV-2 genome.

Although whole genome sequencing of SARS-CoV-2 can be performed rapidly these days,
bioinformatics tools are required to keep pace with the rapid sequencing capacity for tracking the
mutations from newly sequenced genomes. To the best of our knowledge, there currently only
exist two bioinformatics tools publicly available for detecting SARS-CoV2 mutations. The first
is a web-based platform recently released by the Los Alamos National Laboratory (Korber et al.,
2020). However, the tool is only limited for characterizing known mutations for the SARS-CoV-2
in genic regions. Users cannot submit their own sequences (e.g., newly sequenced viral genome
isolated from COVID-19 patients) to compare with existing mutations in the database and identify
new mutations. The second, named CoV-Glue, is also a web-based platform1. At the time of our

1http://cov-glue.cvr.gla.ac.uk/
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manuscript preparation, CoV-Glue is still undergoing
development and testing before its official release according
to its web site. The main limitation with the current version of
CoV-Glue is that it cannot detect mutations among multiple
input sequences provided by users (only mutations between
input and database sequences can be identified). In addition,
both the above web-based tools can only analyze SARS-CoV-2
sequences instead of other microbial species. Therefore, we have
developed a command-line based Python package, Microbial
Genomics Mutant Tracker (MicroGMT), for users to detect
mutations from their own sequence data (either for SARS-CoV-2
or other microbial genomes).

METHODS

Implementation
Figure 1 depicts the major computational steps of MicroGMT for
either any microbial species or SARA-CoV-2. The required inputs
to MicroGMT are (1) a fasta-format reference genome sequence,
(2) a Genbank file, GTF or GFF-format annotation file for the
reference genome, and (3) the user’s own query sequences either
as fastq-format raw sequence reads or fasta-format assembled
genome sequences. The default reference genome of SARA-
CoV-2 and its genome annotation are already included in
the package [i.e., SARA-CoV-2 isolate Wuhan-Hu-1 complete
genome sequence with GenBank accession number NC_045512
(Wu et al., 2020)]. We chose to perform pairwise alignment
instead of multiple sequence alignment for two reasons: (1)
biologically, researchers are mainly interested in using the
reference genome as the coordinates to refer to the mutation.
MicroGMT infers any genomic difference among non-reference
genomes based on their individual alignment to the reference
genome (i.e., do they carry the same or different mutation in a
given genomic position with respect to the reference genome); (2)
computationally, we can easily scale up the pairwise alignment
by only computing each of new additional sequences instead
of re-computing the entire multiple sequence alignment. This
is an important computational issue to consider as there are
already 34786 SARS-CoV-2 sequences in the database as of
May 31st, 2020 and we expect that the number of database
sequences will continue to grow rapidly. For SARS-CoV-2,
we have already performed all the pairwise alignment for all
the existing database sequences against the reference sequence
and the results are already stored in pre-built summary tables
as part of our package. When users download all the latest
SARS-CoV-2 genome sequences (e.g., from GISAID.org), our
package provides a utility script to compare their downloaded
version with the precomputed ones in our package and perform
the pairwise alignment only with the new ones. The BAM-
format alignment outputs produced by minimap2 (Li, 2018)
are used as input for the subsequent identification of genomic
variants with bcftools (Li, 2011). If necessary, users can set
the prior probability for the identification of variants. For
user-supplied raw sequence reads, MicroGMT aligns them to
the reference genome by the standard procedure consisting of
BWA (Li and Durbin, 2009), Samtools (Li et al., 2009), and

Picard2 which performs alignment, sorting, duplication removal,
and indel realignment for both single-end or paired-end sequence
reads. For the aligned reads, GATK (McKenna et al., 2010; Van
der Auwera et al., 2013) is used by MicroGMT for variant
calling. Users can choose the cut-off of mapping quality and
base quality for variant calling. All the identified mutations
are listed in vcf-format outputs, to be characterized by snpEff
(Cingolani et al., 2012) at both the DNA and protein levels
for each mutation.

Based on the above results, MicroGMT automatically
generates mutation summary tables, in which each identified
mutation is further characterized as follows: (1) where is the
genomic location of the mutation (e.g., genic or intergenic
regions), (2) what is the mutation in the genomic and protein
sequence (e.g., synonymous or non-synonymous), and (3) is it
a novel mutation (i.e., never been identified in other existing
genome sequences), or which/how many other existing genome
sequences carry it already. If the optional regional file is
provided by the user, this information is also incorporated in
the summary tables: the software searches the sequence/sample
ID in the provided file to extract regional information for the
respective vcf-format output, and adds regional information to
the sequence/sample ID in the table header. Using the summary
tables, users can easily look at specific genes of interest by
filtering the “gene” column of the summary tables. Users can
also restrict their query within a specific genomic region of
interest. For example, they may ask if there is any mutation
in their supplied sequences within the region of Spike gene by
restricting their query for the genomic coordinates of the Spike
gene. MicroGMT was built under Python 3 and can be used in
Linux/Mac OS systems.

Validation
We simulated mutations in 1000 SARS-CoV-2 genome sequences
and their corresponding raw sequence reads to validate the
performance of MicroGMT. The complete genome sequence of
SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank accession number
NC_045512) was used as the reference genome for simulating
mutations. The simuG program (Yue and Liti, 2019) was used
to simulate random point mutations and indels to the reference
genome sequence. The number of mutations in each simulated
genome sequence was drawn from a Poisson distribution based
on the average number of mutations per genome that we
observed among real SARS-CoV-2 sequences in GISAID. Using
those simulated genome sequences, their corresponding raw
sequence reads were also simulated using ART-illumina (Huang
et al., 2012) with the following parameters: sequencing platform
of HiSeq2500, fold coverage of 50, paired-end read length of
150 bp, average fragment size of 300 bp with standard deviation
of 20 bp, and base quality between 18 and 38 (Supplementary
File 1). For evaluating the validation results, sensitivity is
defined as the number of genomic mutations identified by
MicroGMT divided by the number of true mutations introduced
via simulation; specificity is defined as the number of genomic
loci without mutations identified by MicroGMT divided by

2https://broadinstitute.github.io/picard/
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FIGURE 1 | The overview of MicroGMT workflow. See main text for details.

the number of genomic loci without any simulated mutations;
accuracy is defined as the sum of genomic loci with and without
mutations identified by MicroGMT divided by the total number
of genomic loci with and without simulated mutations.

RESULTS

To validate the reliability of MicroGMT for mutation
identification, 1000 artificial mutant strains of SARS-CoV-2
were simulated in which point mutations and/or indels were
introduced randomly based on a Poisson distribution with the
observed average number of mutations per genome in the real
dataset of GISAID. By applying MicroGMT to this simulated test
dataset, we obtained a specificity of 100%, a sensitivity of 100%,
and an accuracy of 100% for both simulated whole genome
sequences and raw sequence reads. In other words, MicroGMT
is highly reliable in correctly identifying all mutations.

For real-world SARS-CoV-2 sequences, we would not know
the exact genomic position of each potential mutation as in
the simulated dataset. Therefore, we evaluated the reliability of
MicroGMT through random sampling and manual verification.
Specifically, we applied MicroGMT to ten randomly selected
SARS-CoV-2 whole genome sequences, as well as their simulated
paired-end raw sequence reads using ART-illumina (fold
coverage of 10, read length of 150 bp, average fragment size
of 300 bp with standard deviation of 20 bp) as test samples.
Sensitivity and accuracy were both 100% for whole genome
sequences, and were 98.4 and 100% for simulated raw sequence
reads, respectively. The only point mutation that was not
identified by MicroGMT for raw sequence reads was only 28 base
pairs away from a stretch of unassigned bases (Ns), making it

difficult to align the raw reads at that region (a problem with
quality of the raw reads).

To illustrate the utility of MicroGMT, we applied it to identify
all the mutations in a total of 34786 strains of SARS-CoV-2 in
the GISAID database as of May 31st, 2020. In total, 15312 unique
mutations were identified from 12618 genomic loci in SARS-
CoV-2 reference genome (14749 mutations were located inside
genes at 12245 loci). The running time of MicroGMT scales
linearly with the number of input sequences. It took roughly
40 h to process all 34786 sequences. For a user with 100 input
sequences, it would take less than 7 min for assembled genome
sequences and less than 30 min for raw sequence reads with 50x
depth of coverage.

DISCUSSION

MicroGMT can identify, annotate and summarize mutations in
a large number of microbial genome sequences. Although it is
optimized for SARS-CoV-2 sequences, it can be easily applied
to other microbial sequences (potentially any haploid genomes).
By tracking mutations among closely related strains, MicroGMT
identifies where and what kinds of the mutations are at both DNA
and protein levels.

MicroGMT is designed for tracking indels and SNPs among
closely related strains instead of detecting large-scale complex
genomic rearrangements and duplications. In addition, if users
supply fastq-format raw sequence reads as input, the accuracy
of mutation detection can be slightly affected by unmasked
repetitive regions in the reference genome (results not shown)
due to the difficult nature of aligning short sequence reads to the
reference genome.
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Overall, MicroGMT provides a fast, flexible, and reliable
solution for researchers who need to track genomic mutations for
SARS-CoV-2 virus or other microbial species.
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Enterocytozoon bieneusi is one of the most common intestinal pathogens in humans
and animals. E. bieneusi has been confirmed to be complex microsporidian species.
Approximately 500 ITS genotypes of E. bieneusi have been defined. With the
establishment and application of multilocus sequencing typing and population genetic
tools in E. bieneusi, the studies on these aspects have been carried out worldwide,
but little information is available. To understand genetic variation of mini-/micro-satellites
and the population structure and substructure of E. bieneusi in northeastern China, 305
E. bieneusi DNA specimens composed of 28 ITS genotypes were from 13 mammal
species and five bird species in the investigated areas. They were characterized
by nested-PCR amplification and sequencing at four mini-/micro-satellite loci (MS1,
MS3, MS4, and MS7). At the MS1, MS3, MS4, and MS7 loci, 153 (50.16%),
131 (42.95%), 133 (43.61%), and 128 (41.97%) DNA specimens were amplified
and sequenced successfully with 44, 17, 26, and 24 genotypes being identified,
respectively. Multilocus genotypes (MLGs) showed a higher genetic diversity than ITS
genotypes. 48 MLGs were produced out of 90 ITS-positive DNA specimens based on
concatenated sequences of all the five genetic loci including ITS. Linkage disequilibrium
(LD) and limited genetic recombination were observed by measuring LD using both
multilocus sequences and allelic profile data, indicating an overall clonal population
structure of E. bieneusi in the investigated areas. These data will aid in the longitudinal
tracking of the attribution of source of infection/contamination and in elucidating
transmission dynamics, and will provide valuable information for making efficient control
strategies to intervene with and prevent occurrence of microsporidiosis caused by
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E. bieneusi among animals and transmission of E. bieneusi from animals to humans
in the investigated areas. Phylogenetic and network analyses identified three different
subgroups, revealing the presence of host-shaped segregation and the absence of
geographical segregation in E. bieneusi population. Meanwhile, the MLGs from zoonotic
ITS genotypes were observed to be basically separated from the MLGs from host-
adapted ones. Assessment of substructure will have a reference effect on understanding
of zoonotic or interspecies transmission of E. bieneusi and evolution direction from
zoonotic genotypes to host-adapted genotypes.

Keywords: Enterocytozoon bieneusi, multilocus sequence typing, population structure, population substructure,
evolution

INTRODUCION

Enterocytozoon bieneusi is the most common microsporidian
species (more than 90%) in reported cases of human
microsporidiosis worldwide (Matos et al., 2012).
Microsporidiosis caused by E. bieneusi is characterized by
diarrhea, and the severity of diarrhea is closely related to
the health status of the infected hosts. Self-limiting diarrhea
usually appears in immunocompetent or healthy individuals
while chronic or life-threatening diarrhea often occurs in
immunocompromised/immunodeficient individuals, such as
acquired immune deficiency syndrome (AIDS) patients, organ
transplant recipients, cancer patients, travelers, children, and the
elderly (Matos et al., 2012; Li and Xiao, 2019; Li et al., 2019a). In
addition to humans, E. bieneusi has been detected in a variety
of animal species, raising a concern of zoonotic transmission
(Santín and Fayer, 2011; Wang et al., 2018b). The findings of
the same genotypes of E. bieneusi in both humans and animals
support the presumption of zoonotic potentials (Li et al., 2019b).

E. bieneusi has been confirmed to be a complex species with
multiple genotypes. With application of genotyping tools and
development of genetic markers related to E. bieneusi, a deep
understanding has been reached about the host specificity and
evolution of E. bieneusi (Li et al., 2019b). Based on sequence
analysis of the internal transcribed spacer (ITS) region of the
ribosomal RNA (rRNA) gene of numerous E. bieneusi isolates
from humans and animals, to date, approximately 500 ITS
genotypes of E. bieneusi have been identified, and phylogenetic
analysis have revealed 11 different phylogenetic groups (groups
1–11) and an outlier with different degrees of host specificity (Li
et al., 2019b). Currently, approximately 40 genotypes in group
1 have been identified in humans and multiple animal species,
suggesting a large probability of cross-species transmission risks,
therefore, this group is considered to be a zoonotic group
(Shen et al., 2020). Some genotypes in group 2 (notably BEB4,
BEB6, I, and J) have a broader host range than originally
thought, increasing their importance for public health. The other
genotypes in groups 3–11 seem to have limited or minimal effects
on public health due to their more host-specific adaptation (Li
et al., 2019a). However, the single ITS locus (243 bp in length)
has limitations in representing the whole genome of E. bieneusi
(∼6 Mb total length), for it does not uncover the subtle changes
among E. bieneusi isolates closely genetically related to each

other at the ITS locus (Widmer and Akiyoshi, 2010; Feng et al.,
2011). Therefore, these observations need to be substantiated by
sequence characterization of other genetic markers (Santín and
Fayer, 2009). A multilocus sequencing tool for high-resolution
typing of E. bieneusi has been established and widely used to
characterize the population structures of E. bieneusi isolates based
on length polymorphisms and single nucleotide polymorphisms
(SNPs) of three microsatellites (MS1, MS3, and MS7) and one
minisatellite (MS4) (Feng et al., 2011). To date, MLST analysis
have been performed in at least 167 ITS genotypes of E. bieneusi
in at least ten countries, with 23 from humans and 151 from
animals (Supplementary Table S1). Some MLST data have been
used to assess population structures of E. bieneusi isolates derived
from different hosts: AIDS patients (Li et al., 2012, 2013), non-
human primates (NHPs) (Karim et al., 2014), pigs (Wan et al.,
2016; Wang et al., 2018a; Li et al., 2019; Zhang et al., 2020), foxes
and raccoon dogs (Li et al., 2016b), captive giant pandas (Li et al.,
2017), and dairy cattle (Wang et al., 2019). Meanwhile, some
studies also explored the issues of E. bieneusi population genetics
in relation to geographical origins and host origins (Li et al., 2013,
2016b, 2017, 2019; Wan et al., 2016; Wang et al., 2018a, 2019;
Zhang et al., 2020).

In China, since the first identification of E. bieneusi in
2011 (Zhang et al., 2011), molecular epidemiological studies of
E. bieneusi have been carried out in humans (prevalence: 0.2–
22.5%) and animals (prevalence: 0–100%) in at least eight and
29 provinces, municipalities or autonomous regions, respectively,
(Gong et al., 2019; Qiu et al., 2019). In northeastern China,
E. bieneusi is prevalent in mammal and bird species, with
the prevalence high up to 89.5% in asymptomatic pigs (Zhao
et al., 2014b). However, only two studies reported multilocus
genotypes (MLGs) of E. bieneusi isolates from two animal species
(Wan et al., 2016; Zhang et al., 2016). To further understand
the population structure and substructure of E. bieneusi in
China, 305 E. bieneusi isolates, derived from 18 various animal
species (mammals and birds) in northeastern China, were
characterized by MLST analysis at four mini-/micro-satellite loci
(MS1, MS3, MS4, and MS7). Meanwhile, linkage disequilibrium
(LD) estimation and phylogenetic and network analyses were also
conducted. These results will provide valuable information for
making efficient control strategies to intervene with and prevent
occurrence of microsporidiosis caused by E. bieneusi among
animals and transmission of E. bieneusi from animals to humans,
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FIGURE 1 | A map showing the sampling sites of DNA specimens of E. bieneusi analyzed in this study.

and will improve our perception about the population structure
and substructure of this pathogen.

MATERIALS AND METHODS

Ethics Statement
This study uses E. bieneusi isolates obtained from animals in
northeastern China. The Research Ethics Committee and the
Animal Ethical Committee of Harbin Medical University did
not require the study to be reviewed or approved by an ethics
committee because all the specimens analyzed in this study were
DNA preparations.

E. bieneusi DNA Specimens
Enterocytozoon bieneusi genomic DNA was extracted from each
of animal fecal specimens (252 from 13 mammal species and
53 from five bird species) distributing in four cities and Great
Hinggan Mountains in northeastern China during the period
of May 2012 to June 2019 using a QIAamp DNA Mini Stool
Kit (Qiagen, Hilden, Germany) according to the manufacturer
recommended procedures (Figure 1). ITS genotypes were
identified by nested PCR amplification of an approximately
390 bp nucleotide fragment of the rRNA gene including 243 bp

of the ITS region (Buckholt et al., 2002). All the DNA specimens
were composed of 28 ITS genotypes belonging to group 1
(n = 20), group 2 (n = 7) and group 9 (n = 1), with
some of them having been published in our previous studies
(Zhao et al., 2014a,b, 2015a,b,c, 2016, 2017, 2018; Liu et al.,
2015; Yang et al., 2016) (Supplementary Table S2). The ITS
genotypes, numbers, host origins and phylogenetic groups of
all isolates used in the present MLST analysis were showed in
Supplementary Table S3.

TABLE 1 | Amplification efficiency and genetic polymorphism of E. bieneusi
isolates (n = 305) at the MS1, MS3, MS4, and MS7 loci.

Locus No. of positives
(amplification

efficiency)

No. of
genotypes

Genetic polymorphism

Repeat (n) No. of SNPs

MS1 153 (50.16%) 44 TGC (1); TAA
(5–38); T(C)AC(T)

(3–10)

14

MS3 131 (42.95%) 17 TA (4–17) 36

MS4a 133 (43.61%) 26 G(A)G(A)TA (1–2) 39

MS7 128 (41.97%) 24 TAA (3–11) 24

a Insertions and deletions (INDELs) were observed at the MS4 locus.
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Multilocus Sequence Typing
Except for the ITS region of the rRNA gene, all the 305
E. bieneusi DNA specimens were also analyzed at the four MLST
loci, including three microsatellites (MS1, MS3, and MS7) and
one minisatellite (MS4). The primers and the cycle parameters
for nested PCR amplifications used in the present study were
designed previously by Feng et al. (2011) and the approximately
expected fragment lengths of the secondary PCR products were
676 for MS1, 537 for MS3, 885 for MS4 and 471 for MS7
(Feng et al., 2011). TaKaRa Taq DNA polymerase (TaKaRa Bio
Inc., Tokyo, Japan) was used in all the PCR reactions. All
secondary PCR products were separated by electrophoresis in a
1.5% agarose gel and visualized on GelDocTM EZ Imager (Bio-
Rad, United States) by staining the gel with GelStrain (TransGen
Biotech., Beijing, China) before sequencing.

DNA Sequence Analysis
All secondary PCR products of expected size were directly
sequenced with their respective PCR primers on an ABI
PRISMTM 3730 DNA Analyzer by Sinogeno-max Biotechnology
Co., Ltd. (Beijing, China), using a BigDye Terminator v3.1
Cycle Sequencing kit (Applied Biosystems, Foster City, CA,
United States). Two-directional sequencing method was
performed to make sure of sequence accuracy. Nucleotide
sequences obtained in the present study were compared to
all E. bieneusi homologous sequences published in GenBank
using BLAST searches1. They were then aligned and analyzed
with each other and reference sequences downloaded from
the GenBank database using the program Clustal X 1.832 to
determine genotypes at the ITS locus and the genotypes at the
MS1, MS3, MS4, and MS7 loci, respectively.

Analysis of Population Structure
The standardized index of association (IS

A) proposed by Habould
and Hudson was used to assess the multilocus LD over the
allelic profile data using software LIAN 3.53. IS

A equal to zero
or with a negative value indicates randomly mating populations
and alleles in linkage equilibrium (LE). In contrast, when an IS

A

1http://www.ncbi.nlm.nih.gov/blast/
2http://www.clustal.org/
3http://guanine.evolbio.mpg.de/cgi-bin/lian/lian.cgi.pl

value is greater than zero, there is the existence of non-panmictic
population structure and LD in allelic profile data analysis. In
addition, the population structure was also assessed by calculating
the variance of pairwise differences (VD) in another test and
the 95% critical value (L) for VD. When the VD is less than
L, the population is panmictic and is in LE; otherwise, the
population is non-panmictic and a certain degree of LD exists
(Haubold et al., 1998). Based on the fact of a very high degree
of genetic polymorphism in the ITS region of the rRNA gene
within E. bieneusi, to assess the influence of the ITS gene on
the result of LD analysis, multilocus LD analyses were assessed
over the allelic data including and excluding the ITS gene.
Gene diversity (Hd), intragenic LD and recombination events
(Rms) were also calculated from the concatenated sequences
including and excluding the ITS gene without consideration of
short insertions and deletions (INDELs) by using DnaSP 5.10.014.
The population structure of E. bieneusi isolates was assessed by
measuring the intragenic LD, IS

A, and Rms.

Analysis of Population Substructure
Phylogenetic relationship of MLGs of E. bieneusi was inferred by
constructing a neighbor-joining tree of concatenated nucleotide
sequences of the five loci (ITS, MS1, MS3, MS4, and MS7)
using the program Mega 55 based on the evolutionary distances
calculated by Kimura 2-parameter model. The reliability of
cluster formation was assessed by the bootstrap analysis with
1,000 replicates. Median-joining analysis implemented in the
software network version 4.6.1.06 was conducted with the default
parameters to identify a substructure of the E. bieneusi isolates.

RESULTS

Genetic Polymorphism and MLGs
At the four micro-/mini-satellite loci (MS1, MS3, MS4, and MS7),
153 (50.16%), 131 (42.95%), 133 (43.61%), and 128 (41.97%)
DNA specimens were amplified and sequenced successfully,
respectively. 44, 17, 26, and 24 genotypes were identified at

4http://www.ub.es/dnasp/
5http://www.megasoftware.net/
6http://www.fluxus-engineering.com/sharenet_rn.htm

TABLE 2 | Multilocus linkage disequilibrium analysis based on allelic data of E. bieneusi.

Population group No. H ISA PMC VD L VD > L LD or LE

ITS included 90 0.8032 ± 0.0366 0.5735 <1.00 × 10−02 2.5154 0.8363 Yes LD

ITS excluded 90 0.8203 ± 0.0417 0.5129 <1.00 × 10−02 1.4436 0.6009 Yes LD

Subgroup 1 52 0.5306 ± 0.1008 0.4432 <1.00 × 10−02 2.8890 1.2536 Yes LD

Subgroup 2 31 0.6935 ± 0.0518 0.4705 <1.00 × 10−02 2.9080 1.1424 Yes LD

Subgroup 3 7 0.7714 ± 0.0614 0.3177 <1.00 × 10−02 1.8307 1.2381 Yes LD

ITS includeda 48 0.8898 ± 0.0218 0.3647 <1.00 × 10−02 1.1821 0.5234 Yes LD

ITS excludeda 46 0.9026 ± 0.0240 0.2695 <1.00 × 10−02 0.6232 0.3732 Yes LD

Subgroup 1a 23 0.7043 ± 0.0780 0.2788 <1.00 × 10−02 1.9450 1.1813 Yes LD

Subgroup 2a 18 0.7614 ± 0.0693 0.2435 <1.00 × 10−02 1.6037 1.0272 Yes LD

No identical MLGs were found in subgroup 3. aConsidering each group of specimens with the same MLG as one individual.
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the MS1, MS3, MS4, and MS7 loci, respectively. SNPs and
repeats could be observed: trinucleotide repeats of TGC (n = 1),
TAA (n = 5–38) and T(C)AC(T) (n = 3–10) at the MS1
locus, dinucleotide repeats of TA (n = 4–17) at the MS3
locus, tetranucleotide repeats of G(A)G(A)TA (n = 1–2) at
the MS4 locus, and trinucleotide repeats of TAA (n = 3–
11) at the MS7 locus. Additionally, INDELs were observed
at the MS4 locus (Table 1). The nucleotide sequences of
all the genotypes were deposited in the GenBank under
following accession numbers: MT267413–MT267456 (MS1),
MT267457–MT267473 (MS3), MT267363–MT267388 (MS4)
and MT267389–MT267412 (MS7).

In the present study, a total of 90 ITS-positive DNA
specimens were amplified and sequenced successfully at the
MS1, MS3, MS4, and MS7 loci, producing 48 MLGs based on
concatenated sequences of all the five genetic loci including ITS
(Supplementary Table S4).

LD and Population Structure
All the 90 DNA specimens genotyped successfully at all the five
genetic loci including ITS were used in LD analysis. Multilocus
LD was assessed by the calculation of IS

A based on the allelic
profile data of the five genetic loci including ITS using software
LIAN 3.5. The value of IS

A (0.5735) was positive and the VD
(2.5154) was more than L (0.8363). A Monte Carlo analysis led
to the generation of a significant PMC value (<0.01). These above
results showed the population of E. bieneusi in the investigated
areas was in LD with clonality. To exclude the possibility that LD
could be attributable to a clonal expansion of one or more MLGs,
which could mask the underlying equilibrium, the same MLG
was scored as one individual and multilocus LD was assessed
again. LD was still existed based on the fact that the IS

A value
was still above zero (IS

A = 0.3647), and VD (1.1821) was more
than L (0.5234), suggesting a clonal population structure. As
ITS locus has a higher degree of genetic diversity than other
genetic loci in E. bieneusi genome, the analysis was conducted on
allelic profile data excluding ITS. Similar results were obtained,
indicating ITS sequences had little influence on the result of LD
analysis (Table 2).

The software DnaSP5.10.01 was used to investigate
the genetic diversity of E. bieneusi isolates. 118 and 90
polymorphic/segregating sites were observed in the concatenated
sequence data of five genetic loci including ITS (2584 bp
in length) and four genetic loci excluding ITS (2341 bp in
length), respectively. LD was also estimated using the ZnS
statistics. However, LD was incomplete based on the |D′|
Y = 0.9750 – 0.0085X (including ITS) and the |D′| Y = 0.9857 –
0.0279X (excluding ITS). A negative slope implied a decline
in LD with increasing nucleotide distance and the potential
occurrence of recombination. Indeed, limited recombination
events were detected in analysis of concatenated multilocus
sequences (Table 3).

Population Substructure
Phylogenetic relationship of the E. bieneusi isolates was inferred
by neighbor-joining analysis of the concatenated sequences
of all the five genetic loci. Two phylogenetic clusters were
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FIGURE 2 | Phylogenetic relationship of multilocus genotypes (MLGs) of animal-derived E. bieneusi isolates. The relationship was inferred by a neighbor-joining
analysis of 48 concatenated nucleotide sequences of the five genetic loci (ITS, MS1, MS3, MS4, MS7) from 90 E. bieneusi isolates belonging to 14 ITS genotypes
(CHN-DC1, CHN-F1, CHN-RD1, CZ3, D, EbpA, CHN-RD1, CZ3, D, EbpA, PigEBITS5, BEB6, CM7, and J) from dairy cattle, pigs, sheep, sika deer, blue foxes,
arctic foxes, a silver fox, and a raccoon dog (Supplementary Table S4) based on genetic distance by the Kimura 2-parameter model. Each sequence is identified
by its sampling site (H: Harbin; Q: Qiqihar; S: Suihua), MLG designation and ITS genotype as well as host origin. The solid and open circles/triangles indicate
zoonotic and host-adapted ITS genotypes, respectively, with circle and triangle ones belonging to ITS group 1 and ITS group 2, respectively.

observed, and the larger one was further divided into two
subdivisions, leading to three subgroups altogether, reliability
and confidence of which were verified based on the calculation
of pairwise genetic distance (F ST) and gene flow (Nm) using
DnaSP (Supplementary Table S5). Subgroup 1 was composed
of MLGs from ITS genotypes CHN-DC1, CHN-F1, CHN-RD1,
D, EbpC and MWC_d1 (in ITS group 1), mainly isolated from
fur animals (blue foxes, arctic foxes, silver foxes and raccoon
dogs). Subgroup 2 comprised MLGs from ITS genotypes CZ3,
EbpA, H, O and PigEBITS5 (in ITS group 1) and J (in ITS
group 2), which were mainly from pigs. Subgroup 3 consisted
of MLGs from ITS genotype BEB6 and CM7 (in ITS group
2) derived from sheep. There was an absence of geographical
segregation in E. bieneusi population in the present study
(Figure 2). Meanwhile, the MLGs from zoonotic ITS genotypes
were generally separated from the MLGs from host-adapted ones
in ITS group 1 (Figure 2), which was also supported by median-
joining network analysis of the entire concatenated multilocus
sequences (Figure 3).

Subgroups 1–3 contained 23, 18, and seven MLGs derived
from 52, 31 and seven E. bieneusi isolates, respectively. The
IS

A values were positive for each of the three subgroups by LD
analysis of the allelic profile data. Meanwhile, VD values larger
than the L values for subgroups 1–3 suggested the existence
of LD and clonal population structures, with significant LD
(PMC < 0.01) for subgroups 1–3. Multilocus LD was recalculated
when the same MLG treated as one individual. Subgroups 1, 2
both had positive IS

A values and VD > L with significant PMC,
confirming the existence of LD and clonal population structures.
Due to no identical MLGs found in subgroup 3, the subgroup was
not assessed again (Table 2).

DISCUSSION

MLST analysis has been widely used to study population genetics
of E. bieneusi (Li and Xiao, 2019). In the present study, MLST
analysis of the MS1, MS3, MS4, and MS7 loci was performed
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FIGURE 3 | Median-joining network analysis for inferring intraspecific phylogenies of 90 E. bieneusi isolates belonging to 14 ITS genotypes from eight mammal
species. The yellow and green colors in circles represent zoonotic ITS genotypes and host-adapted ITS genotypes, respectively. The diameter of each circle is
proportional to the frequency of each multilocus genotype (MLG) on the basis of polymorphic/segregating sites of concatenated sequences of the five genetic loci
including ITS. Length of lines connecting MLGs is proportional to the number of single nucleotide polymorphisms. ITS genotypes are labeled besides the circles.
Three clusters marked in green, pink and blue are corresponded to subgroups 1–3, respectively.

on 305 E. bieneusi isolates derived from various animal species.
Differences in PCR amplification efficiencies were observed at
the four different MLST loci: 50.16% at the MS1, 42.95% at
the MS3, 43.61% at the MS4 and 41.97% at the MS7, which
were all higher than those of E. bieneusi isolates in China
from horses (6.67–18.67%) (Deng et al., 2016) and from Asiatic
black bears (27.59–31.03%) (Deng et al., 2017), but lower than
those of E. bieneusi isolates from NHPs (77.78–86.51%) (Karim
et al., 2014) and from captive wild animals (76.74–86.05%)
(Li et al., 2016a). Similar amplification efficiencies were found
in one study of multilocus genotyping of E. bieneusi isolates
from calves in China (38.36–61.64%) (Wang et al., 2016). The
inconsistency of amplification efficiencies might be related to
different ITS genotypes of E. bieneusi isolates in MLST analysis. In
fact, micro-/mini-satellite sequences were searched in the whole-
genome sequence database of the human-derived E. bieneusi
isolate (H348), and the present PCR primers were designed for
target genes (MS1, MS3, MS4, and MS7) based on nucleotide
sequences flanking the potential micro-/mini-satellite repeats
(Feng et al., 2011). Li et al. (2019b) has ever pointed out that
hypermutation in E. bieneusi genome possibly hinders some
isolates from effectively amplifying. Therefore, it is necessary to
develop additional reliable and effective genetic markers that will

successfully amplify isolates of all E. bieneusi genotypes to better
understand their host specificity and population structure.

In the present study, 44 genotypes were obtained at the MS1
locus, followed by 26, 24, and 17 genotypes at the MS4, MS7, and
MS3, respectively. Previous studies described different numerical
ordinations of genotypes at the four loci (Feng et al., 2011; Li et al.,
2013, 2017; Karim et al., 2014; Deng et al., 2016; Wan et al., 2016;
Wang et al., 2018a, 2019; Wu et al., 2018). However, MS1 was
generally observed to have the highest resolution in most studies,
leading to more genotypes at this locus than the MS3, MS4, and
MS7 loci. The appearance of this phenomenon might be related
to the number and host origin of E. bieneusi isolates analyzed and
the constitution of ITS genotypes.

In the present study, a total of 48 MLGs were identified out
of 90 ITS-positive E. bieneusi isolates. The presence of significant
LD and a low number of recombination events indicated a clonal
population structure of E. bieneusi in the investigated areas. The
results imply that MLGs of E. bieneusi are relatively stable in time
and in space in the investigated areas, and MLST analysis can be
used effectively in the longitudinal tracking of the transmission of
E. bieneusi in the community and in investigation of outbreaks.
To date, at least 11 studies have assessed the population structure
of E. bieneusi, in which over 800 E. bieneusi isolates have been
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used for LD analysis, including over 100 human-derived isolates
belonging to 14 ITS genotypes from Peru, India and Nigeria and
over 700 animal-derived isolates belonging to 60 ITS genotypes
from China and Kenya, and LD analysis revealed the wide
existence of a clonal population structure (Li et al., 2012, 2013,
2016b, 2017, 2019; Karim et al., 2014; Wan et al., 2016; Wang
et al., 2018a, 2019; Zhang et al., 2020; this study) (Table 4).

Based on the present result of phylogenetic analysis of MLGs,
genetic segregation related to hosts was observed at a large extent
in the E. bieneusi population from various mammal species, with
subgroups 1–3 composed of MLGs mainly from fur animals, pigs

and sheep, respectively. In fact, host adaptation has been reported
in some studies of E. bieneusi populations: fur animals (foxes
and raccoon dogs) versus humans (Li et al., 2016b); pigs versus
others (humans, NHPs, cattle, horses, and bears) (Li et al., 2019);
dairy cattle versus others (humans, NHPs, pigs, bears, horses and
kangaroos) (Wang et al., 2019). These results will be helpful to
understand zoonotic or interspecies transmission of E. bieneusi.

In the present study, the E. bieneusi MLGs were not observed
to be related to geographical locations of DNA specimens.
This result was similar to some previous studies of E. bieneusi
populations from humans in Peru, India and Nigeria (Li et al.,

TABLE 4 | Enterocytozoon bieneusi isolates used for LD analysis and characterizations of population structure and substructure.

Host (country) E. bieneusi isolates used for LD analysis No. of MLGs identified Characterization References

Number ITS genotypes Population Subgroup (n)

Human (Peru) 72 A, D, EbpC, Peru7, Peru8,
Peru10, Peru11, Type IV,
WL11

39 Clonal Clonal (n = 1);
epidemic (n = 1)

Li et al., 2012

Human (Peru, India,
Nigeria), Olive
baboon (Kenya)

64b A, D, EbpC, IH, Nig2, Nig3,
Nig5, Peru7, Peru8,
Peru10, Peru11,
PigEBITS7, Type IV, WL11

48 Clonald Clonal (n = 1);
epidemic (n = 1)

Li et al., 2013

NHP (China) 85 CM2, D, Henan-V,
Macaque3, Peru8, Peru11,
PigEBITS7, Type IV

59 Clonal Epidemic (n = 4) Karim et al.,
2014

Fox, raccoon doga

(China)
39 D 10 Clonal NA Li et al., 2016b

Pig (China) 101 CHN7, CS-4, EbpA, EbpB,
EbpC, LW1, Henan-IV, O,
PigEBITS3

44 Clonal Clonal (n = 1);
epidemic (n = 2)

Wan et al.,
2016

109c CHC5, CHG3, CHN7,
CS-4, D, EbpA, H,
Henan-IV, PigEb4,
PigEBITS4, PigEBITS5,
SHZA1, SHZC1,
SLTC1-SLTC3, SMXB1,
SMXC1, SMXD1, SMXD2,
SYLA1-SYLA5, SYLC1,
SYLD1, SZZA1, SZZA2,
SZZB1, SZZC1, SZZD1,
SZZD2

87 Clonal NA Wang et al.,
2018a

93 EbpC, EbpA, H, PigEBITS4 76 Clonal NA Li et al., 2019

52 CM11, D, EbpC, EbpA, FJF 48 Clonal NA Zhang et al.,
2020

Dairy cattle (China) 106 BEB4, I, J 71 Clonal NA Wang et al.,
2019

Giant panda (China) 36 D, SC02, SC05, SC06 24 Clonal Clonal (n = 1);
epidemic (n = 2)

Li et al., 2017

Dairy cattle, pig,
sheep, sika deer,
blue fox, arctic fox,
silver fox, raccoon
dog (China)

90 BEB6, CHN-DC1, CHN-F1,
CHN-RD1, CM7, CZ3, D,
EbpA, EbpC, H, J,
MWC_d1, O, PigEBITS5

48 Clonal Clonal (n = 3);
epidemic (n = 1)

This study

Five genotypes in Table 4 have been changed to the first published names instead of genotype names described in original papers: CM1 to Macaque3 (Karim et al.,
2014); Henan-I to LW1 (Wan et al., 2016); CHG19 to PigEBITS4 (Wang et al., 2018a; Li et al., 2019); CHS5 to EbpA (Wang et al., 2018a; Zhang et al., 2020); CM6 to
CS-4 (Wang et al., 2018a). a39 E. bieneusi isolates are derived from foxes (n = 30) and raccoon dogs (n = 9). b64 E. bieneusi isolates used for LD analysis are derived
from humans (n = 59) in Peru, India, Nigeria and olive baboons (n = 5) in Kenya. Among them, MLST data of 26 human-derived isolates are from a study conducted in
Peru by Li et al. (2012). cThese ITS genotypes are used for MLST analysis without specific information of genotypes used for LD analysis. dA clonal population structure
is observed in each of 3 geographical locations (Peru, India, and Nigeria).
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2013) and from animals in China (Li et al., 2017; Wang et al.,
2019; Zhang et al., 2020). However, genetic segregation at some
geographical level appeared in the other studies conducted in
China (Wan et al., 2016; Wang et al., 2018a; Li et al., 2019). No
geographical segregation of E. bieneusi isolates was seen in the
investigated areas, which might be related to smaller geographical
areas and number of E. bieneusi isolates as well as fewer ITS
genotypes analyzed.

To date, approximately 500 E. bieneusi ITS genotypes have
been identified: ∼60 only found in humans; ∼390 only found
in animals; ∼50 found in both humans and animals (Li
et al., 2019b; Shen et al., 2020). However, the genetic reasons
behind this observation of E. bieneusi genotypes remain unclear,
especially for those genotypes belonging to group 1 with zoonotic
nature and group 2 with increasing importance for public
health. In the present study, 48 MLGs belonging to 14 ITS
genotypes were divided into three different subgroups. The
MLGs were generally separated by zoonotic potential, revealing
possible genetic segregation of E. bieneusi population. Subgroup
1 was composed of the MLGs from zoonotic ITS genotypes
D and EbpC with wide host ranges and those from host-
adapted ITS genotypes (CHN-DC1, CHN-F1, CHN-RD1 and
MWC_d1) with narrow host ranges based on the summarized
data in Supplementary Table S6. Meanwhile, the MLG from
ITS genotype J fell into subgroup 2 consisting of those from
zoonotic ITS genotypes CZ3, EbpA, H, O and PigEBITS5.
Combined with network analysis, subgroups 1, 3 might originate
from subgroup 2, with D and EbpC, and J as evolutionary
transitions, respectively. It was speculated that there might be
different E. bieneusi populations with different genetic structures
and public health potential in their evoluting processes, with
the possible direction from zoonotic genotypes to host-adapted
genotypes. Finally, some genotypes of E. bieneusi might be
adapted to changing host environments, and were successfully
chosen by hosts. Nevertheless, it is still unclear on the possible
factors promoting adaptation of different E. bieneusi genotypes
to specific hosts or host changes.

CONCLUSION

The present study describes the genetic characterizations of
E. bieneusi isolates derived from various mammal and bird
species at the four MLST loci (MS1, MS3, MS4, and MS7)
in northeastern China. 48 MLGs were produced out of 14
ITS genotypes, revealing MLGs have a higher genetic diversity
than ITS genotypes. MLST data and a clonal population
structure of E. bieneusi will aid in the longitudinal tracking
of the attribution of source of infection/contamination and in
elucidating transmission dynamics, and will provide valuable
information for making efficient control strategies to intervene
with and prevent occurrence of microsporidiosis caused by
E. bieneusi among animals and transmission of E. bieneusi from
animals to humans in the investigated areas. The result of host
adaptation of E. bieneusi population has a reference effect on
further understanding of zoonotic or interspecies transmission of
E. bieneusi. The observation of genetic segregation of E. bieneusi

population by zoonotic potential and possible evolution direction
of E. bieneusi from zoonotic genotypes to host-adapted genotypes
will improve our understanding of evolution of E. bieneusi
population. However, the role of host, geographical, and temporal
factors in the evolution mechanism of E. bieneusi populations
needs to be characterized in the future.
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Plasmodium vivax is increasingly the dominant species of malaria in the Greater Mekong
Subregion (GMS), which is pursuing regional malaria elimination. P. vivax lineages in the
GMS are poorly characterized. Currently, P. vivax reference genomes are scarce due
to difficulties in culturing the parasite and lack of high-quality samples. In addition,
P. vivax is incredibly diverse, necessitating the procurement of reference genomes
from different geographical regions. Here we present four new P. vivax draft genomes
assembled de novo from clinical samples collected in the China-Myanmar border area.
We demonstrate comparable length and content to existing genomes, with the majority
of structural variation occurring around subtelomeric regions and exported proteins,
which we corroborated with detection of copy number variations in these regions. We
predicted peptides from all PIR gene subfamilies, except for PIR D. We confirmed that
proteins classically labeled as PIR D family members are not identifiable by PIR motifs,
and actually bear stronger resemblance to DUF (domain of unknown function) family
DUF3671, potentially pointing to a new, closely related gene family. Further, phylogenetic
analyses of MSP7 genes showed high variability within the MSP7-B family compared to
MSP7-A and -C families, and the result was comparable to that from whole genome
analyses. The new genome assemblies serve as a resource for studying P. vivax within
the GMS.

Keywords: Plasmodium vivax, malaria, China-Myanmar border, genome assembly, next-generation sequencing

INTRODUCTION

The Greater Mekong Subregion (GMS) is problematic in the grand scheme of malaria control due
to the repeated emergence of antimalarial resistance in this region (Cui et al., 2012; WHO, 2016;
Imwong et al., 2017). The World Health Organization has declared a goal to eliminate malaria in
the GMS by 2030 (WHO, 2016). Due to the uneven distribution of malaria along international
borders within the GMS, cross-border transmission of malaria from areas with high endemicity to
malaria-free areas is a concern (Lo et al., 2015, 2017; Kittichai et al., 2017). Myanmar is one of the
six countries within the GMS with the highest malaria burden (Cui et al., 2012; WHO, 2018). The
China-Myanmar border is an example of an area wherein cross-border migration is particularly
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concerning and can result in outbreaks in the less endemic area
(Duan et al., 2013; Lo et al., 2015, 2017).

As of 2016, Plasmodium vivax was responsible for between
40 and 60% of malaria cases in the GMS countries, and
the vast majority of malaria on the China-Myanmar border
(WHO, 2018; Geng et al., 2019). Plasmodium vivax has a
hypnozoite stage which will go dormant for long periods of
time before re-emerging to cause relapses. This biological feature
makes this parasite resilient to conventional control measures
that are designed to treat Plasmodium falciparum. Hypnozoites
can be treated with primaquine or tafenoquine, but there
are contraindications for people with the glucose-6-phosphate
dehydrogenase deficiency or for pregnant women and young
children (WHO, 2015). Additionally, there are indications that
chloroquine resistance in P. vivax has emerged in areas of the
GMS, which may further create a challenge for treatment (Price
et al., 2014). There is no working in vitro system to culture
P. vivax and therefore researchers are increasingly using whole
genome studies from field samples in order to answer questions
about P. vivax evolution (Winter et al., 2015; Hupalo et al., 2016;
Pearson et al., 2016; Chen et al., 2017; de Oliveira et al., 2017).
However, the lack of samples with high parasitemia has also
created barriers to creating necessary genomic resources such as
reference genomes.

After the completion of the P. falciparum 3D7 genome there
was ambition to build a similar genomic reference for P. vivax
(Carlton, 2003). However, the inability to continuously culture
P. vivax in vitro poses a barrier to using the same methods
(Carlton et al., 2008). The original assembly of the Sal-I strain
from El Salvador was highly fragmented consisting of over 2000
extra-chromosomal contigs, and as technology improved, it was
found to be missing over 800 genes (Hester et al., 2013). In
recent years the focus has been on assembling P. vivax genomes
based on short reads generated from Illumina sequencing paired
with bioinformatic processing through increasingly advanced
assembly algorithms. Advancing technology has provided a closer
view of the core P. vivax genome content while gaining additional
insights into the nuances of variability within genomes (Hester
et al., 2013; Auburn et al., 2016; Chen et al., 2017). In particular,
the assembly of the PvP01 strain from Papua Indonesia revealed
an astoundingly large repertoire of subtelomeric multi-gene
families (Auburn et al., 2016). It has become clear that there
is a high degree of genetic heterogeneity in P. vivax parasites
(Hupalo et al., 2016). Therefore, researchers have begun to build
draft P. vivax genomes corresponding to different geographical
regions (Menard et al., 2013; Auburn et al., 2016; Chen et al.,
2017). Previously, we have shown that malaria parasites from the
China-Myanmar border were genetically separated from other
parts of the GMS and potentially represent a unique genetic
profile resulting from the clonal expansion of a few parasite
strains during an outbreak (Brashear et al., 2020). Unfortunately,
the closest de novo assembly and analysis performed previously
from this region was heavily fragmented, consisting of over
8,000 different scaffolds and identifying a small portion of
subtelomeric pir genes (Chen et al., 2017). Thus, we generated
representative P. vivax genomes from this region to provide
additional insights into the evolution of this parasite population.

Here, we performed de novo genome assembly on whole genome
sequencing (WGS) data from four P. vivax field isolates from the
China-Myanmar border.

MATERIALS AND METHODS

Ethics Statement and Sample Collection
This research was approved by local Bureau of Health of
Kachin and the Institutional Review Board of Pennsylvania State
University IRB #34319. Patients with acute P. vivax malaria
presented at the hospital and clinics of Laiza town, Kachin
State, Myanmar and Nabang Township, Yunnan Province, China
were recruited after obtaining written informed consent. Malaria
diagnosis was performed by microscopic examination of Giemsa-
stained blood smears. Five milliliters of venous blood were
drawn by venipuncture from each patient and filtered to remove
human leukocytes as previously described (Li et al., 2017).
Parasites were released after lysis of the red blood cells (RBCs)
with saponin, pelleted by centrifugation, and stored at −80◦C
until DNA extraction.

DNA Library Preparation and Illumina
Sequencing
Parasite DNA was extracted from the parasite pellets using the
QIAamp DNA Mini Kit (Qiagen, Hilde, Germany) and air-dried
for storage. DNA from each sample was resuspended in 20 µL
of water and DNA concentration was measured on a Qubit
Fluorometer. DNA libraries were prepared using the TruSeq
Nano DNA Library Prep Kit with up to 100 ng of DNA, which was
sheared to create 350 nt inserts. DNA libraries were sequenced
on the HiSeq 2500 in rapid mode to create 150 bp paired-end
reads. DNA reads were trimmed for quality, removing areas with
a Phred score under 20 using trimmomatic (Bolger et al., 2014).

Selection of Isolates for Genome
Assembly
Reads were aligned to the reference PvP01 genome using
BWA MEM (Li and Durbin, 2010). Samtools v1.3 was used to
characterize average coverage over the reference genome, and
those with an average coverage under 10 × were excluded (Li
et al., 2009). To account for multiple infections, we estimated
multiplicity using estMOI (Assefa et al., 2014). For confirmation,
we cross referenced these results with visual analysis of the
highly polymorphic merozoite surface protein 1 (MSP1) gene
using integrative genomics viewer (IGV) (Thorvaldsdottir et al.,
2013). We excluded samples for which multiplicity was higher
than 1. For samples that passed these filters, P. vivax genomes
were assembled using Velvet assembler at k-mer of 31, 51, 71
and 91 (Zerbino and Birney, 2008). Assembly quality statistics
were assessed via QUAST (Gurevich et al., 2013) with manual
review focusing on N50, genome length, and the proportion of
misassembled contigs. From these statistics we chose the best-
performing k-mer for each sample; if two assemblies seemed
comparable, we chose the larger of the two in order to better
resolve repetitive regions. To improve the assembly and reduce
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the number of contigs, each sample’s best assembly was scaffolded
with SSPACE (Boetzer et al., 2011), had gaps filled with gapfiller
(Nadalin et al., 2012), and was error-corrected with Pilon
(Walker et al., 2014).

Genome Refinement
The four samples performed the best in terms of N50 and
contiguity were pseudo-contiguated with ABACAS2 (Assefa
et al., 2009), gap-filled with IMAGE (Tsai et al., 2010) and
corrected with Pilon. Assembled and corrected genomes were
uploaded to the Companion webserver for multi-faceted gene
annotation (Steinbiss et al., 2016). PvP01, obtained from a
patient from Papua Indonesia, was used as the reference
genome (Auburn et al., 2016), and annotations were performed
with reference protein evidence as well as RATT annotation
transfer at the strain level. All other options were left at
default options, including pseudo-contiguation with a 500 bp
match length and 85% similarity. For consisteny between
genome annotation, assembled genome statistics for new
assemblies including size, N50 and #Ns/kbp were calculated using
post-companion genomes using QUAST, omitting sequences
less than 500 bp. Because companion pseudo-contiguation
bins extrachromosomal scaffolds together and to minimize
chimeric extrachromosomal contigs, we separated each stretch of
nucleotides separated by 100 or more N characters.

Gene Characterization
GFF files were downloaded for each sample from the companion
annotation and used for further gene analysis. Gene lists and
predicted protein sequences were extracted from the genome
of each field sample and the PvP01 reference genome. Genes
were either identified by the PvP01 orthologs or their Pfam
identifiers when possible. Additionally, genes were highlighted
along each chromosome using Circos (Krzywinski et al., 2009).
In addition, Circos plots visualized the depth of supporting reads
based on BWA alignment and segments without high identity
to P01 which were found using blat comparisons using a 98%
identity threshold and the resulting UCSC chain files were used
to identify conserved regions and the remaining regions were
plotted (Kent, 2002).

Gene predictions from each assembly were input into
OrthoVenn2 (Xu et al., 2019) to detect overall ortholog
conservation between assemblies. For the MCL analysis, we used
an e-value of 1 × 10−5 and an inflation factor of 1. The top four
with the lowest number of gaps were used to characterize the
gene content of each assembly. Reference genes were annotated
using PlasmoDB1, while new genes were annotated using a
combination of companion annotations and BLAST search of
PlasmoDB and GenBank.

A combination of PFAM-based and custom Profile Hidden
Markov Models (HMMs) were used to detect the presence of
gene families. HMMer was then used to scan the predicted genes
of each genome assembly (Eddy, 2011). For confirmation, HMM
searches were performed on both the Sal-I and PvP01 reference
genomes. Additional protein family profiles were constructed for

1www.plasmodb.org

each of 10 pir gene subfamilies based on previously classified PIR
proteins (Apweiler et al., 2004). Skylign was used for visualization
of HMM profile motifs, except for the DUF3671 group which was
selected from the PFAM database (Wheeler et al., 2014).

Phylogeny and Genetic Diversity
Reads for PvP01 and each of the four samples were aligned to the
PvP01 reference using BWA-MEM. We then created a maximum
likelihood tree with RAXML using the GTR model with Lewis
ascertainment correction. In all cases bootstrapping was set to
test for convergence (bootstopping) with a maximum of 1000
iterations, and in the case of the whole genome phylogeny,
convergence was reached after 50 bootstrapping replicates. The
phylogenetic trees were visualized using ggtree (Yu et al., 2017).
Similarly, phylogenetic relationships of pir and msp7 genes in
four newly assembled P. vivax genomes were evaluated using
the maximum likelihood algorithm in RAxML-NG with a JTT
model. Additionally, we performed identical variant calling
against the PvP01 reference for the four assembled samples and
analyzed their nucleotide diversity in 1 kb sliding windows using
vcftools (Danecek et al., 2011).

Copy Number Variation (CNV) Detection
Copy number variation for four new genome assemblies were
identified as previously with several modifications (Huckaby
et al., 2019). Briefly, BWA-MEM was utilized to align reads with
default settings to the PvP01 reference genome. Breakpoints of
the CNVs were identified using the Speedseq pipeline which
includes CNVnator for read-depth analysis and LUMPY for
discordant and split-reads analysis. Additionally, a final Speedseq
step included a Bayesian likelihood analysis for genotyping of
structural variants, which analyzes the ratio and quantity of
discordant or split-reads to concordant read-pairs and reads.
The settings were modified to require a minimum of two
supporting discordant read pairs or split-reads for LUMPY and
utilize 1000 bp windows for CNVnator read-depth analysis
and the option for genotyping by SVTyper within Speedseq
(Chiang et al., 2015).

To generate a final high confidence CNV set, several exclusion
criteria were applied. First, CNVs were excluded if their lengths
were <2000 bp or >100,000 bp. CNVnator with 1000 bp
windows cannot call CNVs <2000 bp and CNVs > 100,000 bp
are frequently false positives. Next, CNVs with Speedseq quality
scores of <0 were disregarded in order to exclude randomly
mapped discordant read-pairs and split-reads (due to sequence
homology at multiple locations). CNVs on PvP01 contigs were
also excluded as the confidence in their assembly is less than
the full PvP01 chromosomes. For final high-confidence CNV
calls, any CNVs without > 50% reciprocal overlap of both
LUMPY and CNVnator calls were excluded. The boundaries
of the resulting high-quality CNVs were reported using the
LUMPY locations as discordant read-pairs and split-reads give
greater resolution for breakpoints. When multiple LUMPY
calls were found to overlap in a single sample, and these
resulted in a similar length to a CNVnator call (i.e., CNVs on
chromosome 9), boundaries were reported as the outer limits of
the LUMPY CNV calls.
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RESULTS

Genome Sequencing and Assembly
We obtained 23 P. vivax field samples from the China-Myanmar
border: four from the Nabang town on the China side and 19
from Laiza town on the Myanmar side. The number of reads
obtained for each sample ranged from 7,252,842 to 9,529,810 with
the median being 8,387,821. After removing poor-quality reads
and reads matching the human genome, the remaining number
of reads ranged from 376,875 (4.3% of total reads) to 6,663,732
(77.9%) with the median being 3,278,840 (36.7%). Alignment
to the PvP01 reference genome revealed that the average depth
per nucleotide for each sample ranged from 2.6 to 61.7 with the
median average depth being 29.1 (Supplementary Figure S1A).

We performed de novo assembly on 14 field samples of
P. vivax infections with the highest coverage, and the assembled
genomes had a median N50 of 38,858.5 and a median number of
contigs of 2143 (Supplementary Figures S1B–D). Four samples
with the highest N50 values prior to correction, and confirmed
as monoclonal using three separate methods (Supplementary
Figure S2), were selected for detailed characterization. These
were pseudo-contiguated and corrected for downstream analysis.
The median depth of these four samples was 58.87 and coverage
remained consistently high throughout the chromosomes
(Figure 1). After processing, the four P. vivax genomes had
a median N50 of 1,781,807, a median number of scaffolds of
83.5, and average genome size of 29.86 Mbp, slightly larger
than the PvP01 reference (Table 1). After excluding the extra-
chromosomal contigs, apicoplast and mitochondrial genomes,
on average, 92.80% of chromosomes of the four genomes
aligned to PvP01.

Genetic Diversity
Our previous analyses of single nucleotide polymorphisms
(SNPs) from samples collected at the China-Myanmar border
revealed that three samples (LZCH1720, LZCH1476, and
LZCH1886) were closely related (Brashear et al., 2020). To
estimate diversity of the four genomes used for assembly,
we characterized the degree of diversity within the primary
chromosomes. We identified 110,635 high-quality bi-allelic SNPs
compared to the PvP01 reference. Sliding window analysis of
nucleotide diversity revealed high diversity at the subtelomeric
regions and the median nucleotide diversity among all windows
was 4.29 × 10−4 (Supplementary Figure S3).

Genome Annotations
Genes were predicted for each of the four newly assembled
P. vivax genomes. On average 6721 genes were predicted as
compared to 6741 genes for the PvP01 genome. To validate the
post-assembly pipeline, the PvP01 genomes were put through an
identical post-processing and gene finding pipeline. The results
showed 99.85% identity for the PvP01 gene annotation within the
core chromosomes. This high degree of consistency allowed us
to use polypeptides from the published PvP01 annotation as the
reference for comparison with the new assemblies. Meanwhile,
new assemblies consistently had between 92.5 and 93% of their

chromosomes aligned to those of the PvP01, whereas the Sal-I
assembly only had 90.75% of its chromosomes aligned to those
of the PvP01 reference. In each of the four assemblies, areas
of low conservation were concentrated around the chromosome
ends (Figure 1).

The predicted genes for the four new assemblies as well
as PvP01 and Sal-I references were assigned into orthologous
groups, which resulted in 6916 orthology clusters including
4843 single-copy gene clusters (Figure 2). The four genomes
had an average of 6598 predicted peptides for comparison to
the Sal-I genome (5389 annotations) and PvP01 genome (6677
annotations) (Table 2). There were 514 coding genes which
were present in reference genomes but missing in all four new
assemblies (Figure 2). These genes primarily consisted of multi-
gene family members including pir (336), phist (4), stp1 (2),
and msp3 (3). Additionally, many of the missing genes encode
proteins with unknown functions such as exported proteins with
unknown functions (138), conserved Plasmodium proteins with
unknown function (9) and hypothetical proteins (9). Additional
genes annotated in the reference genomes but not found in
the new assemblies include 4 apicoplast ribosomal proteins, 2
ribosomal proteins, 1 reticulocyte binding protein 1a, 1 putative
helicase, 1 carbonic anhydrase pseudogene, 1 PPPDE peptidase,
1 palmitoyltransferase DHHC9, 1 porphobilinogen synthase, and
1 KS1 protein precursor.

Newly Identified Genes
There were 151 new ortholog clusters which contained genes
without direct orthologs in PvP01; 120 of these contained just
one gene from each of the four assemblies. Of the 120 new
clusters, 65 were characterized as pir genes, 22 were proteins
of the unknown functions and/or had the domain of unknown
function, DUF3671, and 33 were hypothetical proteins with no
known pfam domain match. The 31 gene clusters which had more
than one ortholog in at least one genome assembly accounted for
44 new genes in NB45, 45 new genes in LZCH1720, and 46 new
genes in both LZCH1476 and LZCH1886. Of the 31 genes, 19
were pir genes, six were genes of unknown function, and six were
hypothetical proteins with no known pfam domain match.

Multigene Families
The majority of differences noted were within multigene family
members, and areas of low conservation seemed to coincide
with subtelomeric regions while the core genomes were relatively
conserved (Figure 1). This creates the possibility that many new
or missing genes may be mutually present as part of highly
variable gene families, and are therefore very divergent from their
P01 orthologs. To verify the overall genome assembly results
of the multigene families, we extracted all members for the pir,
phist, stp1, rbp, msp7, and etramp gene families from the four
new P. vivax assemblies and the reference genomes Sal-I and
PvP01 (Table 2). The pir gene family repertoire ranged from
1111 to 1204 in the four new P. vivax genomes as compared to
1181 in the PvP01 genome and 387 in the Sal-I genome. Three
new assemblies had 8–10 stp1 family members similar to PvP01
with 10 members, whereas the NB45 genome had 16. Each of
the four newly assembled P. vivax genomes had 76 or 77 phist
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FIGURE 1 | Circos plots for the four P. vivax genome assemblies (A) NB45, (B) LZCH1720, (C) LZCH1886, and (D) LZCH1476. The outermost green circle
represents genes on each chromosome. The second ring colors in select gene families wherein PIR genes are blue, DUF3671 genes are teal, MSP7 genes are red,
RBPs are yellow, PHIST genes are orange, and STP1 genes are green. The 3rd ring highlights regions which do not share 98% identity with PvP01. The innermost
circle represents coverage of reads for the assembly wherein the minimum is 0, the maximum is 100. To provide context, the interval between 90 and 100 is shown
in green, and the interval between 0 and 10 is shown in red.

family members (compared to 79 and 81 in Sal-I and PvP01,
respectively), 9 rbp genes (compared to 10 in both references),
and 40 tryptophan-rich antigen genes (compared to 36 and 40 in
Sal-I and PvP01, respectively). Each of the new assemblies had
the same number of genes as in Sal-I and PvP01 for msp7 (11
members) and etramp (10 members). It is noteworthy that due to
high levels of diversity, some of the gene family members were
not clustered via orthology with genes in PvP01. For example, of
the 548 genes without a PvP01 ortholog in LZCH1476, 356 were
pir genes, 77 had similarity to DUF3671 (a gene with an unknown
function), and one was an stp1 gene. Overall, of the genes within

new multi-gene orthology clusters, the majority (between 30 and
32 genes in each sample) had domain similarity to pir proteins,
and between 7 and 11 for each assembly had DUF3671 domain
structures. Segments containing many of gene family members,
particularly pir and msp7 gene family members, coincided with
low conservation regions (Figure 1).

Pir Subfamily Identification
To establish that missing orthology within a subset of pir genes
was not an outcome of missing gene family members but rather
due to more stringent classification methods, we assigned the
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TABLE 1 | Genome statistics for each of the four P. vivax field samples and two reference genomes.

Sal-I P01 NB45 LZCH1476 LZCH1886 LZCH1720

Reads sequenced NA NA 15343644 12553940 12799214 12929808

Average depth 58.51 58.04 59.23 60.07

Total genome length (Mbp) 27.01 29.05 30.05 29.88 29.53 29.84

Chromosome length (Mbp) 22.62 24.21 25.00 25.54 25.61 24.93

Ns/100 kbp 199.53 517.08 1034 1327.3 1365.97 1337.33

Number of scaffolds 2748 242 139 73 65 94

N50 (bp) 1678596 1761288 1743222 1783114 1780500 1920463

% Alignment to P01 79.31% 99.48% 81.43% 81.50% 81.06% 81.36%

extracted pir genes to pir gene subfamilies as previously defined
(Lopez et al., 2013). In each of the four newly assembled samples,
nearly all pir genes were mapped to at least one PIR subfamily
(Table 3). In the LZCH1886, LZCH1476, LZCH1720, and NB45
assemblies, there were 35, 38, 38 and 33 predicted PIR proteins,
respectively, unassigned to PIR subfamilies. Because our reported
estimates of pir genes is similar to previously reported (Auburn
et al., 2016), and in order to establish subfamily diversity, we

examined the composition of pir subfamilies. We created a
maximum likelihood tree for predicted PIR proteins in two
selected samples. We found clustering of samples from the same
gene subfamilies, with the largest gene subfamily consistently
being PIR E, closely followed by PIR C. Interestingly, while the
majority of unassigned PIR proteins formed a clade with the PIR
C subfamily in the NB45 genome assembly, they formed a more
distinct clade in the LZCH1720 assembly (Figure 3).

FIGURE 2 | Ortholog presence in each of the four China-Myanmar border P. vivax isolates compared to reference PvP01 genome. Each color represents all ortholog
groups present in each of 5 different isolates, with the reference P01 assembly being shown in orange.
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TABLE 2 | Gene content of each of 4 genomes chosen for gene analysis
compared to references Sal-I and PvP01.

Annotation Sal-I P01* LZCH1720 LZCH1886 NB45 LZCH1476

Encoded
peptides

5389 6677 6606 6530 6655 6601

Genes without
PvP01 orthologs

60 34* 712 543 869 548

PIR 387 1181 1157 1111 1204 1164

ETRAMP 10 10 10 10 10 10

PHIST 79 81 77 76 77 76

STP1* 13 10 8 10 16 9

RBP* 10 10 9 9 9 9

MSP7 11 11 11 11 11 11

Tryptophan-rich
antigens

36 40 40 40 40 40

*P01 numbers reflect an identical annotation pipeline imposed on the P01 genome
sequence in order to control for differences in methodology and are therefore not
identical to existing annotations.

TABLE 3 | Count of PIR protein subfamilies within PIR orthologous genes.

Subfamilies LZCH1720 LZCH1886 NB45 LZCH1476

PIR A 32 32 37 32

PIR B 53 47 51 53

PIR C 227 217 225 227

PIR D 0 0 0 0

PIR E 231 225 256 238

PIR G 117 109 130 114

PIR H 51 47 47 51

PIR I 124 122 128 124

PIR J 138 133 143 138

PIR K 154 144 154 154

Unassigned 38 35 33 38

The subfamily D had no members within the PIR families
of any of the newly assembled P. vivax genomes (Table 3). To
establish what may be causing a depletion of this gene family, we
ran an HMM profile scan against all proteins in the genome using
previously identified PIR D family members and found that there
were 270, 280, 260 and 272 proteins within the entire predicted
protein database of the newly assembled P. vivax genomes
LZCH1720, NB45, LZCH1886, and LZCH1476, respectively.
Each of the identified proteins had high similarity scores to
the profile of the constructed PIR D subfamily. Interestingly,
despite these similarities to the PIR D subfamily, most of
the proteins had higher similarity to the DUF3671 domain.
Specifically, PIR D subfamily members accounted for 253/254
(99.6%), 237/238 (99.5%), 247/248 (99.6%), and 259/260 (99.6%)
of DUF3671 proteins in LZCH1476, LZCH1886, LZCH1720 and
NB45, respectively.

To determine if DUF3671 domain characterizes a separate
gene family which overlaps with the previously designated PIR
D gene subfamily, we performed analysis of both gene domain
homologies. Within the Pfam database there are 489 sequences
which contain the DUF3671 domain, all of which belong to a
species of non-falciparum Plasmodium; 72% from P. malariae.

We also compared motifs between the DUF3671 profile available
from Pfam, and the constructed HMM profile based on suggested
PIR D family members, finding that two of the most conserved
profile components from the PIR D profile were similar to two
of the most conserved profile components from the DUF3671
profile (Supplementary Figure S4). Meanwhile, neither of the
architecture components were present in the overall PIR protein
profile, and none of the major components of the PIR protein
profile were present in the profile of PIR D.

MSP7 Diversity
Genes from the msp7 family were consistently represented with
11 genes in each assembly (Table 2). Msp7 genes tend to
be variable and are therefore not well characterized by SNP
data. Our assemblies all showed low conservation to PvP01
around the msp7 locus (Figure 1), so we characterized diversity
within the msp7 gene family within the newly assembled
genomes (Figure 4, Supplementary Figure S5). To establish
general relatedness of the parasite for comparison, we first
constructed a phylogenetic tree based on SNPs from the four
new assemblies (Figure 4A, Supplementary Figure S5B), which
consistently revealed the closer relationship among three new
genome assemblies. Phylogenetic tree of predicted MSP7 proteins
showed that the MSP7-C and MSP7-A orthologs, consisting
of two protein clades each, were highly related between these
assemblies (Figure 4B, Supplementary Figure S5), highlighting
evolutionary conservation of these genes. MSP7-B subfamilies,
consisting of the remaining 7 proteins, were much more diverse.
Within each protein cluster, the PvP01 and Sal-I MSP7-B
protein formed a separate clade from the MSP7-B proteins from
China-Myanmar border assemblies (Figure 4B, Supplementary
Figure S5B). In two instances, however, NB45 appeared to
form a clade with the PvP01 and Sal-I references rather
than the other China-Myanmar border samples (Figure 4B,
Supplementary Figure S5B).

Copy Number Variations (CNVs)
Copy Number Variations in the new genome assemblies were
scanned using different algorithms. After applying several criteria
to identify high-confidence CNVs, we identified a final set of
five amplifications (averaging 46 kb) and 11 deletions (averaging
27 kb) in the four new assemblies. All of the amplifications were
supported by more than one sample and were located in telomeric
or subtelomeric regions (Table 4, Figure 5A). A set of three
amplifications found in LZCH1720 and NB45 on chromosome
9 appeared to exhibit complex breakpoints as two of the CNVs
that were called added up to the largest CNV found at that
location (Table 4). Of the deletions, five were identified in
individual samples and the other six were present in two or three
samples (Table 4, Figure 5). A similar situation was found on
chromosome 9 with multiple deletions found just upstream of
the amplification loci that were previously mentioned (Table 4,
Figure 5). This locus was found to be variable in all four
assemblies, with LZCH1476 and LZCH1720 having the same
deletion (Table 4, Figure 5A).

Based on current annotations for the PvP01 genome, the
majority of genes included in the CNV amplifications were pir
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FIGURE 3 | Maximum-likelihood PIR family structure within two assembled genomes (A) NB45 and (B) LZCH1720. Each color represents a separate subfamily as
denoted by the color key on the right.

FIGURE 4 | Genetic diversity within P. vivax assemblies. (A) Genetic diversity within the entire genome of the four assemblies compared to PvP01 based on SNPs
from alignment to Sal-I. (B) Diversity within msp7 genes between different assemblies, Sal-I and PvP01. P. cynomolgi MSP7-A was used as an outgroup. Colors:
Black– P01, Blue – Sal-I, Orange—NB45, Red—LZCH1720, Cyan—LZCH1476, Purple—LZCH1886.

family members which matches results from the assemblies.
However, the amplifications on chromosomes 4 and 14 also
included putative exported proteins with unknown functions
(Supplementary File 1). The genes involved in deletions were
similar to the amplifications with the majority composed
of pir family members or exported proteins with unknown
functions (Supplementary File 1). The complex amplifications
and deletions on chromosome 9 included hypothetical proteins.

Genes within the predicted CNVs in the genome assemblies
involve many hypervariable gene families. Despite lower
resolution of the hyper-variable regions within the newly
assembled genomes, direct comparisons to the assembled
genome in some cases further corroborated the detection of
CNVs. Within chromosome 2, for instance, deletions were
predicted on either end of the chromosome for LZCH1720,
LZCH1886 and LZCH1476, but not in NB45 (Figure 5, Table 4).
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TABLE 4 | Copy Number Variations detected within the 4 isolates
compared to PvP01.

Supporting Samples Type Chr. Start End Length

LZCH1886, NB45 Amplification 4 38123 124716 86593

LZCH1476, LZCH1720,
NB45

Amplification 9 79721 135397 55676

LZCH1720, NB45 Amplification 9 79721 94710 14989

LZCH1720, NB45 Amplification 9 94119 135206 41087

LZCH1476, LZCH1720 Amplification 14 82 35455 35373

NB45 Deletion 1 58587 62858 4271

LZCH1476, LZCH1720,
LZCH1886

Deletion 2 15890 19643 3753

LZCH1476, LZCH1720,
LZCH1886

Deletion 2 776331 785302 8971

LZCH1720 Deletion 5 1010209 1013244 3035

LZCH1720, LZCH1886 Deletion 7 1531179 1630181 99002

LZCH1720 Deletion 8 1647230 1662256 15026

LZCH1476, LZCH1720 Deletion 9 135520 190955 55435

LZCH1886 Deletion 9 135520 182436 46916

NB45 Deletion 9 141424 191395 49971

LZCH1476, LZCH1720,
LZCH1886

Deletion 10 91532 96146 4614

LZCH1720, LZCH1886 Deletion 11 2054089 2057879 3790

Chr., chromosome.

Accordingly, while NB45 had regions homologous to the deleted
region within its assembled genome, the other three assemblies
were missing this section (Figure 5B). Visualization of one of
the two regions, between 15890 and 19643 further supported
a reduction in properly paired read coverage and increases of
surrounding discordant reads for the predicted region for all
assemblies except for NB45.

DISCUSSION

To date, no gapless P. vivax genome has been completed,
and diversity within P. vivax populations results in genomic
differences for populations from different geographic areas.
The China-Myanmar border, for instance, represents a unique
region of malaria endemicity, which would benefit from the
availability of high-quality P. vivax genome sequence collection
from this area. Here we present four draft genomes with similar
contiguity to the published reference PvP01 and performed
detailed gene annotations. We have demonstrated that their
genomic contents are consistent with expectations for the core
P. vivax genomes. However, some genes, particularly those
from antigenic gene families, are highly diverse and frequently
not directly orthologous to their counterparts in the current
reference genomes.

The P. vivax genome assemblies described here are of
comparable or higher quality to the existing references. In
terms of length and contiguity they parallel the genome
assemblies from Papua Indonesia, China and Thailand, which
ranged between 28.9 and 30.2 Mbp with 230–529 scaffolds,
compared to our samples which covered between 28.5 and 30.1

Mbp within 65–139 scaffolds (Auburn et al., 2016; Table 1).
Between 92.5% and 93% of the 14 chromosomes, representing
the core nuclear genome, from each assembly aligned to the
reference PvP01. Missing bases on the genome were common,
ranging from 1034 to 1365.97 Ns/Kbp compared to 517 in
the reference. However, we were still able to capture the
majority of annotated genes, comparable to or even in excess
of the PvP01 reference (Table 2). Only six genes missing from
our assemblies were not a member of a multi-gene family.
It is worth noting that PvP01 is the most contiguous and
highest-coverage assembly used currently, with other assemblies
being much more fragmented. It is noteworthy that both
the current gold-standard reference and the new assemblies
presented here contain a number of ambiguous sequences and
extra-chromosomal contigs, which are intrinsic to the short-
read sequencing technology. The next major improvements in
genome contiguity will likely occur when P. vivax genomic
DNA can be obtained in the quantities required for long-
read sequencing.

Our data indicate few large-scale variations in the core genome
and high variability in multi-gene families and subtelomeric
regions, also supported by high nucleotide diversity and
occurrence of CNVs toward chromosomal ends (Supplementary
Figure S1, Figure 5). Subtelomeric regions tend to be subject
to more frequent genomic rearrangements in malaria parasite,
while the homology of the multi-gene families also reduces
the accuracy of read mapping technologies. Our recent study
found high coverage variability within chromosomal ends
(Brashear et al., 2020), and upticks of coverage identified
here toward chromosomal ends could be a result of read
mismapping (Figure 1).

Despite seemingly close relationships (Table 2), proteins
from multi-gene families were divergent enough from the
reference that orthology-based analysis was unable to capture
a large number of them (Figure 2), even though we were able
to capture similar numbers of gene family members within
each new P. vivax assembly using HMM profile searches.
We were also capable of identifying large-scale structural
variation around the pir genes and genes for exported proteins
using CNV analyses, which suggests substantial genomic
rearrangements around these gene families (Supplementary
File 1). Interestingly, while NB45 is genetically differentiated
from the other three genomes and harbors distinct deletions,
it also shares some overlap of amplification with other
samples, particularly LZCH1720 (Figures 4A, 5A, Table 4).
Previous analyses have identified that some beneficial structural
variations arise independently and are selected in parallel (Nair
et al., 2008; Menard et al., 2013; Hostetler et al., 2016).
Therefore, future analyses of large-scale CNVs within P. vivax
could identify similarities. Another interesting observation
was amplifications and deletions found in close proximity to
one another on chromosome 9, suggesting the existence of
chromosomal regions that are prone to genetic deletions or
amplifications (Table 4).

Pir genes in particular are known for having a large degree
of diversity and are divided into subfamilies (Lopez et al., 2013;
Auburn et al., 2016; Chen et al., 2017). We analyzed the content
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FIGURE 5 | Structural variation within assembled genomes. (A) Locations of all predicted copy number variations. Each circle represents a different sample in this
order: NB45, LZCH1476, LZCH1720, and LZCH1886. Pink wedges represent predicted deletions while blue wedges represent predicted amplifications. Outer ring
shows gene density wherein green highlights are individual genes. (B) CNVs on chromosome 2 with wedges representing their location within PvP01 and lines
connecting them to homologous regions on respective assemblies when applicable. Coverage support plots were included for the four new assemblies in the
second ring. (C) Normalized depth for both discordant and properly paired reads around a chromosome 2 deletion predicted for 3 of the 4 samples. Black lines
denote the predicted deletion boundary.

of the pir gene family obtained through protein profile alignment,
and found that subfamilies C and E were the largest gene family
members in all assemblies and exhibit a degree of structure even
within the subfamilies, which mirrors findings from previous

analyses (Auburn et al., 2016; Chen et al., 2017). Interestingly,
we found no members of PIR D aligned to the HMM profile for
the pir gene family, and instead most proteins with high identity
to the PIR D subfamily, under isolated searching, had higher
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similarity to the DUF3671-containing proteins with unknown
functions (Table 3). Extensive comparisons of protein families in
P. vivax has previously demonstrated that PIR subfamilies D, H
and A are only loosely related to PIR proteins, with PIR subfamily
D being the most dissimilar and having no homology blocks in
common with other PIR subfamilies (Lopez et al., 2013). This
study posited that PIR A, PIR H and especially PIR D should
be considered separate gene families, which our data support.
Motif comparisons demonstrated that PIR D subfamily members
do not have common motifs with other PIR family members,
and instead suggested strong homology with DUF3671. This
would explain why previous studies have either represented no
gene family members from PIR D, or have specifically used
homology to the subfamily grouping to achieve representation
(Auburn et al., 2016; Chen et al., 2017). Our data corroborates
that PIR D proteins are dissimilar to other pir gene family
members, and points to an alternative gene family united by the
DUF3671 domain. PIR A and PIR H were not as disparate within
our dataset and were identifiable by HMM profiling. However,
previous phylogenetic analyses comparing various multi-gene
families suggest common ancestry between PfEMP1, SicaVAR,
and Surfin proteins, making it possible that new gene families
could evolve via increasing divergence of existing subfamilies
(Frech and Chen, 2013).

We found inter-sample variation within the msp7-B genes
which would be difficult to detect through SNP profiling alone.
Previous studies have shown the diversity of msp7 within
species, finding that msp7-A paralogs are well conserved within
species (Castillo et al., 2017), a finding well supported here
(Figure 4). The differences in redundancy and interspecies
conservation have previously been suggested to correspond
to different roles in invasion for msp7 subtypes A, B and
C (Garzon-Ospina et al., 2016). Patterns of variation within
the MSP7-B subfamily closely mimic whole genome findings,
suggesting MSP7-B is a viable measure of population diversity
(Figure 4). NB45 was differentiated from the other three
samples in both whole genome analyses and analysis of msp7
genes (Figure 4). Our previous results support that LZCH1720,
LZCH1886 and LZCH1476 probably resulted from clonal
expansion linked to a P. vivax outbreak in 2013, which would
explain their higher relatedness as compared to NB45 (Brashear
et al., 2020). The small sample size and close relationship
among three of the four samples are also likely to result in
the relatively low nucleotide diversity as compared to other
previously surveyed P. vivax populations (Hupalo et al., 2016;
de Oliveira et al., 2017).

We present here the first collection of high-quality P. vivax
genome assemblies from the China-Myanmar border. This area
is important in the scheme of malaria elimination due to the
potential cross-border spread of malaria parasites (Lo et al., 2015,
2017). Previously, it has been demonstrated that the China-
Myanmar border has substantial genetic separation from other
areas in Southeast Asia. Further, P. vivax is the predominant
form of malaria in the border region (Geng et al., 2019).
Therefore, in-depth statistics on gene content and variability
from P. vivax on the China-Myanmar border represent a benefit
to the malaria community. Our genome assemblies presented

here were able to provide further insight into the dynamics of
gene families within P. vivax and constitute a new resource for
malaria researchers.
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Genomic analysis of SARS-CoV-2 sequences is crucial in determining the effectiveness
of prudent safer at home measures in the United States (US). By haplotype analysis of
6,356 US isolates, we identified a pattern of strongly localized outbreaks at the city-,
state-, and country-levels, and temporal transmissions. This points to the effectiveness
of existing travel restriction policies and public health measures in reducing the
transmission of SARS-CoV-2.

Keywords: COVID-19, SARS-CoV-2, haplotype, variant, localized outbreak, temporal transmission

INTRODUCTION

SARS-CoV-2 is a positive-sense single-stranded RNA virus (Wu et al., 2020; Zhu et al., 2020). The
collection of variants in a viral genome is referred to as the haplotype. New haplotypes arise from
sequential acquisition of new variants in the viral genome. A haplotype, more than individual
variants, serves as the distinct signature of a viral isolate and can be used effectively to trace the
lineage, determine the ancestral origin of the infection, and to understand the community spread
pattern during the COVID-19 pandemic. The rapid accumulation and sharing of SARS-CoV-2
genome sequences at an unprecedented speed have greatly facilitated haplotype-based genomic
epidemiology studies. Since the first SARS-CoV-2 genome sequence was reported in January of
2020, as of May 20th 2020, there have been over 30,000 sequences deposited to GISAID (Elbe
and Buckland-Merrett, 2017; Shu and McCauley, 2017),1 NCBI Virus,2 the China National Center
for Bioinformation (CNCB) 2019 nCoV Resource (Zhao et al., 2020)3 and other data repositories
(Shen et al., 2020b).

To understand the genetic etiology of COVID-19, it is imperative to have a comprehensive
understanding of the variant and haplotype landscapes of all reported genomes of SARS-
COV-2. Country-, state- and possibly city-specific variant profiles may contribute to varied
disease exemplifications and fatality rates observed across the globe along with host factors
such as age, ethnicity and comorbidity. In our previous study, we established a comprehensive

1https://www.gisaid.org/
2https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/
3https://bigd.big.ac.cn/ncov/
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COVID-19 genomic resource, Children’s Hospital Los Angeles
(CHLA) COVID-19 Analysis Research Database (CARD), by
harmonizing data from GISAID, NCBI Virus, CNCB and other
resources (Shen et al., 2020b). Leveraging this extensive resource,
in this study, we performed a comprehensive study of all publicly
available SARS-CoV-2 genome sequences at the time of study,
restricted to comparisons of global vs. USA isolates, which
included 83 isolated that we sequenced at the Children’s Hospital
Los Angeles (Shen et al., 2020b). We called variants from each
genome sequence, and performed categorical analyses of variants
and haplotypes as stratified by the geographic locations. This
genomic epidemiology study, focusing on haplotypes, allowed us
to gain insights as to the continuous evolution of the SARS-CoV-
2 viral genomes and how the travel restrictions and safer-at-home
health measures had been effective in reducing the spread of this
pandemic by preventing the inter-state transmission of the virus.

MATERIALS AND METHODS

Global and US SARS-CoV-2 Sequence
Data
The CHLA internal SARS-CoV-2 sequencing data were generated
using the SARS-CoV-2 whole genome sequencing research assay,
established by the CHLA Center for Personalized Medicine
and the Virology Laboratory. The major external resources
of SARS-CoV-2 strains, genome sequences, and variants were
GISAID, GenBank, CNCB, and NextStrain. Details about how
the sequences were collected and further processed in CHLA
COVID-19 Analysis Research Database (CARD) were described
previously (Shen et al., 2020b).

Sequence Alignment, Variant Calling,
and Haplotype Analysis
Viral genome comparison and variant calling is a wraparound
of MUMmer version 4.0.12 (Marçais et al., 2018),4 with results
loaded into a MySQL database. Haplotype analysis was done with
SQL queries and custom scripts, all as part of the CHLA COVID-
19 Analysis Research Database (CARD) which was described
previously (Shen et al., 2020b).

RESULTS

Viral genomes and demographic meta-data of 6,356 SARS-CoV-
2 isolates within the US (as of May 20, 2020) were extracted
from GISAID,5 GenBank,6 and COVID-19 patients and staff at
the Children’s Hospital Los Angeles (CHLA). Variants, haplotype,
geographic location at diagnosis and documented exposure for
the patients were analyzed (Shen et al., 2020b). A total of 921
unique variants were each detected in at least three US isolates.
Similarly, 264 distinct haplotypes were each represented in at least
five US isolates (Supplementary Table S1). These variants and

4https://mummer4.github.io/
5https://www.gisaid.org/
6https://www.ncbi.nlm.nih.gov/genbank/sars-cov-2-seqs/

haplotypes were hence deemed unlikely to be sequencing artifacts
and kept for further analysis.

The four most common mutations (241-C-T, 3037-C-T,
14408-C-T, 23403-A-G) were each present in about 65–67%
of US isolates. In total, these 921 variants included 487
missense, 348 synonymous, 66 intergenic, 4 in-frame deletions,
5 stop gained/lost, and several other non-coding variants
(Supplementary Table S2).

US-Specific Haplotypes
Cross-stratification by geolocation identified city-, state- and
country-specific haplotypes. Seventy seven of the 264 (29.2%)
haplotypes that were found in at least five US isolates were
US-specific. They comprise of a total of 849 isolates which
accounted for 13.3% of the 6,356 US isolates. In addition to the
77 purely US-specific haplotypes, there were an additional four
large haplotypes that were mostly North America-specific, with a
total of 434 isolates where 431 isolates (99.3%) were from the US
(425) and Canada (6) (Supplementary Table S3). Isolates from
these four large haplotypes were geographically dispersed across
the nation. Of note, all 66 US isolates belonging to haplotype
(241-C-T, 1059-C-T, 3037-C-T, 11916-C-T, 14408-C-T, 18998-C-
T, 23403-A-G, 25563-G-T, 29540-G-A) were from the COVID-19
epicenter in New York and neighboring states. Comprehensive
phylogenetic analysis of the US-specific isolates, along with 2,000
randomly selected non-US isolates, revealed that the isolates fell
exclusively in some major clades and were completely absent in
the remaining clades (Figure 1). The mean number of isolates
represented by each USA-specific haplotype was 11.4 ± 12.9
(range: 5–91) (Supplementary Table S3). Of note, 58 of the
purely US-specific and the four nearly US-specific haplotypes
consisted of 715 US isolates all had the globally dominant 23403-
A-G (D614G) mutation (Korber et al., 2020). The 8782-C-T
(orf1ab, synonymous) and 28144-T-C (orf8:p.Leu84Ser) variants
were mutually exclusive with D614G, and co-occurred in 25
haplotypes that accounted for a total of 551 US isolates.

State-Specific Haplotypes
State-specific haplotypes were identified for 12 states based on the
sequences of 613 out of 6,356 US isolates (9.6%). Further, seven
US-specific haplotypes were almost exclusively found in isolates
from a single state, where the few exclusivity-violating isolates
were from neighboring states. Washington state had the most
private haplotypes (24 haplotypes and 367 isolates), followed by
California (9 haplotypes and 63 isolates) and Utah (5 haplotypes
and 44 isolates). The number of haplotypes increased over time as
new variants were continuously acquired, but the newly emerged
haplotypes were confined within these states to accumulate
such that the percentage of isolates that carry the USA- and
state-private variants and haplotypes increase (Supplementary
Table S4). Two of the California specific haplotypes are notable.
The 9-isolate 491-G-A,14940-A-G haplotype group and its single-
marker ancestral haplotype (14940-A-G with 5 isolates) were
exclusively present in California between March 31, 2020 and
May 1, 2020. 491-G-A is a missense variant, p.Ala76Thr, in
the orf1ab gene. The 15-isolate 25692-C-T haplotype group
is similarly interesting in the sense that these haplotypes are
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FIGURE 1 | Maximum likelihood phylogenetic tree of isolates carrying US-specific haplotypes and 2,000 randomly selected non-US isolates. Blue, isolates with
Washington-specific haplotypes; Pink, Children’s Hospital Los Angeles (CHLA) and other California isolates; Green, New York-specific, Red, other states’ isolates
with USA-specific haplotypes; Light blue, UK and Australia isolates; Black, Other non-US isolates. Blue labels, the clade names. A total of 1107 isolates from
US-specific haplotypes were included in the phylogenetic analysis. Non-US isolates belonging to any haplotypes were randomly sampled at about 10% to reach
2000 isolates. Each branch in the phylogenetic tree may represent a group of isolates. The tree is rooted at the outgroup MN996532 (EPI_ISL_402131,
bat/Yunnan/RaTG13/2013).

relatively “ancestral” with only 1-base difference from the
reference isolate genome (NC_045512.2), but they were recently
seen in late April, after the inception of the safer at home policy
in California. This is in contrast with the dominant haplotypes in
the US that were more distant descendants of NC_045512.2, with
at least 3 and frequently more than 10 variants compared to the
reference. This is suggestive of containment of early infections in
California and limited spread to other states, likely again because
of the early response to the pandemic from the state of California.

On the national level, one major haplotype (8782-C-T,
17747-C-T, 17858-A-G, 18060-C-T, 28144-T-C) had 317 member

isolates, where 315 (99.4%) were from the US (311, 98.0%) and
neighboring Canada locations (4, 1.3%). With the exception
of two isolates from Australia, there were no isolates from
outside North America. It is noted that this haplotype lacks
the dominant D614G mutation prevalent in Europe. The first
reported USA COVID-19 case in mid-January, haplotype (3
variants 8782-C-T, 18060-C-T, 28144-T-C), is the more remote
ancestral haplotype. Three cases from Washington collected
around January 18 shared this 3-variant haplotype. The isolates
were continuously present from late February through April
2020, with predominance found in the western states, including
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Washington and California, compared with isolates from the east
coast. The potential immediate ancestral haplotypes inferred with
CHLA CARD Genome Tracker were also from US and Canada
isolates but they were sampled at later dates (Shen et al., 2020b).
This provided further evidence of reduced state-to-state and
coast-to-coast transmissions within the United States.

DISCUSSION

Based on the genomic analysis of all published SARS-CoV-
2 sequences to date, safer-at-home measures have been very
effective at reducing the spread of SARS-CoV-2, especially in
preventing inter-state transmission of this highly infectious virus.
The most state-private haplotypes were seen in the states of
Washington and California where the earliest COVID-19 cases
were reported and early safer-at-home orders were implemented.
Persistent implementation of these measures would clearly lead
to reduced spread of the COVID-19 pandemic over time. Indeed,
in our recent re-analysis of SARS-CoV-2 genome data (August
3rd, 2020), we identified consistent, and even more prominent
trend of localized haplotype patterns in California and other
states. As an example, 3,048 of the 3,492 (87.3%) isolates from
California carried state-specific haplotypes not seen in other
states of USA.

On the other hand, a virus with a novel haplotype is not
necessarily a new strain of the virus. The viral variant and
haplotype analysis described here may prove to be critical,
however, if a more transmissible and more deadly strain of SARS-
CoV-2 emerges over time. Further studies will likely determine
viral haplotypes, in the context of host factors, that may be
associated with disease severity, response to treatment, or utility
of vaccines for disease prevention.
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Streptococcus pneumoniae is a major cause of pneumonia, sepsis, and meningitis.
Previously, we identified a novel virulence factor by investigating evolutionary selective
pressure exerted on pneumococcal choline-binding cell surface proteins. Herein, we
focus on another pneumococcal cell surface protein. Cell wall-anchoring proteins
containing the LPXTG motif are conserved in Gram-positive bacteria. Our evolutionary
analysis showed that among the examined genes, nanA and bgaA had high proportions
of codon that were under significant negative selection. Both nanA and bgaA encode a
multi-functional glycosidase that aids nutrient acquisition in a glucose-poor environment,
pneumococcal adherence to host cells, and evasion from host immunity. However,
several studies have shown that the role of BgaA is limited in a mouse pneumonia
model, and it remains unclear if BgaA affects pneumococcal pathogenesis in a mouse
sepsis model. To evaluate the distribution and pathogenicity of bgaA, we performed
phylogenetic analysis and intravenous infection assay. In both Bayesian and maximum
likelihood phylogenetic trees, the genetic distances between pneumococcal bgaA
was small, and the cluster of pneumococcal bgaA did not contain other bacterial
orthologs except for a Streptococcus gwangjuense gene. Evolutionary analysis and
BgaA structure indicated BgaA active site was not allowed to change. The mouse
infection assay showed that the deletion of bgaA significantly reduced host mortality.
These results indicated that both nanA and bgaA encode evolutionally conserved
pneumococcal virulence factors and that molecular evolutionary analysis could be a
useful alternative strategy for identification of virulence factors.

Keywords: Streptococcus pneumoniae, molecular evolutionary analysis, pneumococcal cell wall-anchoring
proteins, bgaA, nanA

INTRODUCTION

Streptococcus pneumoniae is one of most frequently isolated bacteria from community acquired
pneumonia, sepsis, and bacterial meningitis (Ishiguro et al., 2013; CDC, 2019). The phylogenetic
relationship of both 16S rRNA and a core set of 136 genes indicated that this pathogen belongs to
mitis group of Streptococcus (Kawamura et al., 1995; Richards et al., 2014). S. pneumoniae is capable
of importing various genes including antimicrobial resistance genes via horizontal transfer from
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related species (Salvadori et al., 2019). In the United States of
America, more than 30% of clinically isolated pneumococcal
bacteria are resistant to one or more antibiotics (CDC, 2019).
Currently, 23-valent pneumococcal polysaccharide and 13-
valent pneumococcal-conjugated vaccines are in use in various
countries. These vaccines prevent pneumococcal infections
caused by vaccine-targeted serotype strains and inhibit the
spread of drug resistant strains (CDC, 2019). On the other
hand, the selective pressure imposed by vaccination has
increased the emergence of non-vaccine serotype strains
(Golubchik et al., 2012).

Recently, we applied a combination of evolutionary analysis
and laboratory-based approaches to evaluate the functional
significance of putative virulence factors (Yamaguchi et al., 2016,
2019a; Yamaguchi, 2018). As mutations in non-essential but
important genes promote the selection of bacterial lineages in
single species, genes that undergo considerable negative selection
would be important for the survival and/or success of the
species in its host and/or the environment. Thus, a molecular
evolutionary approach enables us to estimate the contributions
of bacterial proteins to species success throughout its life
cycle. We have previously focused on the evolutionary selective
pressures on choline-binding proteins (CBPs) in S. pneumoniae
(Yamaguchi et al., 2019a). CBPs are localized to the cell surface
by binding to phosphoryl choline on the cell wall. As cell
surface proteins are easily and directly accessible to the external
environment, these proteins could represent attractive antigen
candidates for vaccine development. Our analysis revealed that
CbpJ contributes to evasion of host neutrophil-mediated killing
in pneumococcal pneumonia. This is surprising as CbpJ has
no known functional domains apart from signal sequences and
choline-binding repeats. While there are also other types of
pneumococcal cell surface proteins, their degree of evolutionary
conservation remains unknown.

For this study, we focused on different motif involved
in pneumococcal cell surface localization, LPXTG, which is
associated with cell wall-anchoring (Lofling et al., 2011). LPXTG-
containing proteins are covalently attached to the cell wall,
and at least some of these proteins have been identified as
multi-functional proteins (Yamaguchi et al., 2008; Uchiyama
et al., 2009; Dalia et al., 2010; Lofling et al., 2011). Our
evolutionary analysis indicated that the nanA and bgaA genes
are under considerable negative selection pressure. The nanA
gene encodes pneumococcal cell surface-localized exo-α-sialidase
(NanA) that hydrolyzes α2-3-, α2-6-, and α2-8-linkages of
N-acetylneuraminic acid residues, and bgaA encodes exo-
β-galactosidase (BgaA) that hydrolyzes β1-4-linkages of galactose
residues, respectively (Hobbs et al., 2018). These glycosidases
contribute to biofilm formation in glucose-poor but galactose-
rich environments such as the mouse nasopharynx (Blanchette
et al., 2016). The glycosidases also disrupt complement deposition
and reduce opsonophagocytic killing through catalytic activities
(Dalia et al., 2010). In mouse intravenous infection, NanA
contributes to pneumococcal invasion into the host central
nervous system by aiding penetration through the blood–
brain barrier (Uchiyama et al., 2009). However, whether BgaA
functions as a virulence factor in vivo remains unknown. Thus,

we performed a phylogenetic analysis and mouse intravenous
infection assay to address this question.

MATERIALS AND METHODS

Phylogenetic and Evolutionary Analyses
The tBLASTn search was used to identify homologs and
orthologs of genes that encode cell wall-anchoring proteins
(Gertz et al., 2006). Phylogenetic and evolutionary analyses were
performed as previously described, with minor modifications
(Yamaguchi et al., 2016, 2017, 2019a). Briefly, the sequences
were aligned by codon using Phylogear2 (Tanabe, 2008),
MAFFT v.7.221 with an L-INS-i strategy (Katoh and Standley,
2013), and Jalview (Waterhouse et al., 2009). Conserved
common codons were used for further phylogenetic analysis.
The best-fitting codon evolutionary models for MrBayes and
RAxML analyses were determined using Kakusan4 (Tanabe,
2011). Bayesian Markov chain Monte Carlo analyses were
performed using MrBayes v.3.2.5 or v.3.2.6 (Ronquist et al.,
2012), and 2–8 × 106 generations were sampled. To validate
phylogenetic inferences, maximum likelihood phylogenetic trees
with bootstrap values were generated with RAxML v.8.1.20
(Stamatakis, 2014). Phylogenetic trees were visualized using
FigTree v.1.4.4 (Rambaut, 2018). Evolutionary analyses were
performed based on aligned orthologous regions of genes that
encode cell wall-anchoring proteins and Bayesian phylogenetic
trees with a two-rate fixed-effects likelihood function in the
HyPhy software package (Pond et al., 2005). For the evolutionary
analyses, the level of statistical significance was set at P < 0.1 with
the HyPhy default setting.

TIGR4 BgaA protein structure was visualized using PyMOL
2.41. The PDB ID is 4CU6 (Singh et al., 2014). The domain
structures were identified using MOTIF and Pfam (Kanehisa and
Goto, 2000; Finn et al., 2014).

Bacterial Strains and Construction of
Mutant Strains
S. pneumoniae strains were cultured at 37◦C in Todd-Hewitt
broth (BD Biosciences, Franklin Lakes, NJ, United States)
supplemented with 0.2% yeast extract (THY; BD Biosciences).
Spectinomycin (Wako Pure Chemical Industries, Osaka, Japan)
was added to the medium to a concentration of 120 µg/mL
for mutant selection and maintenance. The S. pneumoniae
TIGR4 isogenic bgaA (1bgaA) mutant strain was generated as
previously described (Mori et al., 2012; Yamaguchi et al., 2019b).
Briefly, the upstream region of bgaA, an aad9 cassette, and
the downstream region of bgaA were combined by PCR using
the primers summarized in Supplementary Table 1. The PCR
product was transformed with synthesized CSP2 to construct
the mutant strains by double-crossover recombination (Bricker
and Camilli, 1999). The mutation was confirmed by site-specific
PCR with isolated genomic DNA from the mutant strains. For
growth measurement, overnight cultures of each strain were
back-diluted 3:100 into fresh THY and grown at 37◦C. Growth

1https://pymol.org/2/
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was monitored by measuring the OD600 values every 30 min. The
starting point was set at an OD600 value of approximately 0.1. The
experiment was repeated three times and the data is provided as
Supplementary Data 1.

Mouse Intravenous Infection Assays
All mouse experiments were conducted in accordance with
animal protocols approved by the Animal Care and Use
Committee of Osaka University Graduate School of Dentistry
(28-002-0). The mouse infection assay was performed as
previously described (Hirose et al., 2018; Yamaguchi et al., 2019a).
Briefly, CD-1 mice (Slc:ICR, 6 weeks, female) were infected by
tail vein injection with 1 × 106 CFUs of S. pneumoniae. Mouse
survival was checked twice daily for 14 days. The experiment was
repeated three times and the data is provided as Supplementary
Data 2. The pooled data for the three experiments was compared
using a log-rank test. Statistical analysis was performed using
Prism v.7.0d or v.8.4.2 software (GraphPad, Inc., La Jolla, CA,
United States). The level of significance for differences between
groups was set at P < 0.05.

RESULTS

Evolutionary Selective Pressures on
Genes Encoding Cell Wall-Anchoring
Proteins
The tBLASTn function was used to search pneumococcal
genomes for genes encoding cell wall-anchoring proteins
(Figure 1 and Supplementary Table 2). While no genes were
found to be conserved as intact open reading frames in all strains,
all genes, save for pclA and psrP, were present in most strains. In
particular, although the nanA gene in the TIGR4 strain contains
a frameshift mutation in C-terminal region, TIGR4 NanA shows
sialidase activity, and is assumed to be secreted into milieu instead
of being anchored to the cell wall (Gut et al., 2011).

To evaluate the degree of evolutionary conservation in cell
wall-anchoring proteins, we performed molecular evolutionary
calculations based on each phylogenetic relationship and the
DNA sequences aligned by codon. The calculated selective
pressure for each gene is summarized in Table 1. The percentage
of codons that are negatively selected for is visualized in
Figure 1B. There was negative selection for over 11% of
total codons in nanA and bgaA. This contrasts with less
than 5% of total codons in most other genes, indicating that
these two genes play an important role in the success of
S. pneumoniae species. This same tendency was observed in
our previous analysis on pneumococcal CBPs using the same
genome sequences. Specifically, in the previous study, more
than 13% of codons in the top two genes, cbpJ and lytA,
were negatively selected (Yamaguchi et al., 2019a). Further,
we previously reported that the pfbA gene showed high
specificity to S. pneumoniae species and had a low level of
sequence diversity (Yamaguchi et al., 2019b). Interestingly, our
evolutionary analysis also indicated that the pfbA gene is under
relaxed selective pressure.

Phylogenetic Relationships of the bgaA
Gene
Evolutionary analysis indicated that the top two genes, nanA
and bgaA, had high percentage of codons that were under
negative selection pressure. We have previously reported that
streptococcal nanA orthologs diverged into two major groups,
with one group consisting of Streptococcus mitis, Streptococcus
intermedius and S. pneumoniae, and the other consisting of
Streptococcus agalactiae and the Streptococcus iniae groups
(Yamaguchi et al., 2016). However, the phylogenetic relationships
of bgaA have not been previously described. We used tBLASTn
to search for bgaA-homologs, and performed Bayesian and
maximum likelihood phylogenetic analyses (Figure 2 and
Supplementary Figure 1). The tBLASTn search of the NCBI
Nucleotide collection database showed that the bgaA gene
homologs were identified in various streptococcal species and
other Gram-positive bacteria of the phylum Firmicutes, including
genus Clostridium and Bacillus. The β-galactosidase genes of
these Gram-positive bacteria were used to root the phylogenetic
trees. Bayesian and maximum likelihood phylogenetic analyses
produced almost identical trees. The bgaA genes in S. pneumoniae
and S. pseudopneumoniae had small genetic distances and formed
an independent cluster within a cluster of streptococcal strains.
In contrast, orthologous genes in other streptococcal species
were genetically diverse. One of the bgaA orthologs from the
Streptococcus gwangjuense strain ChDC B345 belonged to the
pneumococcal clusters. As this gene is distinct from other
S. gwangjuense genes, there is a possibility that it had been
obtained from S. pneumoniae via horizontal gene transfer.

Evolutionarily Conserved Catalytic
Residues Contribute to the
Conformation of BgaA Active Site
The domain structures and amino acid residues of TIGR4 BgaA
that are under negative selection are shown in Figures 3A–
D and Supplementary Figure 2. BLAST search showed that
the TIGR4 BgaA amino acid sequence did not have high
similarity with human proteins (Supplementary Table 3). BgaA
contains glycosyl hydrolase domains in its N-terminus, and
most evolutionarily conserved residues were present, from the
glycosyl hydrolase sugar binding domain to the first bacterial
Ig-like domain (Figures 3A,B and Supplementary Figure 2).
All evolutionarily conserved proline located on loop regions
(Figure 3C). Since proline has restricted phi-psi space that arise
from the 5-membered ring and stabilize protein structure (Morris
et al., 1992), the residues may contribute to the conservation of
BgaA catalytic region via stabilization of those loop structures.
The active site of BgaA contains 15 catalytic residues, R288, H450,
H484, E564, D599, R602, F603, Y624, W685, W708, Y713, E716,
T718, H721, and F733 (Singh et al., 2014). All catalytic residues
were present in comparable residues encoded by commonly
conserved codons in pneumococcal species. Interestingly, eight
catalytic residues shown in Figure 3D were evolutionarily
conserved ones. The other seven catalytic residues were flanked
(R288, H450, W685, and W708) by or located (E564, D599,
and Y713) within two residues from evolutionarily conserved
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FIGURE 1 | Distribution of genes that encode cell wall-anchoring proteins and percentage of codons that are evolutionarily conserved for these genes.
(A) Distribution of genes that encode cell wall-anchoring proteins from pneumococcal strains. The gene locus tag numbers are summarized in Supplementary
Table 2. Blue, yellow, and gray represent the presence, pseudogenization, and absence of genes, respectively. (B) Codons of genes encoding cell wall-anchoring
proteins evolving under purifying selection were identified using HyPhy software with phylogenetic trees and aligned sequences. Blue, orange, and gray represent the
percentage of codons under purifying selection, comparable common codons, and incomparable codons, respectively. The actual numbers and other parameters
are listed in Table 1.
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TABLE 1 | Evolutionary analyses of genes that encode cell wall-anchoring proteins.

Genes Number of
sequences1

dN/dS Coverage of comparable
codons relative to whole

protein in TIGR4

Codons evolving under
positive selection

Codons evolving under
purifying selection

% of codons
under purifying

selection relative
to total codons

strH 23 0.561 98.781% (1297/1313) 0.154% (2/1297) 0.463% (6/1297) 0.457%

pavB 25 0.181 1.981% (17/858) 0% (0/17) 11.765% (2/17) 0.233%

spuA 22 0.151 66.354% (850/1281) 0% (0/850) 2.353% (20/850) 1.561%

spnHL 24 0.343 76.289% (814/1067) 0.369% (3/814) 2.211% (18/814) 1.687%

Eng 20 0.145 98.303% (1738/1768) 0.230% (4/1738) 8.458% (147/1738) 8.314%

endoD 23 0.243 75.361% (1251/1660) 0.080% (1/1251) 2.878% (36/1251) 2.169%

prtA 21 0.013 10.836% (232/2141) 0% (0/232) 3.017% (7/232) 0.327%

bgaA 22 0.185 39.526% (883/2234) 0.113% (1/883) 29.332% (259/883) 11.594%

mucB 16 1.147 58.128% (118/203) 0% (0/118) 0% (0/118) 0.000%

pclA 6 0.328 48.002% (1225/2552)2 0.082% (1/1225) 7.592% (93/1225) 3.644%

nanA 23 0.170 60.020% (599/998)2 0.334% (2/599) 35.392% (212/599) 21.242%

psrP 5 0.203 19.845% (948/4777) 0.633% (6/948) 24.367% (231/948) 4.836%

pfbA 19 0.423 33.568% (238/709) 0% (0/238) 7.983% (19/238) 2.680%

spr1806 19 5.172 36.937% (82/222) 0% (0/82) 0% (0/82) 0.000%

1Sequences with 100% identity were considered to be the same sequence; 2compared to D39. Evolutionary analysis was performed by Bayesian inference of aligned
sequences from complete genomes of S. pneumoniae using the two-rate fixed-effects likelihood function in the HyPhy software package. dN/dS is the ratio of non-
synonymous to synonymous changes overall in analyzed genes. Individual codons with a statistically significant signature were also tallied and are expressed as a
percentage of the total number of codons included in the analysis.

residues. These results indicated that evolutionarily conserved
residues contribute to the conformation of the BgaA active site.

BgaA Deficiency Decreases
Pneumococcal Pathogenicity in a Mouse
Sepsis Model
NanA has been identified as a multi-functional virulence factor.
It contributes to pneumococcal biofilm formation, adhesion
to and invasion of host epithelial and endothelial cells,
inducing excessive host inflammatory responses, and resistance
to opsonophagocytosis (King et al., 2006; Uchiyama et al., 2009;
Dalia et al., 2010; Chang et al., 2012; Blanchette et al., 2016).
BgaA also has been reported to contribute to pneumococcal
adherence to host epithelial cells, host immune evasion, and
in vivo biofilm formation (Dalia et al., 2010; Limoli et al.,
2011; Singh et al., 2014; Blanchette et al., 2016). However,
several studies reported that deletion of bgaA had limited effects
on S. pneumoniae in mouse colonization models (King et al.,
2006; Limoli et al., 2011; Blanchette et al., 2016; Hobbs et al.,
2018). It also remains unclear if the deletion of bgaA would
significantly affect host survival rate in a mouse model of
sepsis. Thus, we constructed a TIGR4 bgaA mutant (1bgaA)
strain, and performed a mouse intravenous infection assay to
compare host survival for TIGR4 wild type and 1bgaA strains.
These strains showed similar growth rates in THY medium
(Supplementary Figure 3 and Supplementary Data 1). In this
infection model, we found that 1bgaA-infected mice had a
significantly higher survival rate compared to mice infected with
the TIGR4 wild type strain (Figure 4 and Supplementary Data
2). This result indicates that BgaA functions as a virulence factor
in a mouse sepsis model.

DISCUSSION

In this study, we investigated the percentage of codons in
genes that encode cell wall-anchoring proteins that are under
negative selection in S. pneumoniae species. Over 11% of
codons in the nanA and bgaA genes had significant negative
selection. As NanA is a well-studied virulence factor in
S. pneumoniae, we chose to focus on the bgaA gene that
encodes β-galactosidase. Phylogenetic analysis indicated that the
bgaA genes in S. pneumoniae and S. pseudopneumoniae had
small genetic distances and formed a distinct cluster within
streptococcal bgaA orthologs. In addition, eight catalytic residues
were evolutionarily conserved, and the other seven catalytic
residues were located near evolutionarily conserved ones. We
also demonstrated using a mouse intravenous infection model
that BgaA contributes to pneumococcal pathogenesis in vivo. In
combination with our previous work on pneumococcal CBPs,
these results suggest that the degree of evolutionary conservation
could be an effective parameter for estimating the importance of
bacterial cell surface proteins (Yamaguchi et al., 2019a).

While a classical molecular microbiology approach involves
analysis of a few representative strains, an evolutionary analysis
approach is able to reflect importance in a species based on
analysis of a few dozen to 1000s of genome sequences. For
genes that encode pneumococcal CBPs, we have recently shown
that more than 13% of codons in cbpJ and lytA genes are
negatively selected, and CbpJ acts as a novel virulence factor in
pneumococcal pneumonia both in vitro and in vivo (Yamaguchi
et al., 2019a). In this study, we observed negative selective
pressure for over 11% of codons in nanA and bgaA. In contrast,
this figure was 3% of codons for pfbA. We have previously
reported that PfbA is pneumococcal cell surface protein that
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FIGURE 2 | Bayesian phylogenetic analysis of the bgaA gene. The codon-based Bayesian phylogenetic relationship was calculated using the MrBayes program.
Strains with identical sequences are listed on the same branch. S. pneumoniae and S. pseudopneumoniae bgaA genes are shaded in cyan. Other streptococcal
bgaA ortholog genes are shaded in magenta. The color gradation of phylogenetic tree represents posterior probability. The scale bar indicates nucleotide
substitutions per site.
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FIGURE 3 | Evolutionarily conserved residues in the BgaA catalytic region. (A) Pictorial representation of the structure of TIGR4 BgaA catalytic region (PDB ID:
4CU6). Glycosyl hydrolase family 2 sugar binding domain, glycosyl hydrolase family 2 domain, glycosyl hydrolase family 2 TIM barrel domain, and DUF4982 are
colored in yellow, green, cyan, and magenta, respectively. (B) The side chains of evolutionarily conserved residues are shown as colored stick models. Carbon,
nitrogen, and oxygen are shown as green, blue, and red, respectively. (C) BgaA active site is shown as pink stick models, and evolutionary conserved proline
residues are in orange. (D) The active site of BgaA. The carbon of the evolutionarily conserved catalytic residues is shown in purple (H484, R602, F603, Y624, E716,
T718, H721, and F733). The carbon of the evolutionarily conserved non-catalytic residues is shown in green. Nitrogen and oxygen are shown as blue and red,
respectively.

forms a right-handed parallel β-helix and interacts with human
fibronectin, plasmin, plasminogen, albumin, hemoglobin, and
fibrinogen (Yamaguchi et al., 2008; Beulin et al., 2014, 2017;
Radhakrishnan et al., 2018; Sankar et al., 2020). A BLAST
search and phylogenetic analysis showed that pfbA is highly
conserved in S. pneumoniae among mitis group Streptococcus
(Yamaguchi et al., 2019b). In addition, in vitro assays revealed
that PfbA functions as an adhesin and invasin for human

epithelial cells, is a TLR2 ligand, and an anti-phagocytic factor
for human neutrophils (Yamaguchi et al., 2008, 2019b). On
the other hand, the deletion of pfbA in S. pneumoniae had no
significant effect on host mortality in a mouse pneumonia model,
and enhanced pneumococcal pathogenesis in a mouse model of
sepsis (Yamaguchi et al., 2019b). With regards to pneumococcal
cell surface proteins, its degree of evolutionary conservation
shows good correlation with results in a mouse infection
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FIGURE 4 | Deficiency of bgaA decreases pneumococcal virulence in a
mouse model of sepsis. Mice were infected by intravenous injection with
1 × 106 colony forming units (CFU) of S. pneumoniae TIGR4 wild type
(n = 21), or 1bgaA (n = 22), and survival was monitored for 14 days. The
difference between infected mouse groups was compared using a log-rank
test. The data were obtained from three independent experiments.

model. Although an evolutionary analysis approach has some
limitations, including the fact that it is unable to identify diverse
virulence factors within a species (Yamaguchi et al., 2019a),
this approach could also be an effective alternative strategy for
identification of common virulence factors. Furthermore, in this
study, evolutionary analysis with protein structure information
open the possibility that the residues under negative selection are
important for the protein function and/or structure. Increasing
availability and accessibility of bacterial genomic information
would allow us to combine evolutionary analysis and laboratory-
based approaches to study various bacterial species and proteins.

BgaA is regarded as a multi-functional protein and
putative virulence factor; however, BgaA plays a limited or
inconsequential role in in vivo colonization (King et al., 2006;
Burnaugh et al., 2008; Dalia et al., 2010; Limoli et al., 2011; Singh
et al., 2014; Blanchette et al., 2016; Hobbs et al., 2018). Here,
we revealed that bgaA deficiency significantly reduced mortality
in a mouse model of blood infection. As the host bloodstream
is a glucose-rich environment, the ability to utilize host
galactose as an alternative carbon source would not be crucial to
pneumococcal survival (Blanchette et al., 2016). BgaA inhibits
complement deposition, and consequently opsonophagocytosis,
by cleaving N-glycans on host glycoproteins that are involved
in the complement cascade (Dalia et al., 2010). As such, our
observation that the 1bgaA strain reduced host mortality
in a mouse blood infection model may be explained by an
inability to evade host complement deposition and phagocytosis.
Although NanA, BgaA, and StrH have been reported to inhibit
C3b deposition to the same extent (Dalia et al., 2010), the
evolutionary approach indicated that high rates of nanA and
bgaA codons are under negative selection, while strH is not. This
discrepancy may arise from specificities of the glycosidases. For
example, N-linked glycans are cleaved by NanA, BgaA, and StrH
sequentially. NanA cleaves terminal sialic acids, after which BgaA
cleaves terminal, or NanA-exposed galactose, since sialic acids
are commonly linked to the C-3 or C-6 positions of galactose.
Subsequently, StrH reportedly cleaves host glycans after NanA

and BgaA cleavage (Hobbs et al., 2018). Therefore, one possible
hypothesis is that the cleavage order of these glycosidases affects
their relative importance. Specifically, StrH may function as a
complementary glycosidase since NanA and BgaA may provide
sufficient sialic acid, and galactose as alternative carbon sources
in glucose-poor environments. Alternatively, the additional
roles of NanA and BgaA may simply be more important for
pneumococcal survival in the host. However, further studies are
required to elucidate the precise role of BgaA in sepsis.

Although, in the current study, we focused on the top two
evolutionary conserved genes, the third gene, eng, may also
serve as an important virulence factor since 8% of eng codons
are negatively selected. The eng gene encodes Eng, endo-α-N-
acetylgalactosamidase, which specifically cleaves core-1 O-linked
glycans (Brooks and Savage, 1997; Marion et al., 2009). Although
Eng reportedly contributes to the colonization of mouse airway,
its specific role in pneumococcal pathogenesis, and whether it
affects host mortality, remain unclear. Hence, eng is also an
attractive target for further investigations.

Emerging antimicrobial resistance of S. pneumoniae and
serotype replacement after the introduction of pneumococcal
vaccines are serious global challenges (O’Neill, 2016; CDC, 2019).
A potential solution would involve developing a novel vaccine
with a common antigen. S. pneumoniae has the ability to import
genes from related species and undergo recombination (Kilian
et al., 2014; Kilian and Tettelin, 2019). Thus, to minimize the
possibility of selective pressure-mediated antigenic variation, a
multi-valent vaccine would be superior to a monovalent vaccine.
Our evolutionary analysis showed that four pneumococcal cell
surface proteins are evolutionarily conserved. A combination
of intact or truncated LytA, CbpJ, NanA, and BgaA may be
attractive antigen candidates for the development of a universal
pneumococcal vaccine. Several groups have already reported that
individually, NanA and LytA work as protective antigens in
mouse infection models (Berry et al., 1989; Lock et al., 1992; Long
et al., 2004; Tong et al., 2005; Yuan et al., 2011; Janapatla et al.,
2018). On the other hand, as non-pathogenic native microflora
and other S. mitis group species also contain some of these
genes, it is necessary to examine the possibility that the vaccine
may alter the composition of oral and/or lung microbiomes.
Evaluation of potential side effects on host microbiome, alongside
characterization of the immunogenicity of antigens and efficacy,
would help to guide the design of a novel vaccine.

PspA is a promising vaccine candidate for pneumococcal
infection, as this vaccine is generally assumed to be multi-
valent since PspA is a highly variable protein under positive
selection (Piao et al., 2014; Chen et al., 2015; Cornick et al.,
2017; Yamaguchi et al., 2019a). Hence, host immune systems,
including the humoral immune response, would select for
pneumococcal PspA. This may prove advantageous for a vaccine
candidate since the presence of positive selection indicates that
the protein is capable of inducing host acquired immunity. At
the same time, the variety of PspA reflects that S. pneumoniae
evolves to evade host acquired immunity through obtaining
PspA mutations. Thus, the introduction of PspA vaccine would
induce novel selective pressure causing "PspA replacement,"
referring to an increase in vaccine-uncovered type PspA, as well
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as serotype replacement by pneumococcal polysaccharide capsule
vaccines. It would, therefore, be of importance to determine
whether the multi-valent PspA vaccine effectively covers the
selective pressure-extended PspA variety. Indeed, two different
selective pressures for polysaccharide and PspA vaccines may
overcome the replacement issue. Hence, during pandemics of
emerging infectious diseases, such as COVID-19, an effective
strategy may be to develop novel vaccines that simultaneously
target conserved proteins under positive and negative selections.
However, proteins under positive selection are suitable as initial
targets for rapid vaccine development as they have a strong
probability to elicit antibodies in humans. Meanwhile, to address
the evolution of pathogens, evolutionarily conserved proteins
would serve as effective targets in the development of later
vaccine candidates.
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Four signature groups of frequently occurred single-nucleotide variants (SNVs) were
identified in over twenty-eight thousand high-quality and high-coverage SARS-CoV-
2 complete genome sequences, representing different viral strains. Some SNVs
predominated but were mutually exclusively presented in patients from different
countries and areas. These major SNV signatures exhibited distinguishable evolution
patterns over time. A few hundred patients were detected with multiple viral strain-
representing mutations simultaneously, which may stand for possible co-infection
or potential homogenous recombination of SARS-CoV-2 in environment or within
the viral host. Interestingly nucleotide substitutions among SARS-CoV-2 genomes
tended to switch between bat RaTG13 coronavirus sequence and Wuhan-Hu-1
genome, indicating the higher genetic instability or tolerance of mutations on those
sites or suggesting that major viral strains might exist between Wuhan-Hu-1 and
RaTG13 coronavirus.

Keywords: COVID-19, SARS-CoV-2 genome, evolution, genetic variants, clustering, co-infection

INTRODUCTION

A novel betacoronavirus SARS-CoV-2 (Viruses CSGotICoTo, 2020) causing human coronavirus
disease 2019 (COVID-19) was first reported in Wuhan, Hubei China in December 2019 (Wu et al.,
2020a; Zhou et al., 2020; Zhu et al., 2020). The pandemic of SARS-CoV2 has infected more than
12 million people over 180 countries and areas around the world with a death over a half million as
of July 9, 2020 (Dong et al., 2020). The most vulnerable group in this COVID-19 pandemic is elderly
and those with different underlying medical conditions such as malnourish, hypertension, diabetes,
cancer and cardiovascular abnormality (Guzik et al., 2020). Much effort has been devoted by
scientists all over the world to understand the features of SARS-CoV2, particularly the viral genome
variations. In some cases, viral genomic mutations play a key role in propagation of SARS-COV-2.
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Viral mutation may alter the viral infectivity and pose an
additional challenge for detection by the host cell, and thus
it is critical to identify these mutations, especially in the
context of vaccine design and drug development. Similar to
other viruses, SARS-CoV-2 has been creating random mutations
on the genome over time. Only some of mutations were
caught and corrected by the virus’s error correction machinery
(Kupferschmidt and Cohen, 2020). Analysing these data can
potentially monitor the viral transmission routes and identify
novel mutations associated with the transmission (Zhang et al.,
2020a). For example, Given 103 earlier genome sequence data,
at least two clades of SARS-CoV-2 were found to be involved
in the global transmission based on T > C mutation on a
singleton site at 28144 of the complete genome, which was further
termed as S clade (C28144) and L clade (T28144) (Tang et al.,
2020). Evolutionary analyses suggested S clade appeared to be
more related to coronaviruses in animals. Most recently, three
major clusters of SNVs involved in the pandemic were found by
comparing 160 SARS-CoV-2 genomes (Sanchez-Pacheco et al.,
2020) with RaTG13 (Forster et al., 2020a). Researchers also
employed standard phylogenomic approaches and compared
consensus sequences representing the dominant virus lineage
within each infected host (Forster et al., 2020a; Lai et al., 2020).
Such information will be of important value for the development
of vaccine, transmission monitoring and ultimately the control
of the pandemic. However, most of these studies were based
on limited numbers of SARS-CoV-2 genomes collected during
early pandemic time, which might lead to debating conclusions
(Chookajorn, 2020; Forster et al., 2020b; Kupferschmidt, 2020;
Mavian et al., 2020; Rambaut et al., 2020; Sanchez-Pacheco et al.,
2020). To date, more than 40,000 SARS-CoV-2 whole genome
sequences have been uploaded to the online platform The Global
Initiative on Sharing Avian Influenza Data (GISAID) database1

(Elbe and Buckland-Merrett, 2017; Shu and McCauley, 2017).
With the availability of increased sample size following SARS-
CoV-2 spreading to almost all countries/areas in the world, it is
feasible to provide a comprehensive and updated analysis of the
viral genetic variations.

In this study, we took advantage of the mega-datasets
collected by GISAID which published almost thirty thousand
high-quality SARS-CoV-2 genomes with high coverage until
June 15, 2020. Our comprehensive analyses clearly revealed
distinct patterns of four major group mutations prominent in
different countries and areas, suggesting representative SARS-
CoV-2 strains correspondingly. We uncovered novel dynamic
transmission and evolution patterns for groups of SARS-CoV-
2 variants. A few hundred patients were found to have multiple
groups of mutations simultaneously. Comparing with four bat
coronavirus genomes, we found that alternations of nucleotides
on SARS-CoV-2 genome tend to occur at the same sites where
bat coronavirus sequences were different from Wuhan-Hu-1.
Strikingly, some nucleotide substitutions on SARS-CoV-2 were
apt to be the same as RaTG13 coronavirus sequences. We further
investigated protein structure alternations caused by the amino
acid (AA) changes due to high-frequent non-synonymous SNVs.

1https://www.gisaid.org/

Our novel genome-wide discoveries provided more detailed
information and shed the light of studying SARS-CoV-2 which
has been clouding over the world.

MATERIALS AND METHODS

Collection of Sequences
Complete high-coverage coronavirus sequences were
downloaded from GISAID database as of June 15, 2020.
28,212 coronavirus genomes isolated from humans and four bat
Rhinolophus affinis were analyzed, including Bat CoVRaTG13
and RmYN02 from Yunnan Province, China, SL-CoVZC45, SL-
CoVZXC21 from Zhejiang Province, China. White spaces within
the sequences were removed. We aligned these sequences using
minimap2 (Li, 2018) with the reference, the complete genome
of Wuhan-Hu-1 (GISAID ID EPI_ISL_402125) by Wu et al.
(2020a,b). The variants were annotated by ANNOVAR (Wang
et al., 2010) using NCBI Reference Sequence: NC_045512.2.

Mutation Rate
Mutation rate is an important factor to monitor virus
propagation and evolution (Zhao et al., 2004). In this study,
we compared all other SARS-CoV-2 genome sequences against
Wuhan-Hu-1 genome only. Hence we modified the formula
(Zhao et al., 2004) to calculate mutation rate such that,

µ =

∑N−1
i=1

mi
ti

(N − 1) L
× 365

where µ is the mutation rate per site per year, N is the
total genomes collected after Wuhan-Hu-1 with detailed time
information, mi is number of mutations of ith genome compared
to Wuhan-Hu-1, ti is the time difference in days when ith genome
was collected after Wuhan-Hu-1, and L is the total length of
SARS-CoV-2 genome (L = 29903).

Circos Plot
Circos plot (Krzywinski et al., 2009; Gu et al., 2014) was made
given the ratios of genomes with SNV at each genome location of
SARS-CoV-2. The concurrence ratio between two SNVs, X and
Y, was defined as the ratio of the numbers of samples with both X
and Y to the minimal number of samples with either X or Y.

Concurrence ratio (X,Y) =
|X ∩ Y|

min (|X| , |Y|)

The connection lines in the Circos plot represent SNV pairs with
high concurrence ratios (larger than 0.9).

Clustering of SNVs
Two-way clustering was performed to categorize the SNVs and
samples with a distance function of one minus concurrence ratio
on 54 frequent SNVs and about twenty-eight thousand samples.

Enrichment Analysis
While comparing SARS-CoV-2 genomic mutation sites and sites
where Wuhan-Hu-1 varying from bats’ coronavirus, we used
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hypergeometric model to calculate the statistical significance
of the overlaps.

Protein Structure Analysis
We used PyMOL (Schrödinger, Inc.) to visualize and analyze
protein structure for WT (Wuhan-Hu-1) and mutations.
Mutagenesis tools in PyMOL was utilized to detect if a clash
was generated upon mutation. Properties of AAs were retrieved
from the “Table of standard amino acid abbreviations and
properties” on the Wikipedia2. The solved structures of Spike,
nsp3, nsp5, nsp7 and Pol were downloaded from Protein
Data Bank (PDB) (Berman et al., 2003): 6vyb for Spike using
electron microscopy (Walls et al., 2020), 6w6y for nsp3 using
X-ray diffraction method (Michalska et al., 2020), 6lu7 for
nsp5 using X-ray diffraction method (Jin et al., 2020), 6wqd
for nsp7 using X-ray diffraction method (Kim et al., 2020),
6m71 for Pol using electron microscopy (Gao et al., 2020).
Structures of other proteins, e.g., nsp2, nsp4, nsp6, Hel, ExoN,
ORF3a, M, ORF8, and N, were predicted by C-I-Tasser model3

(Yang et al., 2015; Huang et al., 2020; Zhang et al., 2020b):
QHD43415_2 for nsp2, QHD43415_4 for nsp4, QHD43415_6
for nsp6, QHD43415_12 for Hel, QHD43415_13 for ExoN,
QHD43417 for ORF3a, QHD43419 for M, QHD43422 for ORF8,
and QHD43423 for N.

RESULTS

Genetic Variants of SARS-CoV-2
We downloaded and analyzed 28,212 SARS-CoV-2 complete
genome sequences after excluding low-coverage ones from
the GISAID database. Using Wuhan-Hu-1 (NCBI Reference
Sequence: NC_045512.2, GISAID ID: EPI_ISL_402125) as
reference genome, we found that total 12,649 nucleotide sites had
single nucleotide variants (SNVs) when compared to reference
genome. The mutation rate was 1.1 × 10−3 per site per year for
all point mutations, while it became 1.0 × 10−3 if we removed
SNVs which appeared only once. Both sequence substitution
rates were in the same range as 0.80–2.38 × 10−3 for SARS-CoV
genome as reported (Zhao et al., 2004). Majority of SNVs had very
low occurrence frequency (Figure 1A), suggesting a high chance
of random or unstable mutations. Four nucleotide substitutions
were detected in over 70% of genome sequences: A23403G,
C3037T, C14408T, and C241T. They distributed at distinct
SARS-CoV-2 genome locations, on the gene body of Spike,
ORF1a, and ORF1ab, and upstream of ORF1ab, respectively.
Additionally, there were other 50 unique SNVs arose from larger
than 1% of populations (n > 282). It is interesting that some
of these frequent SNVs occurred almost simultaneously with
concurrent ratio larger than 0.9 (see methods) as shown by
blue-line connections in Figure 1A. They may appear across
different proteins. For example, A23403G changes an aspartate
to a glycine on Spike (D614G) while C14408T converts a proline
to a leucine on ORF1ab (P4715L). Over 99% of both SNVs were

2https://en.wikipedia.org/wiki/Amino_acid
3https://zhanglab.ccmb.med.umich.edu/COVID-19/

found simultaneously on more than 74% samples, suggesting a
biological connection between these concurrent variant sites.

Among total 54 frequent SNVs, 31 mutations are non-
synonymous variants or non-frameshift substitutions
(Figure 1B). Some of them have been discussed separately
by previous studies (Forster et al., 2020a; Guan et al., 2020; Tang
et al., 2020) or marked as elements in clades G, S, and V from
the GISAID report (Elbe and Buckland-Merrett, 2017; Shu and
McCauley, 2017). Here, two-way clustering was performed on 54
frequent SNVs and about 28,000 samples (Figure 1B). It is clear
to see four major groups of SNVs covering almost all samples,
including groups A (C14408T/A23403G, occurring on 21,116
samples), B (T28144C on 2,802 samples), C (G11083T/G26144T
on 3,173 samples), and D (G1440A/G2891A on 441 samples).
Most SNVs belonged to one unique cluster, while a few SNVs
crossed different groups. Taken as an example, a synonymous
mutation C14805T existed in both group B and C (Figure 1B),
covering over 8% of worldwide samples. Majority (79%) of
C14805T can be another signature mutation in group C
with SNVs G11083T and G26144T together. In general, the
geographical locations of infected patients bearing these special
groups of mutations were very different.

Forty countries and areas with numbers of viral genomes
larger than 50 were chosen to probe the geographical
distributions of these SNVs. Group A, represented by two
non-synonymous mutations, A23403G and/or C14408T, was
borne in totally 72% of samples in the study, including about 82%
from Europe and 67% from North America (Figure 1B). The top
three countries with the highest ratio in group A (Figure 2A)
were Russia (99%), Denmark (96%), and South Africa (96%).
Group B was distinguished by non-synonymous mutation
T28144C (Figure 1B) which results in substitution of a leucine
by a serine on ORF8. It was projected in Thailand (50%), Spain
(41%), China (31%), and some other Asian countries/areas
(Figure 2B). Group C was featured by two non-synonymous
SNVs, G11083T and G26144T (Figure 1B), which substituted
a leucine with a phenylalanine on ORF1ab and a glycine with a
valine on ORF3a, respectively. This group existed in many Asian
and European countries/areas, e.g., Hong Kong, Singapore,
Japan, Turkey etc. (Figure 2C), as reported previously (Elbe and
Buckland-Merrett, 2017; Shu and McCauley, 2017; Forster et al.,
2020a; Guan et al., 2020; Tang et al., 2020). Group D includes
two non-synonymous SNVs, G1440A and G2891A (Figure 1B),
both of which change the AA sequences on ORF1ab. It confirms
the clade D, previously defined by Guan et al. (2020) based on
smaller set of patients. G1440A led to the AA change, G212D on
non-structural protein 2 (nsp2), while G2891A caused A58T on
non-structural protein 3 (nsp3). D-group was mainly found in
several European countries/areas, e.g., Wales (17%), Germany
(10%), and Belgium (5%) (Figure 2D).

Besides signature variants in each major group discussed
above, some SNVs were found in relatively smaller populations
but concurred with the major signature SNVs. Importantly, many
non-major SNVs were mutually exclusively presented with each
other in different countries and areas (Figure 1B). For instance,
about 28 mutations coinciding with A23403G and C14408T in
the group A composed sub-types of A (Figure 1B), e.g., G25563T
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FIGURE 1 | SNVs on about thirty thousand SARS-CoV-2 complete genomes. (A) Circos plot shows distribution, frequency, and co-occurrences of SNV2. From
outer to inner circle: coronavirus genome location (nt), gene annotation, occurrence ratios of SNVs at the site (log10 scale, red bars), and connections with high
concurrence rates (>0.9) represented by blue lines. The darker the blue lines, the higher concurrence rates. (B) Fifty-four high frequent SNVs with annotated AA
changes were detected (in purple) in about twenty-eight thousand patients worldwide. Four major clusters of SNVs and consequent subgroups can be formed to
represent patients from different geographical locations.

and C1059T. However, two separable sets of samples were
associated with different combinations of G25563T and C1059T
(Figure 2A). Sub-cluster A1 included both G25563T and C1059T,

whereas sub-cluster A2 had G25563T but excluded C1059T. They
may represent divergent strains found in distinct populations
from varied countries/areas. Specifically, A1 occurred in 21%
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FIGURE 2 | Frequencies of signature SNVs in worldwide and top three countries/areas. (A–D) Four major groups and/or their sub-groups had distinct representing
countries/areas, indicating different transmission sources and evolution paths.

of all SAR-CoV-2 genomes collected world widely, particularly
in 71% of Denmark, 54% of Israel, and 52% of United States,
whereas A2 was found in only 6% population, which were mostly
discovered in Saudi Arabia (71%), Turkey (37%), and Columbia
(30%). Another sub-cluster, A3, had consecutive mutations
at positions 28881-28883 on SARS-CoV-2 complete genome,
leading non-frameshift substitutions on ORF9: R203K-G204R.
A3 occupied 25% of worldwide cases, represented by three
major countries, Brazil (81%), Bangladesh (78%), and Russia
(67%). Even though some sub-clusters of mutations were found
in smaller worldwide populations (around or lesser than 5%),
they were significantly over-represented in several countries and
areas. For instance, A4 with synonymous mutation C15324T
was detected in 61% samples of an African country, Democratic
Republic of the Congo (DRC), coming together with 36% of
Switzerland and 30% of France.

Patients from one country may have different main groups
or sub-types of mutations. A synonymous A20268G in cluster

A5 (Figure 2A) was sampled in Spain (39%), Iceland (20%),
and Scotland (20%). It is interesting that other 41% of Spain
samples had another distinguished non-synonymous mutation
T28144C in group B (Figure 2B), same as many samples
from Asian patients. It suggests the viral transmission path
on these patients. 31% of Spain samples also had another
unique mutation, C28863T, substituting a serine with a
leucine on ORF9, concurrent with T28144C. About 18% of
Australia samples were found in group B as well. But they
came with additional diverse mutually exclusive SNVs, e.g.,
either C18060T/A17858G/C17747T (7%), or C28863T (6%), or
G28077C (3%) as shown in Figure 2B. Similar scenarios were
observed in United States, where approximately 18% of samples
encompassed T28144C with C18060T/A17858G/C17747T, while
another 2% was recognized with a different non-synonymous
mutation G28077C in the same main group B (Figure 2B).

SNVs in group C including G11083T and G26144T existed in
many Asian countries and areas (Figure 2C), such as Hong Kong,
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Singapore, Japan, Indian, Taiwan, and Turkey, as reported
previously (Forster et al., 2020a). However, different countries
and areas were distinguished by extra variants in the same prime
group C. For example, 51% of Singapore was detected with non-
synonymous C28311T on ORF9, while Turkey had 32% samples
with non-synonymous G1397A on ORF1ab.

Currently, it lacks sufficient evidences to make a conclusive
statement about the origins of all SARS-CoV-2 mutations. But
time-annotated data collections can still explore geographical
evolution patterning of specific SNVs, albeit limited number
of high-quality and high-coverage sequenced viral genomes at
some time points. For example, only three cases with mutations
T28144C and C18060T (one sub-type in group B) reported in
Washington State of United States in January 2020, in addition
to eight cases in China and additional one in Singapore at almost
the same time (Figure 3A). It is notable that T28144C and
C18060T concurred with additional de novo non-synonymous
mutations C17747T/A17858G on ORF1ab in 51 cases from
United States and another one from the cruise of Grand
Princess in February 2020. No such case was detected in
other countries/areas. One month later, this group of signature
variants spread over many states of United States, particularly
west coast of United States, and other countries and areas
of different continents, including Canada, Australia, Iceland,
Mexico, New Zealand, and England etc.

Over half of American patients had been sampled with
mutations C14408T/A23403G and C1059T on SARS-CoV-2
genome (Figure 2A). Retrieving data in January 2020, we found
only one case with both C14408T and A23403G in China from
our dataset (Figure 3B). The first case in United States was
reported in New Hampshire at the east coast concurrently with
C1059T, in addition to five in France, one in Belgium and one in
Senegal. The numbers of such cases boosted up in United States
and other countries/areas in March 2020, including 354 in
Denmark, 164 in Australia, and 98 in France, 77 in England, etc.
In the United States, approximately 1,000 cases were found on the
east coast of United States, while over 400 cases were identified on
the west coast as well.

The variants of group A (C14408T/A23403G) indicated at
least two strains of SARS-CoV-2 distinguishable on the sites of
Spike and ORF1ab. One viral strain observed from Wuhan-Hu-
1 can be named as DP with an aspartate on 614 of Spike and a
proline on 4715 of ORF1ab, while another potential one, named
as GL, had a glycine on the site of 614 on Spike and a leucine on
the site of 4715 on ORF1ab instead. The ratio of GL strain in all
United States cases increased dramatically from 6% in February
to 87% in May and June 2020 (Figure 3C). The similar growing
trend was observed in most of other countries, regardless when
this group of mutations were first present (Figure 3C). In general,
91% of samples from all these countries had strain GL since May
2020 compared to only 3% in February (Figure 3D), suggesting
that the GL strain of SARS-CoV-2 might become much more
stable and prevailing than the other strain DP like Wuhan-Hu-1
after 6-month evolution and transmission.

Different groups of mutations also exhibited distinguished
evolution patterns (Figures 3C,D). Taking B-group SNVs for
example, we found that the ratio decreased over time from

35% in January 2020 to almost zero in June in these countries,
indicating that at least two strains existed at the early of COVID-
19 pandemic. However, strains including variant at 28,144
other than Wuhan-Hu-1 almost diminished after 7 months
of transmission. Only the strain that has the same nucleotide
T28144 as Wuhan-Hu-1 finally became the most stabilized strain
in the host. The similar patterns were observed for groups C and
D as well, even though a sudden increasing was found in February
and/or March 2020 due to unknown reasons. For instance, in
group C with SNVs G1440A and G2891A, Germany had a high
ratio, 47.8% (11 out of 23), in February, while 25% of (96 out of
384) Wales were sampled with the same variants in March 2020.

Four main groups of mutations showed mutually exclusive
in about twenty-eight thousand patients, indicating at least five
unique viral strains (including the one same as Wuhan-Hu-1)
potentially existed in the host. However, as reported in early
of March 2020, a patient hospitalized in Iceland infected by
two SARS-CoV-2 subtypes simultaneously4. One strain of the
SARS-CoV-2 coronavirus was more aggressive, according to
Reykjavik Grapevine newspaper citing CEO of CODE Genetics
biopharmaceutical company Kari Stefansson. The second strain
is a mutation from the original version of the coronavirus that
appeared in Wuhan, China. This was regarded as the first known
case of co-infection. Gudbjartsson et al. (2020) reported that
patient T25 carries both the A2a1a strain and the A2a1a+ 25958
strain. As shown in Figure 4, we found that 13 genomes bore both
A-group and B-group mutations, while 347 genomes had variant
groups of A and C, and both B and C groups were involved in
44 genomes. Strikingly, one patient from Spain was detected with
three groups of variants simultaneously, A–C. 17 and 4 out of 441
SARS-CoV-2 genomes with D-group SNVs were overlapped with
groups A and C, respectively.

Comparison of Variants Between
SARS-CoV-2 Genomes and Bat
Coronavirus Sequences
Bats were regarded as reservoir species for SARS-CoV-2. To
understand potential associations between SNVs among SARS-
CoV-2 genomes from patients and bat coronavirus sequences,
we also aligned four bat coronavirus sequences to Wuhan-Hu-
1 complete genome. The ratios of variants between Wuhan-
Hu-1 and bats were 3.8% (RaTG13), 11.1% (bat-SL-CoVZC45),
11.1% (bat-SL-CoVZXC21), and 4.8% (RmYN02). As described
above, 12,649 out of 29,903 nts (42.3%) on SARS-CoV-2 genome
underwent variation among about 28,000 samples. Interestingly,
the ratios of SARS-CoV-2 SNVs on the sites where bats’
sequences differed from Wuhan-Hu-1 were significantly elevated
(Figure 5A). Among them, RaTG13 reached the highest ratio
(61.5%) with p = 2.7e-40. The result suggests that the sites where
Wuhan-Hu-1 differed from bats might have higher tolerance for
sequence variations or higher genetic instability.

In theory, 12,649 identified SARS-CoV-2 SNVs can potentially
turn to be any one of three nucleotides other than the original
ones from Wuhan-Hu-1. When we focused on the sites where

4https://www.mbs.news/a/2020/03/icelandic-man-reportedly-caught-two-
coronavirus-subtypes-simultaneously.html
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FIGURE 3 | SNVs migration and evolution patterns over time. (A) SNV T28144C with C18060T and additional C17747T/A17858G spread in United States and
other countries/areas from January to March of 2020. (B) SNVs of C14408T and A23403G with C1059T spread in United States and other countries/areas from
January to March of 2020. (C) The ratios of four significant groups of SNVs, (A–D) in Figures 1 and 2, varied in different countries/areas with time development.
(D) Average temporal ratios of groups (A–D) SNVs show distinct patterns from January to June of 2020.
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FIGURE 4 | Number of patients carrying significant groups (A–D) of SNVs, indicating potential co-infection by different SARS-CoV-2 strains.

FIGURE 5 | Comparison between SARS-CoV-2 SNVs and nucleotides of bats (RaTG13, bat-SL-CoVZC45, bat-SL-CoVZXC21, and RmYN02) coronavirus varying
from Wuhan-Hu-1. (A) Percentage of SARS-CoV-2 SNVs on different regions, including SARS-CoV-2 complete genome, and sites where bats coronavirus differ
from Wuhan-Hu-1; (B) Percentage of SARS-CoV-2 SNVs which converted to bats nucleotides within the same regions as shown in (A).

bats coronavirus sequences differed from Wuhan-Hu-1, it turned
out that SARS-CoV-2 SNVs had the same mutated nucleotides
as RaTG13 coronavirus does on 503 out of 1,132 (44.4%) sites
where RaTG13 coronavirus sequence differed from Wuhan-Hu-
1 (Figure 5B), including C29095T (Forster et al., 2020a) and
seven high frequent SNVs identified from our major groups, e.g.,
C2416T and C3037T from group A, C8782T, C18060T, C24034T,
and T28144C from group B, and C23929T in group C. The

ratio for RaTG13 coronavirus was much higher than the ratios
observed in other three bat coronavirus sequences (32.0, 31.4, and
34.9%, respectively).

SARS-CoV-2 SNVs and Protein Functions
Viral sequence mutations will likely affect viral infection,
replication, and/or propagation, and thus alter SARS-CoV-2
transmission properties and COVID-19 severity. As previous
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reported, S68F and P71L non-synonymous mutation in E-protein
of SARS CoV-2 were the most common mutation in in
E-protein (Hassan et al., 2020); Q57H, G251V, and G196V
non-synonymous mutation in ORF3a of SARS-CoV-2 would
link to the virulence, infectivity, ion channel activity and viral
release (Issa et al., 2020); deletion of ORF8 leads to increased
production of the interferon and reduced level of inflammatory
cytokines (Chen et al., 2020; Gong et al., 2020; Li et al., 2020a).
Most recently, researchers found that D614G non-synonymous
mutation located in spike protein would increase infectivity
(Eaaswarkhanth et al., 2020; Li et al., 2020b; Yurkovetskiy et al.,
2020; Zhang et al., 2020c).

Here, we analyzed the structure changes of 31 high-frequent
non-synonymous SNVs and non-frameshift substitutions
(Figure 1B) using PyMOL (Schrödinger, Inc.). It was interesting
that all of them were on the surface area of corresponding
proteins (Table 1). Eight of them clashed with nearby AAs
on non-structural protein 2 (nsp2): G212D, nsp3: A58T, nsp4:
F308Y, nsp5: G15S, ORF3a: V13L and G251V, ORF9: G204R,
and Pol: A97V, which might be worthy of further analysis.
Six of SNVs on S: D614G, ORF3a: Q57H, ORF5: D3G, ORF9:
G204R, nsp2: G212D, nsp3: T1198K changed the charge upon
the mutations. These changes may contribute to transmission
and virulence of SARS-CoV-2. For example, a non-synonymous
SNV, G1440A in group D, discovered in over 400 samples from
several European countries, led to the AA change of G212D
on nsp2. Such a change of G212D may add clashes between
residues 212 and ASN183 (Figures 6A,B). It is interesting that
Nsp2 G212D falls on the region homologous to the endosome-
associated protein similar to the avian infectious bronchitis virus
(PDB 3ld1), which plays a key role in the viral pathogenicity
(Angeletti et al., 2020).

Similar to SARS coronavirus, SARS-CoV-2 enters into human
cells through the binding of its receptor-binding domain (RBD)
on Spike protein to human receptor ACE2 (Hoffmann et al.,
2020b). Furin is responsible for the proteolytic cleavage of
Spike protein to facilitate virus entry. In SARS-CoV-2, 15-nt
CCTCGGCGGGCACGT encodes five AAs: PRRAR (681-685),
locating at 23603–23617 of Wuhan-Hu-1 complete genome.
Furin cleavage site bears a RXXR pattern (Molloy et al., 1992;
Shiryaev et al., 2013). R685 makes an ideal furin proteolytic
cleavage site (Coutard et al., 2020). Out of almost thirty
thousand samples, 58 SARS-CoV-2 genomes were detected with
mutations in the region, including 13 from England and 23
from United States. Non-synonymous SNVs, C23604T, was most
frequent among others, causing the mutation of P681L. Other
AA mutations included P681H/L/S, R682Q/W, R683P/Q, and
A684E/T/S/V. As described previously, D614G on Spike caused
by the SNV A23403G in group A covered about three-quarter
of total sequenced genomes in our study. D614G on Spike
did not generate clashes from the protein structure predictions
(Figures 6C,D). However, the residue variations changed the
negative polar side chain to neutral non-polar side chain
(Figures 6C,D and Table 1). Since the site is close to the furin
region, such alternation might be able to affect the interactions
between furin and furin cleavage sites, then further influence
cell-cell fusion and ability to infection (Hoffmann et al., 2020a).

In addition, Cryo-EM-based structural analysis
(Wrapp et al., 2020) revealed that 5 key AAs within 434–
507 of Spike protein contributed most to the binding activity.
This was also confirmed by several recent cryo-EM structural
studies (Shang et al., 2020a,b; Wang et al., 2020a; Yuan et al.,
2020). The key AAs of SARS-CoV-2 RBD are: L455, G482,
V483, E484, G485, F486, Q493, S494, and N501. Interestingly,
we identified several non-synonymous SNVs of SARS-CoV-
2 on L455, V483, G485, and S494 from sequenced sample,
for instance, G22927T (L455F), G23009T (V483F), T23010C
(V483A), G23105A (G485S), and T23042C (S494P). Among
them, 28 viral genomes had mutation T23010C (V483A), all
of which were sampled in United States, including 26 from
Washington State. The RBD for SARS-CoV-2 has residues and
motifs found in all three clades in lineage B of betacoronavirus
(Letko et al., 2020), suggesting distinct cell entry pattern than that
of other clades. L455, G485, F486, and N501 are among contact
points of virus to human ACE2, changes in these positions may
affect the strength of transmission of the virus.

DISCUSSION

In this study, we comprehensively analyzed almost thirty
thousand high-quality and high-coverage SARS-CoV-2 complete
genome sequences as well as four bat genome sequences. Even
though some SNVs were reported previously and discussed
individually, we used bioinformatics approaches to systematically
identify four major mutually exclusive groups of SNVs among all
samples, suggesting at least five viral strains existing (including
one strain same as the reference). These mutations were detected
in populations from different geographical locations. The results
could provide some insights of possible new functions of SARS-
CoV-2 proteins and further bring therapeutic potentials.

Distinct time-course evolution patterns were observed for
four major groups of mutations. Some viral strains, e.g.,
GL with mutations C14408T and A23403G, may gradually
replace Wuhan-Hu-1, to become dominant after several month
evolutions. Or others may be eliminated naturally with time
development, e.g., strains associated with groups B–D mutations
(Figures 3C,D). It is hard to explain aberrant emergence of
some strains, e.g., the peak time of groups C and D in February
and March (Figures 3C,D), particularly due to the lack of
enough numbers of high-quality sequenced samples worldwide,
including China and other countries/areas, before February
2020. However, with more and more clinical data generated,
evolution patterning associated with specific biological functions
may be clearly uncovered. For example, several groups recently
reported that A23403G mutation in Spike protein might alter the
antigenic property and transmission ability due to the change
of Spike-ACE2 interaction (Becerra-Flores and Cardozo, 2020;
Korber et al., 2020a).

In general, four SNV clusters were mutually exclusively
presented. But we still noticed a few hundred patients who
were identified to carry multiple groups of SNVs simultaneously.
Without clear evidence that homologous recombination in
these regions in the intermediate or human host could occur
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TABLE 1 | Protein structures changes corresponding to high frequent non-synonymous SNVs identified.

Protein SNV REF
Charge

REF
Polar

REF Molar
mass

ALT
Charge

ALT
Polar

ALT Molar
mass

Side of
surface

Predict
clash

Size change
in molar

Mass

Charge
change

Polar
change

Equivalent
protein

Equivalent
protein

SNV

S D614G Negative Polar 133 Neutral Non-
polar

75 Outer −57 Yes Yes

ORF3a G251V Neutral Non-
polar

75 Neutral Non-
polar

117 Outer Leu219 42 No No

ORF3a G196V Neutral Non-
polar

75 Neutral Non-
polar

117 Outer 42 No No

ORF3a Q57H Neutral Polar 146 Positive Polar 155 Outer 9 Yes No

ORF3a V13L Neutral Non-
polar

117 Neutral Non-
polar

131 Outer Val80 14 No No

ORF5/M D3G Negative Polar 133 Neutral Non-
polar

75 Outer −57 Yes Yes

ORF5/M T175M Neutral Polar 119 Neutral Non-
polar

149 Outer 30 No Yes

ORF8 S24L Neutral Polar 105 Neutral Non-
polar

131 Outer 26 No Yes

ORF8 L84S Neutral Non-
polar

131 Neutral polar 105 Outer −26 No Yes

ORF9/N P13L Neutral Non-
polar

115 Neutral Non-
polar

131 Outer 16 No No

ORF9/N S194L Neutral Polar 105 Neutral Non-
polar

131 Outer 26 No Yes

ORF9/N S197L Neutral Polar 105 Neutral Non-
polar

131 Outer 26 No Yes

ORF9/N R203K positive Polar 174 positive Polar 146 Outer −28 No No

ORF9/N G204R Neutral Non-
polar

75 positive Polar 174 Inner Met411 100 Yes Yes

ORF1ab T265I Neutral Polar 119 Neutral Non-
polar

131 Outer 12 No Yes Nsp2 T85I

ORF1ab G392D Neutral Non-
polar

75 Negative Polar 133 Outer Asn183 57 Yes Yes Nsp2 G212D

ORF1ab I739V Neutral Non-
polar

131 Neutral Non-
polar

117 Inner −14 No No Nsp2 I559V

ORF1ab P765S Neutral Non-
polar

115 Neutral Polar 105 Outer −10 No Yes Nsp2 P585S

ORF1ab A876T Neutral Non-
polar

89 Neutral Polar 119 Outer Ile62 30 No Yes Nsp3 A58T

ORF1ab T1246I Neutral Polar 119 Neutral Non-
polar

131 Inner 12 No Yes Nsp3 T428I

ORF1ab T2016K Neutral Polar 119 positive Polar 146 Outer 28 Yes No Nsp3 T1198K

ORF1ab F3071Y Neutral Non-
polar

165 Neutral Polar 181 Outer Phe71 16 No Yes Nsp4 F308Y

ORF1ab G3278S Neutral Non-
polar

75 Neutral Polar 105 Outer Lys97 30 No Yes Nsp5 G15S

ORF1ab L3606F Neutral Non-
polar

131 Neutral Non-
polar

165 Outer 34 No No Nsp6 L37F

ORF1ab S3884L Neutral Polar 105 Neutral Non-
polar

131 Outer 26 No Yes Nsp7 S25L

ORF1ab A4489V Neutral Non-
polar

89 Neutral Non-
polar

117 Outer Gln117 28 No No Pol/nsp12 A97V

ORF1ab P4715L Neutral Non-
polar

115 Neutral Non-
polar

131 Outer 16 No No Pol/nsp12 P323L

ORF1ab P5828L Neutral Non-
polar

115 Neutral Non-
polar

131 Outer 16 No No Hel/nsp13 P504L

ORF1ab Y5865C Neutral Polar 181 Neutral Polar 121 Outer −60 No No Hel/nsp13 Y541C

ORF1ab A6245V Neutral Non-
polar

89 Neutral Non-
polar

117 Outer 28 No No ExoN/nsp14 A320V
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FIGURE 6 | Structures of SARS-CoV-2 non-structural protein 2 (nsp2) and Spike near specific mutation sites. (A) No clash was predicted between nsp2 GLY212
and nsp2 ASN183 in Wuhan-Hu-1. (B) A clash was predicted between ASP212 and ASN183 after the mutation G212D. (C) There was interaction between T859
and D614. (D) No contact was precited between T859 and G614 after the mutation D614G.

in these viruses, we just defined such overlaps as potential
co-infections based on our observations and current knowledge.
One possibility is that two or three strains co-existed and
prevailed in the population of the same region during the
periods when the patients got infected from other people.
The patients could be first infected with one strain then
another one later, suggesting that primary infection did not
yield immunity in time against the subsequent infection
from a different strain. Another possibility is that the virus
underwent mutations during the transmission to another human
due to the special environment of the host, consequently
multiple representative mutations were present on the same
patient. There are several other scenarios in addition to co-
infections, including doubtful sequencing errors or cross sample
contaminations. Unfortunately, it lacks of enough information at
this moment about the potential post-infection immunity that
has important implications for the epidemiologic assessment
for the transmission (Kirkcaldy et al., 2020). Of course, the
percentage of co-infection cases was less than 1.5% in this

study. It might be the consequences of the quarantine and
lockdown policy enforced after the spread of COVID-19,
while social distancing and wearing face mask are considered
effective approaches in reducing the chance of co-infections
(Cheng et al., 2020; Eikenberry et al., 2020; Wang et al., 2020b;
West et al., 2020). These policies reduced the likelihood
that people met patients with different SARS-CoV-2 strains
at the same time.

We further compared SNVs among SARS-CoV-2 genomes
from human patients to bat coronavirus sequences. It is
interesting that SARS-CoV-2 SNVs, particularly those high-
frequent mutations, tend to occur at the same sites where bats
coronavirus sequences varied from Wuhan-Hu-1, suggesting
the high tolerance of these sites for genetic mutations, or
potentials of SARS-CoV-2 turning to a wild-type pathogenic
phenotype. RaTG13 coronavirus was most similar to SARS-
CoV-2 from perspective of sequences, but it held the highest
ratio of SARS-CoV-2 variants which converted to the bat’s
coronavirus sequences at the same sites. This suggests that
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some strains of SARS-CoV-2 deviated from Wuhan-Hu-1 might
be more similar to bat coronavirus RaTG13 than other bat
coronavirus strains presented in this paper. Of course, we don’t
have more evidence to show the exact connections between
them, but our results may shed the light to search intermediate
host and further understand the mechanisms of interspecies
transmission in future.

In addition to ORF proteins, four major structure proteins:
Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N),
help SARS-CoV2 in assembling and releasing new copies of
the virus within human cell. We found that all high-frequent
SARS-CoV2 SNVs occurred on the surface of proteins. One
of most frequent mutations, D614G, has been detected to be
dominant around the world now (Korber et al., 2020b). This
SNV caused more infections than other mutations (Li et al.,
2020b). Korber et al. (2020a,b) made suggestions from two
frameworks of the potential mechanism of being more infectious:
on the structure, D614G disconnects the connection between
614 in S1 and 859 in S2, which in turn facilitates the shedding
of S1 from viral-membrane-bound S2 or impacts RBD-ACE2
binding by influencing RBD positioning. On the immunological
aspect, D614 is within immunodominant linear epitope. Binding
of antibody to the epitope may incur conformational change
in Spike resulting in nearby enhanced RBD interaction with
ACE2. Since furin cleavage sites are essential for SARS-CoV-
2 infection of human, in addition to D614G, variants on or
nearby the furin cleavage sites may affect virus entry and spread
(Hoffmann et al., 2020a).

In summary, we attempted to uncover fundamental
genetic patterns of SARS-CoV-2 which may help us
understand functional consequences due to the viral genetic
instability. Our efforts in exploring the views of SARS-
CoV-2 migration and evolution in different geographical
locations can be helpful to fight against the pandemic.
Our findings may provide useful insights on SARS-CoV-2
replication, pathogenicity, and implications. We look forward

to incorporating our results with other studies, e.g., interaction
maps between SARS-CoV-2 proteins and human proteins
(Gordon et al., 2020), for drug discovery, antibody design or
vaccine development in near future.
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During chronic respiratory infections of cystic fibrosis (CF) patients, bacteria adaptively
evolve in response to the nutritional and immune environment as well as influence
other infecting microbes. The present study was designed to gain insights into the
genetic mechanisms underlying adaptation and diversification by the two most prevalent
pathogenic species of the Burkholderia cepacia complex (Bcc), B. cenocepacia and
B. multivorans. Herein, we study the evolution of both of these species during
coinfection of a CF patient for 4.4 years using genome sequences of 9 B. multivorans
and 11 B. cenocepacia. This co-infection spanned at least 3 years following initial
infection by B. multivorans and ultimately ended in the patient’s death by cepacia
syndrome. Both species acquired several mutations with accumulation rates of 2.08
(B. cenocepacia) and 2.27 (B. multivorans) SNPs/year. Many of the mutated genes
are associated with oxidative stress response, transition metal metabolism, defense
mechanisms against antibiotics, and other metabolic alterations consistent with the
idea that positive selection might be driven by the action of the host immune
system, antibiotic therapy and low oxygen and iron concentrations. Two orthologous
genes shared by B. cenocepacia and B. multivorans were found to be under strong
selection and accumulated mutations associated with lineage diversification. One gene
encodes a nucleotide sugar dehydratase involved in lipopolysaccharide O-antigen (OAg)
biosynthesis (wbiI). The other gene encodes a putative two-component regulatory
sensor kinase protein required to sense and adapt to oxidative- and heavy metal-
inducing stresses. This study contributes to understanding of shared and species-
specific evolutionary patterns of B. cenocepacia and B. multivorans evolving in the same
CF lung environment.

Keywords: Burkholderia cepacia complex, cystic fibrosis, chronic pulmonary infections, within-host evolution,
comparative genomic analysis, B. cenocepacia, B. multivorans
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INTRODUCTION

Chronic pulmonary infections are considered the leading cause
for morbidity and premature death of patients at risk, as cystic
fibrosis (CF) patients and immunocompromised individuals
(Lipuma, 2010). Several opportunistic pathogens may populate
the CF airways and the heterogeneous microbial populations
usually present are difficult to eradicate (Lipuma, 2010). Among
the bacterial pathogens, Burkholderia cepacia complex (Bcc)
species are particularly feared by CF patients (Mahenthiralingam
et al., 2005). Currently, the Bcc includes 24 closely related
bacterial species (De Smet et al., 2015; Depoorter et al., 2016; Ong
et al., 2016; Bach et al., 2017; Weber and King, 2017; Martina
et al., 2018). Pulmonary infection with Bcc bacteria can involve
a single species or co-infection with more than one Bcc species
and, besides interpatient transmission, these bacteria can cause
chronic infections and a marked decline of lung functions and
decreased life expectancy. In certain cases, some Bcc species
can lead to a lethal uncontrolled clinical deterioration with
septicemia and necrotizing pneumonia (the “cepacia syndrome”)
(Mahenthiralingam et al., 2005).

During chronic infection by Bcc bacteria, the original infecting
strain(s) establishes a population that evolves and diversifies into
genetically and phenotypically distinct lineages. These lineages
are thought to acquire multiple adaptations to the CF lung
environment (Coutinho et al., 2011; Lieberman et al., 2011,
2014; Madeira et al., 2011, 2013; Mira et al., 2011; Silva et al.,
2011, 2016; Moreira et al., 2014, 2017; Maldonado et al., 2016;
Cabral et al., 2017; Hassan et al., 2017, 2019a; Lee et al., 2017;
Nunvar et al., 2017). Over the last decade, several virulence
factors and adaptive traits have been identified in Bcc species
(Mahenthiralingam et al., 2005; Drevinek and Mahenthiralingam,
2010; Loutet and Valvano, 2010; Zlosnik and Speert, 2010;
Madeira et al., 2011, 2013; Mira et al., 2011; Zlosnik et al., 2011,
2014; Sousa et al., 2017; Hassan et al., 2019a). Several studies have
used genome-wide methods to identify genetic changes during
long term infection by B. dolosa (Lieberman et al., 2011, 2014),
B. multivorans (Silva et al., 2016; Diaz Caballero et al., 2018)
and B. cenocepacia (Lee et al., 2017; Nunvar et al., 2017) within
individual hosts. For example, a retrospective study involving
112 sequential B. dolosa isolates from 14 CF patients, identified
several mutated genes involved in genetic variation within
individual patients, in particular genes required for expression
of surface polysaccharides, lipopolysaccharide O-antigen (OAg)
biosynthesis, outer membrane components, iron scavenging, and
antibiotic resistance (Lieberman et al., 2011). A subsequent study
using the same sequential B. dolosa isolates suggested parallel
bacterial evolution where different lineages may coexist for many
years within a patient and identified candidate pathogenicity
genes (Lieberman et al., 2014). Another comparative genomic
study including 22 isolates of B. multivorans recovered over
20 years from CF patients also found parallel adaptive variations
resulting from host related selection pressures in additional
genes involved in the above referred functional categories (Silva
et al., 2016). A more recent comparative genomic analysis
including 32 clonal variants of B. cenocepacia obtained from 8
CF patients (Nunvar et al., 2017) revealed that, in addition to the

aforementioned parallel mutations in gene functions previously
described for B. dolosa and B. multivorans (Lieberman et al.,
2011, 2014; Silva et al., 2016), genes related to transition metal
metabolism are hotspots for nucleotide polymorphism (Nunvar
et al., 2017). Another comparative study involving 215 genomes
from serial B. cenocepacia isolates obtained from 16 CF patients
during a 20 year-period also supports the above mentioned
evolutionary trajectories during chronic Bcc infections and the
well-established diverse-community model (Lee et al., 2017).
This publication also reported the complete loss of chromosome
III resulting in genome-size reduction as an adaptive trait of
B. cenocepacia (Lee et al., 2017), consistent with a previously
reported rare in vivo loss of the same mega-plasmid among
B. cenocepacia clonal variants emerging during chronic infection
(Moreira et al., 2017). Recently, a population genomic study
focused on 111 B. multivorans isolates obtained from a Canadian
CF patient showed potential parallel pathoadaptation involving
genes associated with resistance toward multiple classes of
antibiotics (Diaz Caballero et al., 2018).

Although the above genomic analyses have established the
field of Burkholderia evolution during chronic infection of the CF
airways, the comparison of the evolutionary patterns of strains
of different species co-infecting the same CF patient is lacking.
This was the objective of the present study focused on the most
prevalent Bcc species among the CF community worldwide:
B. cenocepacia and B. multivorans (Mahenthiralingam et al.,
2005; Drevinek and Mahenthiralingam, 2010; Lipuma, 2010).
Although B. cenocepacia has been identified as the most
frequent species among the Bcc bacteria causing infections, with
high potential for inter-patient transmission (Mahenthiralingam
et al., 2005; Drevinek and Mahenthiralingam, 2010), in several
countries B. multivorans has replaced B. cenocepacia as most
frequent (Lipuma, 2010). Given that the CF environment is
characterized by high pro-inflammatory cytokine levels, high
antibiotic concentrations, high levels of oxidative stress and
low oxygen concentration (Moriarty et al., 2007; Palmer et al.,
2007; Reid et al., 2007; Williams et al., 2007), we hypothesize
that the adaptive evolution of each Bcc species may vary
in the same CF patient’ lung-environment. This work was
designed to compare the genome sequences of B. cenocepacia
and B. multivorans clonal variants co-inhabiting the same host-
selective environment to identify species-specific and shared
evolutionary patterns. A retrospective study on twenty clonal
variants derived from two ancestor strains (9 B. multivorans
isolates and 11 B. cenocepacia isolates) was performed. They were
sequentially retrieved from the same CF patient over a period
of 4.4 years, from the onset of infection with B. multivorans
followed by co-infection with B. cenocepacia until the patient’s
death from cepacia syndrome (Correia et al., 2008; Coutinho
et al., 2011; Hassan et al., 2019a). These isolates were obtained in
the major Portuguese CF treatment Center at Hospital de Santa
Maria during consultation routines and pulmonary exacerbations
that compelled the patient to hospitalization and intravenous
therapy with gentamicin and ceftazidime (Correia et al., 2008;
Coutinho et al., 2011). The design and successful execution of
the present study provided relevant and useful information to
contribute to a better understanding of the common and the
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TABLE 1 | Burkholderia cepacia complex isolates examined, ordered based on
the isolation date.

Bcc isolate Isolation date Bcc species

IST419 26 Feb 1998 B. multivorans

IST424 4 Jun 1998 B. multivorans

IST439 30 Jan 1999 B. cenocepacia recA lineage IIIA

IST453 19 Jul 1999 B. multivorans

IST455A/IST455B 1 Feb 2000 B. multivorans

IST461 4 Apr 2000 B. multivorans

IST495A/IST495B 29 May 2001 B. multivorans

IST4103 24 Jul 2001 B. cenocepacia recA lineage IIIA

IST4110 25 Sep 2001 B. cenocepacia recA lineage IIIA

IST4112 11 Oct 2001 B. cenocepacia recA lineage IIIA

IST4113 6 Nov 2001 B. cenocepacia recA lineage IIIA

IST4119 22 Jan 2002 B. multivorans

IST4116A/IST4116B 11 Feb 2002 B. cenocepacia recA lineage IIIA

IST4131 26 Feb 2002 B. cenocepacia recA lineage IIIA

IST4129 26 Mar 2002 B. cenocepacia recA lineage IIIA

IST4130 14 May 2002 B. cenocepacia recA lineage IIIA

IST4134 2 Jul 2002 B. cenocepacia recA lineage IIIA

They were obtained from a cystic fibrosis patient and their genomes were
sequenced during this study.

specific evolutionary patterns occurring in B. cenocepacia and B.
multivorans under selection in the same CF lung environment
and host immune system during a co-infection that ultimately led
to the cepacia syndrome.

MATERIALS AND METHODS

Bcc Bacterial Isolates and Growth
Conditions
Eleven B. cenocepacia (recA lineage IIIA) sequential isolates
and nine B. multivorans sequential isolates obtained from the
same cystic fibrosis patient (patient J) (Cunha et al., 2003;
Coutinho et al., 2011; Hassan et al., 2019a) were examined in this
study. These isolates were collected during routine monitoring
at Hospital de Santa Maria (HSM), Centro Hospitalar Lisboa
Norte (CHLN) EPE, Lisbon, Portugal, from the sputum of a
chronically infected CF patient who was under surveillance from
February 1998 to July 2002 (Cunha et al., 2003; Correia et al.,
2008; Coutinho et al., 2011; Hassan et al., 2019a; Table 1). These
isolates were obtained from the onset of the Bcc infection until
the patient’s death with cepacia syndrome after 4.4 years of
Bcc infection and were selected at random among the colonies
isolated in selective Burkholderia cepacia Selectatab medium at
the Hospital, at a specific date of isolation. Bacterial cultures are
stored at −80◦C in 1:1 (v/v) glycerol. Bacteria were grown in
Lysogeny broth (LB; Conda, Pronadisa) at 37◦C with shaking at
250 rpm or in LB agar plates.

Genomic DNA Sequencing, Assembly
and Annotation
For genomic DNA extraction, bacterial cultures were prepared
by suspending isolated colonies from LB agar plates in 3 mL
LB broth, followed by overnight growth at 37◦C with shaking

at 250 rpm. Genomic DNA was extracted and purified using a
DNeasy Blood and Tissue kit (Qiagen, Germany) according to
manufacturer instructions. DNA concentration and purity were
assessed using a Nanodrop ND-1000 spectrophotometer.

Genomic DNA samples of all the studied clonal variants
were processed according to Illumina’s instructions for generating
paired-end libraries. In brief, Burkholderia cenocepacia IST439,
IST4113, IST4129 and IST4134 were sequenced using a whole-
genome shotgun sequencing strategy and Illumina Genome
Analyser sequencing technology at CD Genomics (New York,
NY, United States), generating short 100-bp paired-end reads
with high coverage (∼300x), details of this protocol attached
as Supplementary Materials. All of the B. multivorans clonal
variants were sequenced on Illumina NextSeq 500 platform
at the University of Pittsburgh, Pittsburgh, PA, United States;
isolates of B. cenocepacia IST4103, IST4110, IST4112, IST4116A,
IST4116B, IST4131 and IST4130 were sequenced using the 151-
bp paired-end Illumina HiSeq platform at the University of New
Hampshire Hubbard Center for Genomic Studies, after library
preparation using a modified Illumina Nextera protocol designed
for inexpensive library preparation of microbial genomes (Baym
et al., 2015). Raw fastQ reads were analyzed using fastQC, which
revealed that all isolates were sequenced at sufficient depth to
accurately identify single nucleotide polymorphisms and indel
mutations. Raw fastq paired-end files were processed for removal
of Illumina adapters, trimming, and quality-based filtering using
Trimmomatic v0.32 (Bolger et al., 2014).

Burkholderia multivorans IST419 and B. cenocepacia IST439,
used as ancestor reference strains, were sequenced for a
second time to generate a high-quality contiguous assembly.
B. multivorans IST419 was likewise processed using Illumina
NextSeq 500 platform producing a second sets of pair-
ended reads, while B. cenocepacia IST439 was re-sequenced to
generate a complete assembly by using a combination of single
molecule, real-time (SMRT) Pacific Biosciences – PacBio reads
and Illumina 100-bp paired-end reads (protocol described in
Supplementary Materials). We used the hierarchical genome-
assembly process workflow (HGAP3) to generate a completed
assembly of B. cenocepacia IST439 and polished our assembly
using the Quiver algorithm (Chin et al., 2013).

The trimmed reads of all the studied clonal variants
(except B. cenocepacia IST439) were de novo assembled using
VelvetOptimiser v2.2.4 (Zerbino and Birney, 2008; Zerbino,
2010) and SPAdes v3.11.1-linux (Bankevich et al., 2012) with
automated optimization of the assembly parameters. The quality
of the assemblies obtained was estimated by Quast v2.3 (Gurevich
et al., 2013) and the best assembled outputs were automatically
improved using Pilon v1.22 (Walker et al., 2014). The three
trimmed data sets (two paired-end libraries and one mate-pair
library) were used for scaffolding by SSPACE-standard v3.0
(Boetzer et al., 2011) followed by an automated improvement
using Pilon v1.22 to gain the final draft genome sequences.

With draft genome sequences, contigs/scaffolds were
reordered using MAUVE Contig Mover (Darling et al.,
2010). All assembled-drafted genomes were reordered versus
B. cenocepacia J2315 and B. multivorans ATCC_17616. We
then annotated the completed assembly of B. cenocepacia
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IST439 and the remaining draft genome sequences with the
prokaryotic genome annotation tool prokka (v1.11) with a local,
customized Burkholderia database of closely related Bcc strains
(B. cenocepacia H111, B. cenocepacia J2315, B. cenocepacia
ST32, Burkholderia cenocepacia VC1254, B. dolosa AU0158,
B. multivorans ATCC_BAA-247, and B. multivorans ATCC
17616) (Seemann, 2014). BLAST Ring Image Generator (BRIG)
was used to generate visual genome comparisons with the
reference genomes of B. cenocepacia H111, B. cenocepacia
J2315, B. cenocepacia ST32, B. multivorans ATCC_BAA-247,
and B. multivorans ATCC 17616 (Alikhan et al., 2011). For
enriched-functional annotation, eggNOG-mapper v4.5.1 was
additionally applied for both strains (B. cenocepacia IST439
and B. multivorans IST419) that were used as references for the
variant calling (Huerta-Cepas et al., 2017). This COG mapping
was used to count the CDS per COG category for each species.

Variant Calling and SNP/INDEL
Detections
Trimmed paired-end reads were mapped against the ancestor
reference complete genome of B. cenocepacia IST439 (for all
B. cenocepacia clonal variants) and/or against the ancestor
reference draft genome sequence of B. multivorans IST419 for
the corresponding clonal variants using BWA-MEM packages of
Burrows-Wheeler Aligner (BWA v.0.7.10) (Li and Durbin, 2010)
and NovoAlign1. Variants [Single nucleotide polymorphisms
(SNPs) and insertion-deletion mutations (INDELs)] were called
as described previously by using two independent standard
variant calling pipelines; GATK and SAMtools/BCFtools toolbox
(Li et al., 2009; Van der Auwera et al., 2013; Dillon et al.,
2015, 2017). A brief description of this approach is included in
Supplementary Materials.

To perform a quality control of the results obtained by the
above reported method, a parallel comparison was performed
using Breseq (Barrick et al., 2014), and similar predictions were
found in the case of base-substitutions, with some discrepancies
in indels. All putative SNPs/INDELs were then manually
inspected and evaluated using the Integrative Genomics Viewer –
IGV (Robinson et al., 2011; Thorvaldsdottir et al., 2013), and
discarded if the BWA and Novoalign-produced alignments did
not provide enough confidence (poor coverage, as described
in the Supplementary Materials). Thus, we are confident that
nearly all base-substitution and indels identified in this study
were genuine events that arose during the in vivo evolutionary
process. Finally, Functional annotation of the called variants
was performed by using SnpEff v3.1 (Cingolani et al., 2012)
with manual BLAST verification against the NCBI Microbes
genome database.

Assessment of Population Structure and
Phylogeny
In silico whole genome multi-locus sequence typing (wgMLST)
(Jolley and Maiden, 2010) was performed to confirm the isolate
sequence type (ST) and the clonality of all the isolates examined.

1www.novocraft.com

To obtain a comprehensive phylogeny of the studied clonal
variants, the SNP calls and their matrices were automatically
processed by using a set of algorithms previously described (Kaas
et al., 2014) via the online web server CSI phylogeny v1.42 with
default settings; min depth at SNP position – 10x, relative depth
at SNP position – 10%, minimum distance between SNPs –
10 bp, min SNP quality – 30, and min read mapping quality –
25 (Kaas et al., 2014). Phylogenetic trees were then constructed
using 70 and 110 variant positions among B. cenocepacia and
B. multivorans clonal variants, respectively, by using FastTree
(Price et al., 2010).

Seven B. cenocepacia recA lineage IIIA, two B. multivorans,
and one B. dolosa deposited-reference genomes in Burkholderia
genome database3 were used to describe the phylogenetic
relationship of the studied clinical isolates among the Bcc
bacteria (Supplementary Table 1). Whole genome average
nucleotide identity (ANI) was assessed by using fastANI script
(Jain et al., 2018).

Genomic Features and Structural
Analysis of the Ancestor B. cenocepacia
and B. multivorans Strains Genomes
Burkholderia cenocepacia IST439 and B. multivorans IST419 were
considered the ancestor reference strains and used to identify
subsequent evolved mutations. Reported genomic islands (GIs:
BcenGIs and GiST32-s) (Holden et al., 2009; Graindorge et al.,
2012; Nunvar et al., 2017) were searched for to identify their
presence in B. cenocepacia IST439 and B. multivorans IST419
genomes using basic local alignment search tool – BLAST
(Altschul et al., 1990; Zhang et al., 2000).

The presence of Putative GIs was also predicted using
IslandViewer 4 (Bertelli et al., 2017), unique GIs were manually
confirmed and curated in the genome sequences of B. cenocepacia
IST439 and B. multivorans IST419. For this confirmation, it
was considered that they are unique continuous DNA regions
absent in the available genome sequences of the published
epidemic clones and longer than 10 kbp, flanked, at both sides,
by homologous regions (especially those inserted immediately
downstream of tRNA), and have lower (or higher) GC content
compared with the rest of the genome (Guo et al., 2017; Nunvar
et al., 2017). The absence of DNA regions homologous to these
unique GIs in the genomes of epidemic clones – B. cenocepacia
ET12 and ST32 (Holden et al., 2009; Nunvar et al., 2017) and
B. multivorans ATCC_17616 and ATCC_BAA-247 (Komatsu
et al., 2003; Johnson et al., 2015; Johnson et al., 2016) –
was confirmed and visualized by Progressive MAUVE whole
genome pairwise alignment and ACT/Artemis (Carver et al.,
2005; Darling et al., 2010). Large DNA regions that respected
those criteria but were not predicted by IslandViewer, were also
manually identified and considered genuine-unique GIs.

The assembled genomes of IST419 and IST439 were also
examined to identify acquired antimicrobial resistance –AMR –
genes through different databases ResFinder 3.2 (Zankari, 2014)

2https://cge.cbs.dtu.dk/services/CSIPhylogeny/
3https://www.burkholderia.com/
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and CARD (Jia et al., 2017) and virulence factors via VFanalyzer
from VF-database (Liu et al., 2019). All the pathoadaptive
associated genes obtained in silico were confirmed by using
ABRicate version 0.54.

Ethics Statement
Studies involving the clinical isolates compared in this study
were approved by Centro Hospitalar Lisboa Norte (CHLN)’
ethics committee and the anonymity of the patient is preserved.
Informed consent for the use of these isolates in research
was obtained from the patient and/or the legal guardians.
The patient’s isolates and clinical data was collected as part
of the epidemiological survey of Bcc bacteria involved in
pulmonary infections among the CF patients receiving care
followed at Hospital de Santa Maria (Cunha et al., 2003;
Correia et al., 2008).

Data and Nucleotide Sequence
Accession Numbers
DNA sequence reads for all isolates obtained by Illumina
sequencing are available at the EMBL’s European Nucleotide
Archive (ENA) under accession number PRJEB20052
and PRJEB35836. The fully assembled and annotated
genome of B. cenocepacia IST439 obtained by PacBio
Sequencing is available at ERZ1345975, Supplementary
Table 1. The other drafted and annotated genomes of
B. cenocepacia and B. multivorans clonal variants obtained
by Illumina Sequencing in the present study are available at
Supplementary Table 1.

RESULTS

Genomic Analysis of B. cenocepacia and
B. multivorans Ancestor Strains
The first isolates obtained from patient J, B. cenocepacia
IST439 and B. multivorans IST419, were used as the ancestor
reference strains for comparative genomic analysis. The genome
of B. cenocepacia IST439 was sequenced using a combination
of PacBio and Illumina sequences, yielding an assembly of
three scaffolds corresponding to the three expected replicons
(Holden et al., 2009) with a total genome size of 7.63 Mb
(Supplementary Table 2). Plasmid pBCJ2315, present in
the genome of B. cenocepacia J2315 strain (Holden et al.,
2009), was not found in B. cenocepacia IST439 genome.
The combination of two Illumina sequencing rounds of
B. multivorans IST419 allowed the assembly of 76 scaffolds with
a predicted genome size of ∼ 6.48 Mb (Supplementary Table 2)
corresponding to the three expected replicons (Komatsu et al.,
2003; Holden et al., 2009).

The genome sequences of the ancestor reference strains,
B. cenocepacia IST439 and B. multivorans IST419, were
screened for the presence of previously reported Genomic
Islands (GIs), BcenGIs and GiST32-s (Holden et al., 2009;

4https://github.com/tseemann/abricate

Graindorge et al., 2012; Nunvar et al., 2017). Most of these
metabolic GIs were absent from both genomes but resistance
GIs (in chromosome II) and pathogenic GI (Prophage
BcepMu in chromosome III) were found (Supplementary
Table 3). These shared GIs contain genes associated with
arsenic resistance, antibiotic resistance, inorganic-ion and
sulfate transporter, and stress response (Baldwin et al., 2004;
Holden et al., 2009) and the B. cenocepacia low-oxygen-
activated lxa locus (Sass et al., 2013). Another shared
pathogenic GI, BcepMu prophage, contains genes involved
in replication, regulation and pathogenesis (Summer et al.,
2004) reported to be overexpressed in response to high doses of
exogenous reactive oxygen species (ROS) (Peeters et al., 2010).
Fourteen unique GIs were predicted in B. cenocepacia IST439
genome (MLST profile ST218) and termed BcenST218_GI1
to BcenST218_GI14 (Supplementary Figure 1 – panel A
and Supplementary Table 4) while 17 unique GIs were
detected in B. multivorans IST419 (MLST profile ST836) and
termed BmST836_GI1 to BmST836_GI17 (Supplementary
Figure 1 – panel B and Supplementary Table 5). All these
unique GIs that were not shared by the B. cenocepacia and
B. multivorans strains include multiple phage-related genes
and/or genes associated with metabolism, replication, regulation
and pathogenesis, and hypothetical membrane proteins
(Supplementary Tables 4, 5).

Burkholderia cenocepacia IST439 (ST-218) was found to be
closely related to the German B. cenocepacia H111 isolate
[ST1506, 99.2% average nucleotide identity (ANI)] obtained
from sputum of a CF patient (Carlier et al., 2014) and more
distantly to the worldwide ET-12 epidemic clones J2315 (99.0%
ANI), BC7 (98.9% ANI), and K56-2 (99.0% ANI) (Holden
et al., 2009; Varga et al., 2013) (Supplementary Figure 2 and
Supplementary Table 1). B. multivorans IST419 (ST-836) is
more related to the Belgian clone B. multivorans ATCC_BAA-
247 (ST650, 99.0% ANI) retrieved from sputum of a CF patient
(Johnson et al., 2015; Johnson et al., 2016) than to the U.S.
soil reference isolate B. multivorans ATCC_17616 (ST21, 96.9%
ANI) (Komatsu et al., 2003) (Supplementary Figure 2 and
Supplementary Table 1).

Comparative Analysis of the Genome
Sequences of B. cenocepacia and
B. multivorans Sequential Clonal Isolates
The genomes of the eleven B. cenocepacia isolates and of the
nine B. multivorans isolates were examined to identify mutations
arising in the same CF patient during 4.4 years of chronic
airway infection (Figure 1 – panel A). These isolates were
sequentially obtained from the onset of the Bcc infection with
the B. multivorans followed by a co-infection with B. cenocepacia
for at least three years until the patient’s death (Correia et al.,
2008; Coutinho et al., 2011; Hassan et al., 2019a). The genome of
two colonies of different morphotypes (assigned as A and B) that
were isolated at the same isolation date for each species [Figure 1,
(Coutinho et al., 2011; Hassan et al., 2019a)] were also compared.

All isolates from the same species shared the same MLST
type, confirming their clonal relationship (Supplementary
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FIGURE 1 | (A) Schematic representation of the B. cenocepacia (•) and B. multivorans (�) isolates examined with information on lung function (Forced Expiratory
Volume in the first second, FEV1%). Time points of isolation, in months after the first Bcc isolate was retrieved, are shown; the numerical order [also used in the
phylogenetic trees of B. cenocepacia (B) and B. multivorans (C)] and the two colors used correlate with the two clades described for B. cenocepacia and
B. multivorans clonal variants. (D and E) represent SNP accumulation during chronic infection and the relation between the time elapsed from the first Bcc isolation
to the point of isolation of each isolate. A linear fit with a slope was plotted. Bc and Bm indicates B. cenocepacia and B. multivorans, respectively.
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Table 2). Putative mutations were identified relative to the
genomes of B. cenocepacia IST439 or B. multivorans IST419
(Figure 1 – panels B and C), revealing 70 or 110 variant
positions among B. cenocepacia and B. multivorans clonal
variants, respectively. These positions were used to evaluate their
phylogenetic relationships (Figure 1), which suggest that the
two Bcc populations originated from a single colonization event
followed by subsequent diversification leading to two different
sub-populations (clades ABc and ABm; BBc and BBm) for each Bcc
species (Figure 1 – panels B and C – orange and blue for clade
ABc, ABm and BBc, BBm – respectively). The two B. cenocepacia
clades (clades ABc and BBc) were detected emerging during a
common infection period while B. multivorans clade BBm was
detected subsequently to clade ABm (Figure 1 – panels A and
B). The genetic differentiation among isolates did not always
follow the chronology of isolation. For instance, isolates IST4110
and IST4134 are closely related although they were isolated
years apart, indicating long standing coexistence of the two
B. cenocepacia subpopulations (Figure 1 – panels A and B).
Moreover, the sole pair of B. cenocepacia isolates IST4116A/B
obtained at the same isolation date, three years after the isolation
of the first B. cenocepacia isolate IST439, belongs to distinct
lineages (Figure 1 – panels A and B)

Evolutionary Dynamics of
B. cenocepacia and B. multivorans
Co-infecting Populations Inside the CF
Lung
A total of 63 single-nucleotide polymorphisms (SNPs) and
9 insertions-deletions (INDELs) were identified among
B. cenocepacia isolates, and 97 SNPs and 16 INDELs among
B. multivorans clonal variants (Supplementary Tables 6, 7).
SNP accumulation rates (calculated as linear regression slope,
Figure 1 – panels D and E) indicate that the mutation rates for
B. cenocepacia and B. multivorans populations were 2.08 and
2.27 SNPs/year, respectively. Most of the mutations, especially
those observed along with the clades’ emergence and shared
among multiple isolates, are non-synonymous (Tables 2, 3,
Supplementary Tables 6, 7) and affect coding sequences (CDSs).
For instance, 22 non-synonymous and 1 synonymous mutations
were associated with two clades ABc and BBc that emerged
within the B. cenocepacia population and 35 non-synonymous
and 7 synonymous were related to the two clades ABm and
BBm that emerged in the B. multivorans population. Such
enrichment of non-synonymous mutations is greater than the
reported substitution under neutral evolution given the codon
usage and GC content of B. cenocepacia bacteria (Dillon et al.,
2015). These results suggest that positive selection dominated
during the evolution of Bcc in the CF patient lung (Tables 2,
3 and Supplementary Figure 3). Similar positive selection has
been reported for other Bcc strains evolving in the CF airway,
including B. cenocepacia, B. multivorans and B. dolosa species
(Lieberman et al., 2011, 2014; Silva et al., 2016; Lee et al., 2017;
Nunvar et al., 2017; Diaz Caballero et al., 2018).

Consistent with selection acting on B. cenocepacia clonal
variants of clade BBc, only a few genes accumulated mutations

that were not also found in the other clade ABc (Table 2
and Supplementary Table 6). For instance, within clade BBc,
the gene homologous to the IST439_04198 locus, a penA
homolog from B. cenocepacia J2315 that encodes a putative beta-
lactamase, was found to acquire a D262G mutation in clones
IST4112, IST4113 and IST4116B. This mutation might be a
result of the drastic intravenous therapy with gentamicin and
ceftazidime and in agreement with the previously reported high
resistance to the beta-lactam antibiotic ceftazidime (Coutinho
et al., 2011). Also, among clade BBc variants, one indel was
observed (P599_A601deletion) in the IST439_04244 gene, which
is homologous to BCAM2211 in B. cenocepacia J2315 that is
an ortholog of acoR from Bacillus subtilis. This acoR gene
encodes a sigma-54 dependent transcriptional regulator that
is involved in the regulation of the acetoin catabolic pathway
(Huang et al., 1999; Ali et al., 2001). The acetoin catabolic
pathway is believed to be a defense mechanism to avoid the lethal
acidification produced by CF pathogens during fermentation
and anaerobic respiration as a result of the decreased oxygen
availability inside the CF lung (Whiteson et al., 2014). Moreover,
other two mutations (S382L and V449L) were observed in
genes homologous to IST439_00883 and IST439_00884 loci,
respectively. These two loci are homologous to orbA and pvdA,
respectively, that encode ornibactin siderophore biosynthesis
and transport proteins (Agnoli et al., 2006). A pvdA deletion
mutant was found to be less virulent than the parent strain in
chronic and acute models of respiratory infection (Sokol et al.,
1999) and a B. cenocepacia K56-2 orbA mutant (K56orbA:tp,
orbA allelic exchange mutant) has also an attenuated virulence
in the rat chronic respiratory infection model (Sokol et al.,
2000). The reported functions of the four genes that were
mutated within clade BBc suggest that positive selection might
be driven by well-known environmental factors of the CF
lung, in particular high antibiotic concentrations, low oxygen
concentrations and low iron concentrations. On the other hand,
B. cenocepacia clonal variants that form clade ABc accumulated
mutations found in regulatory and metabolism related genes
(Table 2). This suggests that B. cenocepacia tend to adapt within
the CF airway by remodeling their metabolism during long
term infection with periodic diversification as a function of
variation within host environments. In B. multivorans, most
of the mutated genes also affected metabolic functions (energy
production and conservation and regulation of the carbohydrate
metabolism) (Table 3).

Burkholderia cenocepacia and B.
multivorans Genes Under Convergent
Evolution in the CF Lung
The mutated genes during chronic infection belong to different
clusters of orthologous groups – COG (Supplementary Figure 3
and Tables 2, 3, Supplementary Tables 6, 7). Genes with
well-characterized functions that accumulated non-synonymous
mutations (41 and 48 B. cenocepacia and B. multivorans CDSs,
respectively) are schematized in Supplementary Figure 3 and
selected mutations are listed in Tables 2, 3.
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TABLE 2 | Summary of selected non-synonymous mutations found among B. cenocepacia clonal variants associated with phylogenetic clades (clades ABc and BBc, Figure 1 – panel B, depicted in lighter and darker
colors, respectively).

Gene locus Gene prediction,
Annotation

COG category Mutation
effect

Predicted
functional
effect and
impact

presence and type of mutation in each isolate of B. cenocepacia

IST4103 IST4110 IST4112 IST4113 IST4116A IST4116B IST4131 IST4129 IST4130 IST4134

Cellular Processes and Signaling
IST439_01755 wbiI, UDP-N-acetyl-alpha-

D-glucosamine C6
dehydratase

Cell wall/membrane/
envelope biogenesis

L493P CDS: missense
variant,
moderate

SNP SNP SNP

E487K CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_06597 fgrL/yycG_3, Sensor
histidine kinase,
Two-component regulatory
system

Signal transduction
mechanisms

V176M CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP

IST439_01475 Putative (ABC transporter)
multidrug export
ATP-binding membrane
protein

Defense mechanisms Q347* CDS: stop
gained, High

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_04198 penA, Beta-lactamase
precursor

D262G CDS: missense
variant,
moderate

SNP SNP SNP

Information storage and processing
IST439_00910 bpeR/envR/tetR, TetR

family regulatory
protein/HTH-type
transcriptional regulator
TtgR

Transcription

C63R CDS: missense
variant,
moderate

SNP SNP SNP

G196D CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_00921 rbsR, Ribose operon
repressor

V287D CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_01925 oxyR, Hydrogen
peroxide-inducible genes
activator/oxidative stress
regulatory protein

S53R CDS: missense
variant,
moderate

SNP SNP SNP

T669C CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_04244 acoR_2, Acetoin
catabolism regulatory
protein

P599_A601del CDS: frameshift
variant, high

INDEL INDEL INDEL

(Continued)
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TABLE 2 | Continued

Gene locus Gene prediction, Annotation COG category Mutation
effect

Predicted
functional
effect and
impact

presence and type of mutation in each isolate of B. cenocepacia

IST4103 IST4110 IST4112 IST4113 IST4116A IST4116B IST4131 IST4129 IST4130 IST4134

IST439_05266 cynR-13, LysR family regulatory
protein/HTH-type
transcriptional regulator CynR

K259E CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_05755 rpoD/sigE, RNA polymerase
sigma factor RpoD

R167T CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_06667 yhaO/NOPBF, putative
metallophosphoesterase
YhaO/putative calcineurin-like
phosphoesterase family protein

Replication,
recombination and
repair

G153W CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP

Metabolism
IST439_01911 hmpA, Flavohemoprotein Energy production and

conversion
D337E CDS: missense

variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_02838 2-oxoacid ferredoxin
oxidoreductase

V1062L CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_00975 fliY_1, Cystine-binding
periplasmic protein

Amino acid transport
and metabolism

D13G CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_01981 artP/glnQ, Arginine transporter
ATP-binding subunit/Glutamine
transport ATP-binding protein

Q136* CDS: stop
gained, High

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

IST439_05703 BceL/ynfM_4, major facilitator
superfamily protein/Inner
membrane transport protein
YnfM

Carbohydrate transport
and metabolism

T117A CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_00216 sulP/dauA/cynT, putative
sulfate
transporter/C4-dicarboxylic
acid transporter DauA

Inorganic ion transport
and metabolism

L61P CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_00883 orbA, Ornibactin
receptor/Ferrichrome-iron
receptor precursor

S382L CDS: missense
variant,
moderate

SNP SNP SNP

IST439_00884 pvdA, L-ornithine
5-monooxygenase

Secondary metabolites
biosynthesis, transport,
and catabolism

V449L CDS: missense
variant,
moderate

SNP SNP SNP

IST439_01356 mdcE, Malonate decarboxylase
gamma subunit/Malonyl-S-
ACP:biotin-protein
carboxyltransferase MADD

D67E CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP

IST439_04949 pcaC,
4-Carboxymuconolactone
decarboxylase family protein

S52R CDS: missense
variant,
moderate

SNP SNP SNP SNP SNP SNP SNP SNP SNP SNP

Gene loci are ordered based on COG annotation and its categories. More details in Supplementary Table 6.
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TABLE 3 | Summary of selected non-synonymous mutations found among B. multivorans clonal variants associated with phylogenetic clades (clades ABm and BBm, Figure 1 – panel C, depicted in lighter and darker
colors, respectively).

Gene locus Gene prediction,
Annotation

COG
category

Mutation
effect

Predicted
functional effect
and impact

presence and type of mutation in each isolate of B. multivorans

IST424 IST453 IST455A IST455B IST461 IST495A IST495B IST4119

Cellular Processes and Signaling
IST419_02260 wbiI, UDP-N-acetyl-

alpha-D-glucosamine
C6 dehydratase

Cell wall/
membrane/
envelope
biogenesis

M69T
(+64bp)

CDS: frameshift
variant, high

INDEL INDEL INDEL INDEL

IST419_02356 rmlB/rflB,
dTDP-glucose
4,6-dehydratase

T192H CDS: missense
variant, moderate

SNP SNP SNP

IST419_03735 patatin/ Putative
patatin-like
phospholipase

Q196* CDS: stop gained,
High

SNP SNP

IST419_00471 flgD, flagellar basal
body rod modification
protein

Cell motility S219A CDS: missense
variant, moderate

SNP SNP

IST419_00702 hprK, HPr kinase/
phosphorylase

Signal
transduction
mechanisms

S168N CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_05375 fgrL/ yycG_3, Sensor
histidine kinase,
Two-component
regulatory system

L181F SNP SNP

IST419_05223 fhaB/ palA/ hylA,
filamentous
hemagglutinin outer
membrane protein/
hemolysin

Intracellular
trafficking,
secretion,
and vesicular
transport

P115L CDS: missense
variant, moderate

SNP SNP SNP

Information storage and processing
IST419_01084 rsuA/ rluF,

pseudouridine
synthase, Rsu/
RNA-binding S4
domain-containing
protein

Translation,
ribosomal
structure and
biogenesis

V285A CDS: missense
variant, moderate

SNP SNP SNP SNP SNP

Metabolism
IST419_02576 molybdopterin

oxidoreductase
Energy
production
and
conversion

K360Q CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_05773 tfdB, monooxygenase
FAD-binding protein

L190V CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_00066 livF, ABC
transporter-like protein

Amino acid
transport and
metabolism

V185L CDS: missense
variant, moderate

SNP SNP

(Continued)

Frontiers
in

M
icrobiology

|w
w

w
.frontiersin.org

10
S

eptem
ber

2020
|Volum

e
11

|A
rticle

574626

74

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


fm
icb-11-574626

Septem
ber24,2020

Tim
e:19:49

#
11

H
assan

etal.
B

cc
S

pecies
C

oevolution
in

the
C

F-Lung

TABLE 3 | Continued

Gene locus Gene prediction,
Annotation

COG
category

Mutation
effect

Predicted
functional effect
and impact

presence and type of mutation in each isolate of B. multivorans

IST424 IST453 IST455A IST455B IST461 IST495A IST495B IST4119

IST419_00071 livK, extracellular
ligand-binding receptor

Q139R CDS: missense
variant, moderate

SNP SNP

IST419_01537 tcyB/ yecS, polar
amino acid ABC
transporter inner
membrane subunit

S165_I167dup CDS: frameshift
variant, high

INDEL INDEL

IST419_02455 gltL/ aatP, ABC
transporter-like protein

D168N CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_03581 soxA, sarcosine
oxidase subunit alpha

W385R CDS: missense
variant, moderate

SNP SNP

IST419_02163 relA/ spoT, (p)ppGpp
synthetase I SpoT/
RelA

Nucleotide
transport and
metabolism

I493M CDS: missense
variant, moderate

SNP SNP

IST419_02029 fabF2, 3-oxoacyl-(acyl
carrier protein)
synthase II

Lipid
transport and
metabolism

G145A CDS: missense
variant, moderate

SNP SNP SNP

F74T CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_05562 acetyl-CoA synthetase A257T CDS: missense
variant, moderate

SNP SNP SNP

E484Q CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_04557 pepM,
phosphoenolpyruvate
phosphomutase

Carbohydrate
transport and
metabolism

D448E CDS: missense
variant, moderate

SNP SNP

IST419_04936 malto-oligosyltrehalose
trehalohydrolase

D274N CDS: missense
variant, moderate

SNP SNP

IST419_03373 hypothetical
methyltransferase
protein

Secondary
metabolites
biosynthesis,
transport,
and
catabolism

H225T CDS: missense
variant, moderate

SNP SNP SNP SNP

IST419_05081 PHB depolymerase
family esterase

A272S CDS: missense
variant, moderate

SNP SNP SNP

Gene loci are ordered based on COG annotation and its categories. More details in Supplementary Table 7.
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The genes most likely under selection in the CF airway
are those with non-synonymous mutations that become
fixed within all subsequent samples. One of these is the
B. cenocepacia gene linked to defense mechanisms against
antibiotic stress (IST439_01475, encoding a putative ABC
transporter ATP-binding membrane protein; homologous to
BCAL1039 from B. cenocepacia J2315) (Table 4). Three other
mutations affected genes involved in transcription regulation,
encoding the ribose operon repressor RbsR and two sigma
factor cytoplasmic proteins homologous to B. cenocepacia J2315
RpoC and RpoD proteins. Three mutations were also detected
in genes associated with metabolism (BCAL1610 and glnQ
homologs – encoding periplasmic cysteine-binding protein
and glutamine ABC transporter ATP-binding protein –
and pcaC homolog encoding 4-carboxymuconolactone
decarboxylase, involved in the metabolism of amino acids
and secondary metabolites, respectively). On the other hand,
no single non-synonymous mutation became fixed among
B. multivorans isolates during the chronic co-infection
(Tables 3 and Supplementary Table 7). Although the
simultaneous, apparent fixation of seven new mutations
over 18 months may seem high, manual inspection of the
evidence supporting these mutations indicates they are genuine.
It is possible that these mutations may have accumulated in
a lineage evolving over a longer period of time prior to the
first sampling, when clones like IST439 and more evolved
lineages co-occurred.

Among the mutated genes, two genes in B. cenocepacia and
three genes in B. multivorans acquired multiple independent
mutations, which provide strong evidence of selection (Figure 2).
Although multiple mutations in a single gene can result from
mismapped reads and/or hidden paralogy, the evidence for these
mutations is robust following manual inspection. Notably, in
B. cenocepacia, the gene IST439_00910 that is homologous to
B. cenocepacia J2315 bpeR acquired three different mutations
during co-infection; one mutation (G196D) became fixed in
clade ABc variants while mutation C63R emerged in clade BBc
and one INDEL (K113∗ [-57bp]) was only found in the second
sequential clonal variant isolated, IST4103, the isolate that does
not belong to any of the two defined clades (Figure 1 – panel B).
The bpeR gene encodes a TetR family regulatory protein which
is a conserved transcription regulator across the Burkholderia
genus (Ramos et al., 2005). This gene was involved in the
transcriptional control of multidrug efflux pumps, antibiotic
biosynthesis, response to osmotic stress and toxic chemicals,
and in pathogenicity in other Gram-negative pathogens (Ramos
et al., 2005). The IST439_00910/bpeR is also an ortholog to
B. dolosa AU0158 BDAG_00732 that was found before to acquire
several mutations in the promotor region of 112 CF-clinical
isolates (Lieberman et al., 2014). Among the three polymorphic
genes in B. multivorans clonal variants, one polymorphic gene
(IST419_01084) accumulated six different mutations and one of
these variant positions (V285A) became fixed in the first 6 clonal
variants (Figure 2 – panel B). This IST419_01084 gene encodes
a putative RNA pseudouridine synthase whose structure contains
a small RNA-binding protein domain (S4 domain) that delivers
nucleotide-modifying enzymes to RNA, regulating translation

through structure specific RNA binding (Aravind and Koonin,
1999; Del Campo et al., 2001).

Orthologous Genes Experienced Positive
Selection in Co-evolved B. cenocepacia
and B. multivorans Populations
Two orthologous genes accumulated mutations related to lineage
diversification in both B. cenocepacia and B. multivorans
(Figure 3). These genes are homologs of B. cenocepacia J2315
wbiI and BCAS0619 and are predicted to encode a nucleotide
sugar dehydratase involved in lipopolysaccharide O-antigen
(OAg) biosynthesis (Ortega et al., 2005) and a putative two-
component regulatory sensor kinase protein, respectively.

Regarding wbiI, E487K and L493P mutations were observed
in IST439_01755 gene in all B. cenocepacia clonal variants
forming clades ABc and BBc, respectively, while the M69T
(+ 64bp) insertion was observed in IST419_02260 gene in all
B. multivorans clonal variants forming clade ABm. Regardless of
the Bcc species, all the isolates with a mutated wbiI gene expressed
a lipopolysaccharide lacking the OAg (Hassan et al., 2019a).
Remarkably, this wbiI gene was reported before to be under
strong selection in B. cenocepacia, B. multivorans and B. dolosa
during chronic lung infection (Lieberman et al., 2011, 2014;
Silva et al., 2016; Hassan et al., 2017). Concerning BCAS0619,
located at the third chromosome, mutation V176M was found
within B. cenocepacia variants that form clade ABc, except for the
IST4129 isolate that lacks chromosome III, while IST419_05375
gene has a L181F mutation in two B. multivorans variants
(IST495A and IST495B).

DISCUSSION

This study was designed to gain insights into the molecular
mechanisms underlying genomic diversification occurring in
B. cenocepacia and B. multivorans strains that co-infected, for a
period of at least 3 years, the same cystic fibrosis (CF) patient
and to identify shared and relevant pathoadaptive mechanisms.
Mutations with accumulation rates of 2.08 (B. cenocepacia) and
2.27 (B. multivorans) SNPs/year were found during the course of
co-infection comparable with those reported for B. dolosa [2.1
SNPs/year] (Lieberman et al., 2011, 2014) and B. multivorans
[2.4 SNPs/year] (Silva et al., 2016) and slightly higher than the
mutation rate reported for the Czech epidemic B. cenocepacia
ST32 strain [average rate 1.66 SNPs/year] (Nunvar et al., 2017).
Such mutation rates are also comparable to those occurring in
the major CF pathogen P. aeruginosa [2.7 SNPs/year] during
CF chronic infection (Markussen et al., 2014; Marvig et al.,
2015) but below the mutation rates reported for the non-Bcc
member and etiological agent of melioidosis, B. pseudomallei,
obtained from chronically infected CF patients [3.6 SNPs/year]
(Viberg et al., 2017). The aforementioned mutation rates are
believed to be associated with fast diversification of the infecting
bacterial strains (Didelot et al., 2016) diverging into sublineages
with their own functional and genomic signatures and rates of
adaptation to different CF-lung environments (Markussen et al.,
2014; Didelot et al., 2016).
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TABLE 4 | List of non-synonymous mutations (remarked with
√

) that became fixed among the clonal variants of B. cenocepacia examined.

Gene locus/ homologous
gene in J2315

Annotation Mutational
effect

COG IST439 IST4103 IST4110 IST4112 IST4113 IST4116A IST4116B IST4131 IST4129 IST4130 IST4134

IST439_01475/ BCAL1039
homolog

Putative (ABC transporter)
multidrug export
ATP-binding/permease
membrane protein

Q347* V
√ √ √ √ √ √ √ √ √ √

IST439_00921/ rbsR
homolog

Ribose operon repressor V287D K
√ √ √ √ √ √ √ √ √ √

IST439_02295/ rpoC
homolog

DNA-directed RNA
polymerase subunit beta

T669C K
√ √ √ √ √ √ √ √ √ √

IST439_05755/ rpoD/sigE
homolog

RpoD/SigE, RNA
polymerase sigma factor
RpoD

R167T K
√ √ √ √ √ √ √ √ √ √

IST439_00975/ BCAL1610
homolog

FliY_1, Cystine-binding
periplasmic protein

D13G E
√ √ √ √ √ √ √ √ √ √

IST439_01981/ glnQ
homolog

Glutamine transport
ATP-binding protein
GlnQ/ABC transporter-like
protein

Q136* E
√ √ √ √ √ √ √ √ √ √

IST439_4949/ pcaC
homolog

PcaC,
4-Carboxymuconolactone
decarboxylase family
protein

S52R Q
√ √ √ √ √ √ √ √ √ √

The only mutations presented are those acquired by CDS associated with well-characterized functions as shown in Supplementary Table 6.
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FIGURE 2 | Heat-map of non-synonymous mutation frequencies in coding sequences (CDS) under strong parallelism (that acquired ≥ 3 mutations) among the
clonal variants of B. cenocepacia (A) and B. multivorans (B). Homologous genes in B. cenocepacia J2315 and B. multivorans ATCC_17616 are indicated. Total
number of mutations acquired per gene (m) and the type of mutation (coding sequence [CDS]) are presented on the right panel.

FIGURE 3 | Mutations that were observed in two orthologous genes in the genomes of clonal variants of B. multivorans and of B. cenocepacia (by chronological
order from left to right) are indicated by the amino acid residue change.

In the co-infecting B. cenocepacia and B. multivorans
populations examined, several genes were found to acquire
different mutations either related or unrelated to lineage
diversification. Remarkably, most of these genes have not been
previously reported as being involved in parallel evolution in
B. dolosa, B. cenocepacia, and B. multivorans (Lieberman et al.,
2011, 2014; Silva et al., 2016; Nunvar et al., 2017). Specifically,
most of the mutated genes found in this work are involved
in cell envelope/wall/membrane biogenesis and in regulatory
and metabolic processes, belonging to the functional categories
reported before for Bcc strains as being under selective pressure
in the CF lungs (Lieberman et al., 2011, 2014; Silva et al., 2016;
Nunvar et al., 2017). Mutated genes with fixed non-synonymous
variant positions over the entire period of chronic infection
were found in the present work among the B. cenocepacia
clonal variants examined but no single fixed non-synonymous
variant position was found for B. multivorans. Results suggest
that B. cenocepacia and B. multivorans infection involved periods
of diversification dominated by positive selection, as previously
suggested by others (Silva et al., 2016; Lee et al., 2017; Nunvar
et al., 2017). Although we cannot discard the possibility that
the spatiotemporal characteristics of the isolated clonal variants
examined in this work are not representative of the population
heterogeneity present at each isolation time in the CF airways, the
distinct evolutionary patterns here attributed to B. cenocepacia

and B. multivorans when co-infecting the same CF environment
for several years, appear to be consistent and in line with the
literature. Population heterogeneity in the CF lungs was observed
for both species and different colony morphotypes were isolated
at the same isolation dates (Figure 1 – panels A, B and C).
However, the very limited number of isolates obtained at the
same isolation date and the fact that they were not always isolated
randomly but to obtain different colony morphotypes limits our
inferences of population dynamics. Nevertheless, heterogeneity
within the B. cenocepacia population can be seen in the two
B cenocepacia isolates (IST4116A/B) obtained on the same day,
which belong to different lineages (clades ABc and BBc).

Among the mutated genes in B. cenocepacia and B.
multivorans during long-term co-infection of the CF patient
are genes encoding oxidative stress regulatory proteins and
heavy metal-sensing proteins (Tables 2, 3 and Supplementary
Tables 6, 7). Such regulatory proteins (e.g., OxyR and FixK) are
involved in bacterial protection against reactive oxygen species
(ROS) produced by phagocytic leukocytes (Reyrat et al., 1993;
Saito et al., 2003; Bobik et al., 2006; Panmanee et al., 2008).
Consistent with this conclusion, the host immune system was
proposed to play a fundamental role in driving B. cenocepacia
and B. multivorans evolution during chronic CF infection and
genes linked to the oxidative stress responses (homologous to
B. cenocepacia J2315 katG, yedY, moeA1, fixL, osmC and ompR)
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reported to suffer mutation (Silva et al., 2016; Nunvar et al.,
2017). This selection driven by the host immune system of
genes linked to the oxidative stress and heavy metal-sensing
was not however proposed for within-patient evolution of
either B. dolosa or P. aeruginosa (Lieberman et al., 2011, 2014;
Winstanley et al., 2016).

Increased resistance to antibiotics is also a well-described
evolutionary trait associated with many CF pathogens and
genes related with antibiotic resistance have been among the
genes mostly reported to be under selective pressure (Jeannot
et al., 2008; Lieberman et al., 2011, 2014; Silva et al., 2016;
Winstanley et al., 2016; Nunvar et al., 2017). Consistent with
those reports, some of the mutated genes found in the present
study in B. cenocepacia and B. multivorans are involved in defense
mechanisms and their regulation, as it is the case of genes
encoding PenA, EmrA, ABC-2 type transporter, and DNA gyrase
proteins (Tables 2, 3 and Supplementary Tables 6, 7).

Another commonly reported evolved trait during chronic
infection is mutation altering genes of the OAg biosynthetic
cluster (Lieberman et al., 2011, 2014; Maldonado et al., 2016;
Silva et al., 2016; Hassan et al., 2017; Nunvar et al., 2017).
Longitudinal comparative genomic studies of Bcc isolates from
CF patients with chronic lung infection revealed the conversion
from smooth (in the early isolates) to rough LPS with no
OAg at the late-stages of infections by B. cenocepacia and
B. multivorans (Silva et al., 2016; Hassan et al., 2017). Remarkably,
an extensive study focused on B. dolosa during chronic lung
infections has shown that late isolates produce an LPS exhibiting
the OAg that was absent from the LPS of the initial infecting
isolate (Lieberman et al., 2011). The phenotypic switch of OAg
presence/absence was recently examined among CF isolates of
several Bcc species. In the most prevalent and feared species,
B. cenocepacia and B. multivorans, a marked tendency to lose
the OAg along chronic infection was seen, whereas in B. dolosa
the OAg-chain was absent from the beginning of the 5.5-
year infection until the patient death (Hassan et al., 2019a). It
remains important to understand why LPS is under selection
in B. cenocepacia or B. multivorans. While the most common
explanation invokes selection for immune evasion, it is also
possible that LPS modifications are adaptations to biofilm growth
(Traverse et al., 2013) or antibiotic resistance (Scribner et al.,
2020). Another explanation for loss of OAg is that it increases
Bcc survival in phagocytic eukaryotic cells such as amoebae,
epithelial cells and human macrophages (Saldias et al., 2009;
Saldias and Valvano, 2009; Kotrange et al., 2011; Maldonado
et al., 2016). It is also known that the OAg absence leads to
increased internalization of B. cenocepacia into macrophages
upon phagocytosis (Saldias et al., 2009; Kotrange et al., 2011)
and to facilitate B. multivorans growth inside macrophages
(Schmerk and Valvano, 2013). Moreover, the OAg presence
was found to interfere with the adhesion of B. cenocepacia to
bronchial epithelial cells (Saldias et al., 2009) although it was
reported to increase the ability of B. cenocepacia to adhere
to atomic force microscope Si3N4 tip (Hassan et al., 2019b).
Collectively, the loss of the OAg seems advantageous for disease
development associated with B. cenocepacia or B. multivorans
infections. Different mutations were accumulated in relation to

the lineage emergence in the two co-infecting populations in
genes IST439_01755 and IST419_02260 (homolog and ortholog
to wbiI, respectively – Figure 3) that encode a nucleotide sugar
dehydratase, previously found to be under parallel evolution in
B. cenocepacia or in B. multivorans (Silva et al., 2016; Hassan
et al., 2017). Remarkably, the comparison of the ability of three
of the B. cenocepacia isolates examined in the present work to
subvert the host’s immune function, assessed by internalization
assays using human dendritic cells, showed that the late variants,
IST4113 and IST4134, were significantly more internalized
exhibiting increased survival within dendritic cells than the
early isolate IST439 (Cabral et al., 2017) the sole with an LPS
with OAg (Hassan et al., 2017). Altogether, mutated genes’
functions involved in the observed adaptive evolution of the two
species co-inhabiting the same host-selective environment are
consistent with the idea that positive selection in B. cenocepacia
and B. multivorans might be driven by the action of the
host immune system.

Among the few mutated regulatory proteins identified in
this study is the histidine kinase protein from B. cenocepacia
IST439_06759 (an hisS homolog) and from B. multivorans
IST419_05375 that enable bacterial cells to sense and adapt
to oxidative- and heavy metal- inducing stresses (Wolanin
et al., 2002; Skerker et al., 2005). The orthologous genes
encoding the histidine kinase protein acquired two mutations,
V176M and L181F, in the two co-infecting B. cenocepacia and
B. multivorans populations, respectively (Figure 3). This is
the first time that this transcription regulator is reported to
undergo adaptive evolution during CF patient infection. Signal
transduction histidine kinase-related proteins are very important
regulatory proteins involved in signaling cascades contributing
to several simultaneous coordinated responses (Wolanin et al.,
2002; Skerker et al., 2005) to, for example, osmoregulation
(Tomomori et al., 1999) and chemotaxis (Bilwes et al., 1999) in
bacterial pathogens.

Burkholderia cenocepacia genes encoding oxidative stress-
and heavy metal-sensing- proteins were hypothesized as being
the targets of convergent evolution underlying higher affinity
to intra-macrophage persistence and the development of the
fatal cepacia syndrome (Lee et al., 2017; Nunvar et al., 2017).
Although the mechanisms underlying the fatal cepacia syndrome
still remains largely unknown, the results obtained in this study
are in line with those described by Nunvar et al. (2017) who
hypothesized that macrophages, whose bactericidal activity relies
on hydrogen peroxide and copper, are putative key players behind
the development of the cepacia syndrome.

In summary, the comparative genomic analysis performed
in this work identified genes which are under strong positive
selection in the most prevalent and most feared Bcc species
that co-infected the lung of a CF patient who died from
cepacia syndrome. Among them, polymorphic genes and others
involved mainly in regulatory and metabolic functions were
sorted out. Since cystic fibrosis is a genetic disorder associated
with inflammation, sub-optimal antioxidant protection and
the continuous use of antimicrobial therapy, all resulting in
marked oxidative stress (Galli et al., 2012), it is likely that
in the evolved strains several physiological processes might
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be activated via the global stress responses which in turn
can modulate the course of infection. Global stress responses
were found to be under parallel evolution in experimentally
evolved P. aeruginosa biofilms (Winstanley et al., 2016)
and were recently observed during chronic lung infections,
irrespective to the presence/absence of other members of
the CF microbiome (Vandeplassche et al., 2019). Given that
both co-infecting Bcc species are known for their ability of
intracellular survival inside macrophages (Saldias et al., 2009;
Saldias and Valvano, 2009; Kotrange et al., 2011; Schmerk and
Valvano, 2013), the mutated genes associated with cell envelope
biogenesis, including those responsible for lipopolysaccharide
OAg biosynthesis, could promote Bcc persistence through
intracellular survival.

This study provides useful information to better understand
the shared and species-specific evolutionary patterns of
B. cenocepacia and B. multivorans evolving in the same CF lung
environment during co-infection. The two orthologous genes
shared by B. cenocepacia and B. multivorans that accumulate
mutations associated with lineage diversification strongly suggest
that two traits, lipopolysaccharide O-antigen (OAg) biosynthesis
and the sensing and response to oxidative- and heavy metal-
induced stresses, are biological processes under strong selection
during evolution in the CF lung environment.
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Supplementary Figure 1 | Genomic islands (A) BcenST281_GIs and (B)
BmST836_GIs in the reference strains, B. cenocepacia IST439 and B. multivorans
IST419, respectively. The inner circles denote genomes of the reference isolates
and the corresponding clonal variants, ordered as indicated in the legend; Bc –
B. cenocepacia isolates and Bm – B. multivorans strains. Blue and orange colors
denote different clades as indicated in Figure 1. All clonal variants were
chronologically ordered based on the isolation date. Visualizations were carried out
by BRIG (Alikhan et al., 2011). For more details, see Supplementary Tables 4, 5.

Supplementary Figure 2 | Phylogenetic tree based on the comparison of the
whole-genome of B. cenocepacia and B. multivorans clonal variants and other
sequenced strains available at Burkholderia genome database (Supplementary
Table 1). ANI percentages are also presented relative to each studied reference
strain, B. cenocepacia IST439 and B. multivorans IST419.

Supplementary Figure S3 | 3D plot of non-synonymous mutations observed in
B. cenocepacia (A) and B. multivorans (B) clonal variants during the chronic
co-infection. All mutated genes of well-characterized functions are depicted as
green oval shapes (with SNPs) and/or blue shapes (with INDELs). The number of
mutated genes per each COG category is illustrated above each corresponding
shape as a ratio (number of genes per isolate/number of all mutated genes in the
entire population for this particular COG). Accumulation of small green shapes
indicates the number of SNP mutations that was observed per isolate. For a
detailed list of mutations, see Supplementary Tables 6, 7 for B. cenocepacia
and B. multivorans, respectively. Abbreviation letters representing the COGs are
detailed in the bottom panel.

Supplementary Table S1 | List of the whole genome sequences of Bcc isolates
used in the present study for comparative genomic analyses. The isolation year
and country are indicated as well as the multi-locus sequence typing (MLST). CS –
cepacia syndrome.

Supplementary Table S2 | Metadata information of the studied clonal variants
sequentially ordered based on the isolation date; details on genomic assembly
and functional annotation are shown as well as the in silico
MLST profiles.

Supplementary Table S3 | Published genomic islands (Holden et al., 2009;
Graindorge et al., 2012; Nunvar et al., 2017) present in B. cenocepacia J2315 and
ST32 and their eventual presence in B. cenocepacia IST439 and
B. multivorans IST419.

Supplementary Table S4 | BcenST218_GIs as Genomic islands of
B. cenocepacia IST439 and their presence in B. multivorans IST419,
B. cenocepacia J2315 and ST32, B. multivorans ATCC_17616
and ATCC_BAA-247.

Supplementary Table S5 | BmST836_GIs as Genomic islands of B. multivorans
IST419 and their presence in B. cenocepacia IST439, B. cenocepacia J2315 and
ST32, B. multivorans ATCC_17616 and ATCC_BAA-247.

Supplementary Table S6 | List of mutations found among B. cenocepacia clonal
variants. All mutated genes were grouped to predicted gene functions (COG).
Isolates are chronologically ordered as indicated in Figure 1. A – GATK pipeline
and B – SAMtools/BCFtools toolbox.

Supplementary Table S7 | List of mutations found among B. multivorans clonal
variants. All mutated genes were grouped to predicted gene functions (COG).
Isolates are chronologically ordered as indicated in Figure 1. A – GATK pipeline
and B – SAMtools/BCFtools toolbox.
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Haemonchus contortus and Teladorsagia circumcincta are among the two most

pathogenic internal parasitic nematodes infecting small ruminants, such as sheep and

goats, and are a global animal health issue. Accurate identification and delineation

of Haemonchidae species is essential for development of diagnostic and control

strategies with high resolution for Trichostrongyloidea infection in ruminants. Here, we

describe in detail and compare the complete mitochondrial (mt) genomes of the New

Zealand H. contortus and T. circumcincta field strains to improve our understanding of

species- and strain-level evolution in these closely related roundworms. In the present

study, we performed extensive comparative bioinformatics analyses on the recently

sequenced complete mt genomes of the New Zealand H. contortus NZ_Hco_NP and

T. circumcincta NZ_Teci_NP field strains. Amino acid sequences inferred from individual

genes of each of the two mt genomes were compared, concatenated and subjected

to phylogenetic analysis using Bayesian inference (BI), Maximum Likelihood (ML), and

Maximum Parsimony (MP). The AT-rich mt genomes of H. contortus NZ_Hco_NP and

T. circumcincta NZ_Teci_NP are 14,001 bp (A+T content of 77.4%) and 14,081 bp

(A+T content of 77.3%) in size, respectively. All 36 of the typical nematode mt genes are

transcribed in the forward direction in both species and comprise of 12 protein-encoding

genes (PCGs), 2 ribosomal RNA (rrn) genes, and 22 transfer RNA (trn) genes. The

secondary structures for the 22 trn genes and two rrn genes differ between H. contortus

NZ_Hco_NP and T. circumcincta NZ_Teci_NP, however the gene arrangements of both

are consistent with other Trichostrongylidea sequenced to date. Comparative analyses

of the complete mitochondrial nucleotide sequences, PCGs, A+T rich and non-coding

repeat regions of H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP further

reinforces the high levels of diversity and gene flow observed among Trichostrongylidea,

and supports their potential as ideal markers for strain-level identification from different
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hosts and geographical regions with high resolution for future studies. The complete mt

genomes of H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP presented here

provide useful novel markers for further studies of the meta-population connectivity and

the genetic mechanisms driving evolution in nematode species.

Keywords: Haemonchus contortus, Teladorsagia circumcincta, mitochondrial genome, helminth, parasite,

anthelmintic-susceptible

HIGHLIGHTS

- In-depth comparative and phylogenomic analyses of the
recently published complete mitochondrial (mt) genomes
of the New Zealand H. contortus NZ_Hco_NP and T.
circumcincta NZ_Teci_NP field strains to improve our
understanding of species- and strain-level evolution in
roundworms.

- Analysis of the A+T rich and non-coding repeat regions of
the complete Haemonchus and T. circumcincta mt genomes
supports their potential as ideal markers for easy species-
and possibly strain-level identification with high resolution for
future studies.

- Phylogenetic relationships of complete mt genomes for all
Trichostrongyloidea species currently available inferred from
Bayesian, Maximum Likelihood and Maximum Parsimony
analyses of mitochondrial genes, revealed high levels of intra-
species diversity and a panmictic structure observed among
Trichostrongylidea.

- Our findings indicate that a three-pronged approach
incorporating phylogenetic inertia, pangenome
structure/features and environmental data are needed in
order to understand the mitochondrial genome evolution.

INTRODUCTION

H. contortus (barber’s pole worm) and T. circumcincta
(brown stomach worm), are the most economically important
pathogenic nematodes infecting small ruminants (sheep and
goats) worldwide. These blood-feeding strongylid nematodes
are orally transmitted via contaminated pasture to the host
where they infect the fourth stomach (abomasum) reducing
animal production and causing anemia, edema, and associated
complications often leading to death (Vlassoff et al., 2001;
Sutherland and Scott, 2010). Although these parasites can be
managed using existing prophylactic drugs (anthelmintics), their
remarkable natural tendency to develop resistance combined
with the diminishing efficacy of compounds used, threatens
the global livestock industry (Kaplan, 2004; Kaplan and
Vidyashankar, 2012). While these monoxenous and obligately
sexual species have identical life-cycles (Veglia, 1915), the
gene flow and evolutionary relationships observed among the
Trichostrongylidae superfamily, and the Strongylida suborder as
a whole, remain unclear.

Parasitic roundworms belonging to the Haemonchidae family
are able to infect a range of ruminant hosts. For example and
on communal pastures in particular, H. placei is primarily a
cattle parasite but can also infect small ruminants (Amarante

et al., 1997; Gasser et al., 2008; Nunes et al., 2013), and vice
versa for H. contortus (Jacquiet et al., 1998). Given the increase
in availability of genomic information resources (Palevich et al.,
2018), it is crucial for the management of parasitic diseases
that readily accessible molecular tools are developed to enable
end-users to easily determine which species is infecting which
animal host.

The development of low cost, high-throughput, next-
generation sequencing technologies have led to a recent focus on
whole-genome sequencing (WGS) of complete nuclear genomes
of parasitic roundworms (Nematodes) (Hu and Gasser, 2006;
Hu et al., 2007; Jex et al., 2008; Palevich et al., 2019a,b), instead
of earlier markers such as cox1, cox2, and nad genes. Owing
to the substantial coverage following WGS (Wit and Gilleard,
2017; Palevich et al., 2019c) and advances in bioinformatics
pipelines, further complete mitochondrial genome resources
will be available to facilitate detailed comparative phylogenetic
analyses across many species complexes and major taxonomic
groups of nematodes (Hu et al., 2004; Gasser et al., 2016).
In general, complete nematode mt genomes are ∼12–21 kbp
circular-DNA molecules (Hu and Gasser, 2006). Nematode mt
genomes can provide rich sources of informative markers and
typically feature (Wolstenholme, 1992; Boore, 1999; Saccone
et al., 1999; Blouin, 2002): 12 protein-coding genes (PCGs)
and lack of the atp8 gene [except for T. spiralis (Lavrov and
Brown, 2001)], 2 ribosomal RNA (rrn) genes (Gutell et al.,
1993), and 22 transfer RNA (trn) genes (Wolstenholme et al.,
1987); unidirectional transcription (usually in forward direction)
with particularly unique initiation codons; and highly variable
gene arrangements (Hu and Gasser, 2006). The gene sequences,
and in particular the 12 PCGs, are relatively conserved are
useful phylogenetic markers that have been used for examining
phylogenetic relationships within the phylum Nematoda (Hu
et al., 2004). The mitochondrial genetic code of nematodes
follows translation (transl_table = 5)1 of National Center
for Biotechnology Information (NCBI). In addition, nematode
mt genomes also possess transposition genotypes of tRNAs
that lack either a TΨC or DHU stem in the trn secondary
structures (Wolstenholme et al., 1994; Yokobori, 1995). In the
pursuit of improving the phylogenetic resolution within the
phylum Nematoda, mt genomes serve as excellent markers for
investigation of species delineation and the genetics of population
evolution. Future efforts should focus on the availability of more
complete mt genomes across all nematode species, and especially
for conspecific strains.

For these reasons, this study interrogates the complete
mitochondrial genome sequences of the anthelmintic-susceptible

1https://ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi?chapter=tgencodes#SG5
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H. contortus NZ_Hco_NP (Palevich et al., 2019a) and
T. circumcincta NZ_Teci_NP (Palevich et al., 2019b) derived
from pasture-grazed New Zealand sheep. In this study, we
performed numerous comparative and phylogenomic analyses
to directly compare the molecular characteristics including
the nucleotide composition and codon usage profiles of PCGs,
as well as the secondary structures of each identified tRNA
and rRNA gene within the two species, but also among other
closely related trichostrongyloid nematodes. The phylogenetic
position of H. contortus NZ_Hco_NP and T. circumcincta
NZ_Teci_NP among Trichostrongylidae and of other species
of socio-economically important parasites within the phylum
Nematoda, are investigated based on mitochondrial nucleotide
sequences and PCGs. This research provides insights into the
mt genome evolution that may facilitate the development of
molecular tools to differentiate between these two sibling species
of parasitic roundworms at the strain level.

MATERIALS AND METHODS

Sample Collection and DNA Extraction
The acquisition of parasite samples, DNA extraction, and genome
sequencing technologies used to generate the mt genomes used
for analysis in this study have recently been outlined in the form
of brief reports (Palevich et al., 2019a,b). To fill any knowledge
gaps associated with the above-mentioned reports, here we
describe in detail the methodologies, sequencing technologies,
and annotation software used to generate the H. contortus
NZ_Hco_NP and T. circumcincta NZ_Teci_NP mt genomes.
H. contortus and T. circumcincta were recovered from sheep
infected with pure strains of parasites in Palmerston North,
New Zealand, and total high molecular weight genomic DNA
was extracted separately from multiple worms using a modified
phenol:chloroform protocol, as previously described (Choi et al.,
2017; Palevich et al., 2019a,b,c). DNA was deposited, stored
and available upon request from AgResearch Ltd., Grasslands
Research Center.

Mitochondrial Genome Sequencing and

Annotation
The complete mitochondrial genome sequences of H. contortus
NZ_Hco_NP (Palevich et al., 2019a,c) and T. circumcincta
NZ_Teci_NP (Palevich et al., 2019b) were obtained using
next-generation sequencing technologies. The H. contortus
NZ_Hco_NP (BioProject ID: PRJNA517503, SRA accession
number SRP247265) whole genome shotgun paired-end (PE)
and Single-Molecule, Real-Time (SMRT) long-read sequencing
(SRA Runs: SRR11022845 and SRR11022846) were generated
using the Illumina HiSeq2500 and Pacific Biosciences (PacBio)
platforms, as previously described (Palevich et al., 2019a,c). The
T. circumcincta NZ_Teci_NP (BioProject ID: PRJNA72569, SRA
accession number SRP007648) whole genome shotgun library
(SRA Run: SRR3145390) was generated as previously described
(Tang et al., 2014; Palevich et al., 2019b), and sequenced by
the Genome Center at Washington University (WUGSC, School
of Medicine, St. Louis, MO, USA) using the Illumina MiSeq
platform with the strategy of 150 bp paired-end sequencing

mode. A total of 605 million raw reads were generated and
made available in FASTQ format. The quality of the raw
sequence reads was evaluated using the software package [http://
www.bioinformatics.babraham.ac.uk/projects/fastqc (Andrews,
2010)]. The software Trimmomatic v.0.36 (Bolger et al., 2014)
was used for removal of adapter, contaminant, low quality
(Phred scores <30), and short (<50 bp) sequencing reads.
The remaining high-quality sequencing reads were assembled
de novo using the NOVOPlasty pipeline v.3.1 with default
parameters and based on a kmer size of 39 following the
developer’s suggestions (Dierckxsens et al., 2016). The assembled
mt genomes, tRNA and rRNA annotations were checked using
the MITOS web server based on translation (transl_table = 5)1

(Invertebrate Mitochondrial) of NCBI (http://mitos.bioinf.uni-
leipzig.de). Repeat-rich subsets of the mt genome assemblies
were identified with varying degrees of complexity using the
mDUST v.2006.10.17 (Morgulis et al., 2006) software tools
with default settings. The sequence regions containing tandem
repetitive elements were identified using Tandem Repeat Finder
software online server (http://tandem.bu.edu/trf/trf.html). The
coordinates of the found repeats were matched with coding
sequences and the proportion of repeats overlapping coding
regions was calculated. tRNA genes were further corroborated
using the software SPOT-RNA (Singh et al., 2019) and the
tRNA secondary structures were predicted using the ViennaRNA
v.2.4 (Lorenz et al., 2011) and VARNA v.3.93 (Darty et al.,
2009) packages. tRNA secondary structures and complete mt
genomes were visualized using the Geneious Prime v.2019.1.1
(Kearse et al., 2012). The PCGs were manually curated by
searching for ORFs (employing genetic code 5 as above) and
alignment against the available H. contortus and T. circumcincta
reference genomes in Geneious Prime v.2019.1.1 (Kearse et al.,
2012).

Mitochondrial Pangenome Analysis
The entire nucleotide sequences alignments using Mauve
(Darling et al., 2004) were performed using Geneious Prime
v.2019.1.1 (Kearse et al., 2012). Sequence differences among the
Haemonchus and Teladorsagia species as well as between the
respective strains was done using the H. contortus NZ_Hco_NP
(Palevich et al., 2019a,c) and T. circumcincta NZ_Teci_NP (Choi
et al., 2017; Palevich et al., 2019b) as the reference sequences,
respectively. Repeated sequence elements of Haemonchus and
Teladorsagiamt genomes were visualized in the form of Dotplots
and generated based on pair-wise alignments with chaining
coverage using PipMaker (Schwartz et al., 2000). Gene synteny
was investigated using BLASTX alignments of sequences and
genetic similarity mapping was visualized using the CGView
Comparison Tool (http://stothard.afns.ualberta.ca/downloads/
CCT) (Grant et al., 2012). For analysis of codon usage and amino
acid composition, codon usage counts were extracted from each
protein using Geneious Prime version 2019.1.1 (Kearse et al.,
2012). These were then compiled and loaded into R version
v.3.6.1 (R Core Team, 2013) where a clustered image map was
produced using the “cim” function from the mixOmics package
v.6.8.5 (Rohart et al., 2017).
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Phylogenomics Analysis of Complete mt

Genomes
The phylogenetic positions of H. contortus NZ_Hco_NP
and T. circumcincta NZ_Teci_NP among other species
of nematodes available in the GenBank database were
examined. The nucleotide sequences and PCGs of published
Trichostrongyloidea mitochondrial genomes were retrieved
from the National Center for Biotechnology Information, USA
(http://www.ncbi.nlm.nih.gov/). Caenorhabditis elegans N2
(JF896456) was used as the outgroup species in this study. All
coding sequences (CDS) used in this analysis had correct start
and stop codons based on translation (transl_table = 5)1 of
NCBI (Invertebrate Mitochondrial).

Considering the high degree of intraspecific variation in
nucleotide sequences of mt genes of nematodes, we used the
deduced amino acid sequences of mt proteins for phylogenetic
analyses. Amino acid sequences from the 12 mt protein-coding
genes of the complete mitochondrial genomes were deduced,
aligned individually and concatenated into a single alignment
using MAFFT v.7.450 (Katoh and Standley, 2013). Phylogenetic
analyses were conducted using threemethods: Bayesian inference
(BI), Maximum Likelihood (ML), and Maximum Parsimony
(MP) methods. BI analysis with the program MrBayes v.3.15265
(Huelsenbeck and Ronquist, 2001) and the MtInv model of
amino acid evolution (Le et al., 2017) was selected as the
most suitable model of evolution. However, since the MtInv
model is not implemented in the current version of MrBayes,
an alternative model, MtREV (Adachi and Hasegawa, 1996),
was used in BI analysis. Four independent Markov chains
were run for 1,000,000 metropolis-coupled MCMC generations,
sampling a tree every 100 generations. The first 2,500 trees
represented burn-in, and the remaining trees were used to
calculate Bayesian posterior probabilities (PP). The evolutionary
history was further inferred by using the ML and MP methods.
ML analysis was performed with the MtREV General Reversible
Mitochondrial + Freq. model (Adachi and Hasegawa, 1996)
and MP was performed with PAUP∗ v.4.0b10 (http://paup.csit.
fsu.edu/) (Swofford, 2001). Both methods were calculated using
1,000 bootstrap replicates with bootstrapping frequencies (BF)
were calculated. Phylograms were drawn using the software
MEGA X (Kumar et al., 2018).

RESULTS AND DISCUSSION

mt Genome General Features and

Characteristics
The reconstruction of partial and complete mitochondrial
genomes is becoming increasingly cost-effective with the
advent of next-generation sequencing technology and recent
advances in molecular parasitology tools, in particular for
species identification and population genetics studies (Hu and
Gasser, 2006; Jex et al., 2009). Despite these advances, only
12 species of Trichostrongyloid mt genomes are currently
available in GenBank with only half of these represented by
multiple strains (dos Santos et al., 2017). For these reasons, the
complete mt genomes of New ZealandH. contortusNZ_Hco_NP

(Palevich et al., 2019a,c) and T. circumcincta NZ_Teci_NP
(Choi et al., 2017; Palevich et al., 2019b) field strains were
sequenced and compared in detail to investigate the strain-
level genetic differences of these two sibling Trichostrongyloidea
species. Recently, complete mt genomes of NZ_Hco_NP and
NZ_Teci_NP were generated using various sequencing platforms
and assembled from 582 and 5.6 million (PE) reads with
an average coverage depth per nucleotide of 13,293× and
2,097×, respectively.

The smallest Trichostrongyloidea mt genome published to
date belongs to Dictyocaulus sp. cf. eckerti (Gasser et al., 2012) at
13,296 bp with the largest 15,221 bp mt genome belonging toM.
digitatus (Jex et al., 2009). The NZ_Hco_NP and NZ_Teci_NP
mt genomes are 14,001 and 14,081 bp in length, respectively
(Figure 1) and are thus within the expected range. The reported
mt genomes differ in size by ∼16–54 bp than other H. contortus
and T. circumcincta characterized strains, except for the 13.7 kb
H. placei MHpl1 mt genome (dos Santos et al., 2017). The
size discrepancies among the different strains primarily relate
to A+T-rich control region expansions and longer non-coding
regions between numerous transfer RNA genes.

The total GC content of the H. contortus NZ_Hco_NP and
T. circumcincta NZ_Teci_NP mt genomes were 21.1 and 22.8%
and contained an A+T bias with an overall base composition of
A = 32.9 and 31.2%, T = 44.5 and 46.1%, C = 6.3 and 7.3%,
and G= 14.8 and 15.5%, respectively (Table 1). The overall A+T
bias of 77.4 and 77.3% observed in H. contortus NZ_Hco_NP
and T. circumcincta NZ_Teci_NP mt genomes, respectively, are
within the typical range reported for nematode mitochondrial
genomes (Hu et al., 2004; Hu and Gasser, 2006). Compared with
the others, the A+T content of all T. circumcincta strains are
within 0.1% of each other with H. contortus strains being ±0.5
of NZ_Hco_NP. Low-complexity regions (LCRs) are extremely
abundant in eukaryotic proteins that are typically represented by
amino acid sequences containing repeats of single amino acids or
short amino acidmotifs, andmay facilitate the formation of novel
coding sequences. H. contortus NZ_Hco_NP had 23 LCRs with
15 (65%) in coding regions, while T. circumcincta NZ_Teci_NP
had 26 repeats with 21 (81%) found in coding regions (Figure 2),
however determining the functional role of these repeats is a
focus for future work. Comparative analysis of the H. contortus
NZ_Hco_NP and T. circumcincta NZ_Teci_NP mtDNAs also
revealed five and four tandem repeat (TR) regions, respectively
(Figure 2).

To date, mt genomes are available for many species of
Trichostrongyloidea and themt genomes of the trichostrongyloid
H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP are
in agreement, as they both comprise of 12 protein-encoding
genes (PCGs), 22 transfer RNA (trn) genes, and 2 ribosomal RNA
genes (rrnS or 12S ribosomal RNA and rrnL or 16S ribosomal
RNA). The 12 mt PCGs of both H. contortus NZ_Hco_NP
and T. circumcincta NZ_Teci_NP were encoded on the heavy
strand and transcribed in the same direction. The order of
genes observed in H. contortus NZ_Hco_NP and T. circumcincta
NZ_Teci_NP are identical to the previously reportedH. contortus
(Palevich et al., 2018) and T. circumcincta (Jex et al., 2009),
respectively (Figure 1). In accordance to the mt genomes of

Frontiers in Genetics | www.frontiersin.org 4 October 2020 | Volume 11 | Article 57339588

http://www.ncbi.nlm.nih.gov/
http://paup.csit.fsu.edu/
http://paup.csit.fsu.edu/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


P
a
le
vic

h
e
t
a
l.

M
ito

c
h
o
n
d
ria

lG
e
n
o
m
e
s
o
f
P
a
ra
sitic

R
o
u
n
d
w
o
rm

s

TABLE 1 | Comparison of the annotated mitochondrial genomes of H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP.

Name Type Position Length (bp) Strand Codons of PCGs Nucleotide composition Nucleotide skewness

Start Stop Start Stop T (%) C (%) A (%) G (%) AT (%) GC (%) GT (%) AT skew GC skew

Protein-encoding genes (PCGs)

atp6 Coding 8,809|8,901 9,408|9,500 600|600 + ATT|ATT TAA|TAA 46.3|46.7 6.3|6.7 29.5|30.8 16.3|15.8 75.8|77.5 22.6|22.5 62.6|62.5 −0.222|−0.205 0.442|0.404

cox1 Coding 1|7 1,582|1,578 1,582|1,572 + ATA|ATA TAA|TAA 42.7|43.8 9.7|10.9 26.5|25.1 19.6|20.3 69.2|68.9 29.3|31.2 62.3|64.1 −0.234|−0.271 0.338|0.301

cox2 Coding 1,862|1,898 2,554|2,593 693|696 + ATA|ATT TAG|TAG 42.6|43.7 7.8|9.8 30.4|28.0 17.5|18.5 73.0|71.7 25.3|28.3 60.1|62.2 −0.167|−0.219 0.383|0.307

cox3 Coding 11,880|11,959 12,648|12,759 769|801 + ATA|ATT TAA|TAA 46.8|46.1 7.4|7.3 24.7|31.2 17.4|15.5 71.5|77.3 24.8|22.8 64.2|61.6 −0.309|−0.193 0.403|0.36

cytb Coding 10,711|10,790 11,823|11,902 1,113|1,113 + ATT|ATA TAA|TAA 45.7|45.6 7.4|8.6 29.5|28.5 15.5|17.3 75.2|74.1 22.9|25.9 61.2|62.9 −0.215|−0.231 0.354|0.336

nad1 Coding 7,935|8,030 8,807|8,905 873|876 + ATA|ATT TAA|TAA 45.6|48.6 7.9|7.6 26.2|25.0 19.8|18.7 71.8|73.6 27.7|26.3 65.4|67.3 −0.27|−0.321 0.43|0.422

nad2 Coding 9,598|9,705 10,443|10,544 846|840 + TTG|ATT TAA|TAA 47.8|51.1 4.4|5.5 35.7|31.2 11.9|12.3 83.5|82.3 16.3|17.8 59.7|63.4 −0.145|−0.242 0.46|0.382

nad3 Coding 3,559|3,598 3,894|3,933 336|336 + TTG|ATT TAA|TAA 49.7|47.0 2.4|3.6 30.4|31.8 15.8|17.6 80.1|78.8 18.2|21.2 65.5|64.6 −0.241|−0.193 0.736|0.66

nad4 Coding 12,701|12,796 13,930|14,007 1,230|1,212 + ATA|ATT TAA|TAA 48.1|49.1 7.6|8.4 30.2|28.6 11.1|13.9 78.3|77.7 18.7|22.3 59.2|63.0 −0.229|−0.264 0.187|0.247

nad4L Coding 6,688|6,672 9,919|6,903 232|232 + ATT|ATT TAA|TAA 53.0|57.3 2.6|2.2 29.3|26.7 13.8|13.8 82.3|84.0 16.4|16.0 66.8|71.1 −0.288|−0.364 0.683|0.725

nad5 Coding 3,896|3,942 5,477|5,520 1,582|1,579 + ATT|ATT TAA|TAA 44.5|48.8 6.3|7.3 32.9|30.0 14.8|13.9 77.4|78.8 21.1|21.2 59.3|62.7 −0.15|−0.239 0.403|0.311

nad6 Coding 6,241|6,135 6,681|6,572 441|438 + ATT|ATT TAA|TAA 46.3|52.5 4.3|6.2 29.7|27.4 19.3|13.9 76.0|79.9 23.6|20.1 65.6|66.4 −0.218|−0.314 0.636|0.383

Transfer RNA

trnA tRNA-Ala 5,478|5,521 5,534|5,578 57|58 + GGG|GGG CTA|TAA 42.1|37.9 7|8.6 40.4|37.9 10.5|15.5 82.5|75.8 17.5|24.1 52.6|53.4 −0.021|0 0.2|0.286

trnR tRNA-Arg 10,514|10,620 10,569|10,674 56|55 + AAA|AAA TTT|TTT 37.5|43.6 8.9|7.3 41.1|36.4 12.5|12.7 78.6|80.0 21.4|20.0 50.0|56.3 0.046|−0.09 0.168|0.27

trnN tRNA-Asn 7,821|7,879 7,876|7,938 56|60 + TAA|TTA TAA|AGT 41.1|41.7 5.4|6.7 35.7|31.7 14.3|20 76.8|73.4 19.7|26.7 55.4|61.7 −0.07|−0.136 0.452|0.498

trnD tRNA-Asp 1,728|1,782 1,784|1,839 57|58 + AAA|AAA TAA|TAG 36.8|39.7 3.5|3.4 45.6|41.4 14|15.5 82.4|81.1 17.5|18.9 50.8|55.2 0.107|0.021 0.6|0.64

trnC tRNA-Cys 1,583|1,579 1,636|1,633 54|55 + ATT|ATT ATT|TTT 40.7|45.5 3.7|5.5 46.3|40 9.3|9.1 87.0|85.5 13.0|14.6 50.0|54.6 0.064|−0.064 0.431|0.247

trnQ tRNA-Gln 10,570|10,678 10,624|10,733 55|56 + TGT|TTG CAG|AAA 43.6|42.9 1.8|1.8 36.4|39.3 16.4|16.1 80.0|82.2 18.2|17.9 60.0|59.0 −0.09|−0.044 0.802|0.799

trnE tRNA-Glu 6,988|6,990 7,042|7,047 55|58 + GAG|GAG TTG|TGT 38.2|41.4 3.6|3.4 43.6|37.9 14.5|17.2 81.8|79.3 18.1|20.6 52.7|58.6 0.066|−0.044 0.602|0.67

trnG tRNA-Gly 1,807|1,845 1,861|1,898 55|54 + AAT|ATT TTA|TAA 41.8|42.6 3.6|5.6 45.5|37.0 7.3|14.8 87.3|79.6 10.9|20.4 49.1|57.4 0.042|−0.07 0.339|0.451

trnH tRNA-His 2,556|2,592 2,610|2,646 55|55 + AGC|AGC CTA|TAT 32.7|38.2 3.6|5.5 43.6|36.4 16.4|20 76.3|74.6 20.0|25.5 49.1|58.2 0.143|−0.024 0.64|0.569

trnI tRNA-Ile 10,455|10,552 10,513|10,612 59|61 + ATT|ATT ATA|TAG 39|39.3 6.8|4.9 42.4|42.6 11.9|13.1 81.4|81.9 18.7|18.0 50.9|52.4 0.042|0.04 0.273|0.456

trnL1 tRNA-Leu 9,489|9,596 9,543|9,652 55|57 + GTT|GTT ACT|CTA 29.1|33.3 9.1|7 43.6|43.9 18.2|15.8 72.7|77.2 27.3|22.8 47.3|49.1 0.199|0.137 0.333|0.386

trnL2 tRNA-Leu 11,824|11,904 11,879|11,958 56|55 + GCA|TAC GCT|ATT 33.9|41.8 5.4|3.6 46.4|43.6 8.9|10.9 80.3|85.4 14.3|14.5 42.8|52.7 0.156|0.021 0.245|0.503

trnK tRNA-Lys 9,423|9,499 9,480|9,561 58|63 + GTT|AAA TTA|TAT 41.4|39.7 8.6|9.5 37.9|39.7 10.3|11.1 79.3|79.4 18.9|20.6 51.7|50.8 −0.044|0 0.09|0.078

trnM tRNA-Met 1,649|1,683 1,705|1,742 57|60 + AAT|AGT TTA|TAT 33.3|31.7 10.5|13.3 35.1|33.3 21.1|21.7 68.4|65.0 31.6|35.0 54.4|53.4 0.026|0.025 0.335|0.24

trnF tRNA-Phe 10,657|10,736 10,710|10,790 54|55 + ATT|ATC ATA|TAA 40.7|32.7 0.0|5.5 50|50.9 9.3|10.9 90.7|83.6 9.3|16.4 50.0|43.6 0.103|0.218 1|0.329

trnP tRNA-Pro 6,085|5,932 6,140|5,988 56|57 + CAA|CAA TGA|GAA 35.7|42.1 5.4|1.8 39.3|43.9 19.6|12.3 75.0|86.0 25.0|14.1 55.3|54.4 0.048|0.021 0.568|0.745

trnS1 tRNA-Ser 7,744|7,748 7,798|7,803 55|56 + AAA|TAA TTT|TAT 41.8|39.3 3.6|7.1 43.6|39.3 9.1|14.3 85.4|78.6 12.7|21.4 50.9|53.6 0.021|0 0.433|0.336

trnS2 tRNA-Ser 9,544|9,652 9,597|9,705 54|54 + AAC|AAT TTT|TTA 38.9|44.4 13|13 29.6|25.9 16.7|16.7 68.5|70.3 29.7|29.7 55.6|61.1 −0.136|−0.263 0.125|0.125

trnT tRNA-Thr 12,647|12,724 12,702|12,777 56|54 + GTT|TGT ACT|AAC 44.6|42.6 3.6|5.6 44.6|37 7.1|14.8 89.2|79.6 10.7|20.4 51.7|57.4 0|−0.07 0.327|0.451

trnW tRNA-Trp 6,920|6,904 6,976|6,961 57|58 + GTA|ATA ATA|TAT 42.1|41.4 5.3|5.2 45.6|48.3 7|5.2 87.7|89.7 12.3|10.4 49.1|46.6 0.04|0.077 0.138|0

trnY tRNA-Tyr 7,881|7,975 7,934|8,030 54|56 + AAG|AAG TTA|TGA 42.6|42.9 1.9|1.8 42.6|41.1 11.1|14.3 85.2|84.0 13.0|16.1 53.7|57.2 0|−0.021 0.708|0.776

trnV tRNA-Val 6,180|6,081 6,234|6,135 55|55 + AAA|AAT TTT|CTA 41.8|40 1.8|5.5 49.1|47.3 7.3|7.3 90.9|87.3 9.1|12.8 49.1|47.3 0.08|0.084 0.604|0.141

Ribosomal RNA

rrnS Small subunit

rRNA (12S)

7,041|7,050 7,743|7,749 703|700 + TGT|AAG TAA|TTA 38.0|41.0 5.8|7.4 41.8|36.0 13.5|15.6 79.8|77.0 19.3|23.0 51.5|56.6 0.048|−0.065 0.399|0.357

rrnL Large subunit

rRNA (16S)

2,611|2,638 3,561|3,599 951|962 + TAA|AAA TTG|CAT 40.7|43.3 5.3|5.5 42.2|39.7 10.7|11.4 82.9|83.0 16.0|16.9 51.4|54.7 0.018|−0.043 0.338|0.349

Other features

AT-rich region Non-coding 5,535 6,118 583 + GAA TTG 44.6 2.4 45.5 6.5 90.1 8.9 51.1 0.010 0.461

Full genome 14,001|14,081 44.5|46.1 6.3|7.3 32.9|31.2 14.8|15.5 77.4|77.3 21.1|22.8 59.3|61.6 −0.15|−0.193 0.403|0.36

H. contortus NZ_Hco_NP|T. circumcincta NZ_Teci_NP.
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other Trichostrongyloidea, the reported mt genomes also all lack
the atp8 gene. All of the 12 PCGs in both mt genomes are
predicted to use unique translation initiation codons such as
ATT (atp6, cytb, and nad4-6), TTG (nad2-3), and ATA (nad1
and cox1-3) in H. contortus NZ_Hco_NP, with T. circumcincta
NZ_Teci_NP predominantly using ATT and ATA (cytb and
cox1) (Table 1). Both mt genomes are predicted to use the
complete termination codons TAA. Nevertheless, cox2 had a
TAG translation termination codon similar to nad3 of H. placei
where not all termination codons were complete stop codons,
typical of nematodes (Jex et al., 2008; dos Santos et al., 2017).

Of the 22 predicted trn genes, size ranged from 54 to
63 bp in length (Table 1), in H. contortus NZ_Hco_NP
and T. circumcincta NZ_Teci_NP mt genome sequences and
are similar to those of other nematodes studied to date
(Supplementary Figure 1). The characteristics associated with
the secondary structures predicted for most tRNA genes include:
a 7–8 bp acceptor stem (amino-acyl arm), a 5 bp anticodon
stem and a T/U residue preceding. With the exception of
T. spiralis (Lavrov and Brown, 2001), these characteristics are
consistent with all previously published mt genomes for the

Trichostrongyloidea (dos Santos et al., 2017) and Rhabditida
[C. elegans (Blaxter et al., 1998)].

The rrnS (12S) and rrnL (16S) genes identified in the mt
genomes of H. contortus NZ_Hco_NP (703 and 951 bp) and
T. circumcincta NZ_Teci_NP (700 and 962 bp) were A+T
biased (Table 1). Secondary structure models for the rrn genes
(Supplementary Figure 2) of H. contortus NZ_Hco_NP and
T. circumcincta NZ_Teci_NP were constructed based on models
of nematodes that have been previously reported (Hu et al., 2004,
2007; Hu and Gasser, 2006). The rrn genes were particularly A+T
rich with 79.8 and 77.0% for rrnS and 82.9 and 83.0% for rrnL
in H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP,
respectively. The overall base compositions of the rrnS genes
were; A = 41.8 and 36.0%, T = 38.0 and 41.0%, C = 5.8
and 7.4%, and G = 13.5 and 15.6%, and that of the rrnL
genes were; A = 42.2 and 39.7%, T = 40.7 and 43.3%, C =

5.3 and 5.5%, and G = 10.7 and 11.4%. Therefore, the A+T
content of the rrnS and rrnL genes were comparable to the
overall A+T content of both whole mt genomes. The rrnL
gene in both H. contortus NZ_Hco_NP and T. circumcincta
NZ_Teci_NP, is located between trnH and nad3. Similarly, the

FIGURE 1 | Mitochondrial genome atlases of H. contortus NZ_Hco_NP (A) and T. circumcincta NZ_Teci_NP (B). Each map is annotated and depicts the 12

protein-coding genes (PCGs, yellow), two ribosomal RNA genes (rrnS and rrnL, red), 22 transfer RNA (trn, blue) genes, and any putative non-coding region if applicable

(gray). The innermost circles depict GC (blue) and AT (green) content, respectively, along the genome. Mauve visualization of an alignment of the H. contortus

NZ_Hco_NP (top) and T. circumcincta NZ_Teci_NP (bottom) complete mt genomes (C). Mauve alignments of each genome are represented by a horizontal track, with

annotated coding regions (white boxes), trn genes (green), and rrn genes (red). Red colored segments represent conserved regions among the two mt genomes.
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rrnS gene is located between trnE and trnS1 almost 3.5 Kb from
the rrnL and between nad4L and nad1 in both mt genomes
(Figures 1, 2). The locations, sizes and secondary structure
characteristics of the rrnL and rrnS genes are relatively conserved
among all Trichostrongyloidea mt genomes analyzed, especially
the stem regions of the rrnL genes between H. contortus and
T. circumcincta strains.

Comparative mt Pangenome Analysis of

Trichostrongyloidea
Comparisons of the gene synteny as well as the nucleotide, codon
usage and amino acid compositions revealed a highly conserved
GA2 gene arrangement (nad6, nad4L, rrnS, nad1, atp6, nad2,
cytb, cox3, nad4, cox1, cox2, rrnL, nad3, nad5), and mt genome
structure as previously reported for trichostrongyloids (Hu et al.,
2004, 2007). Also, in accordance with previously published
mt genomes the absence of the presumed non-essential ATP
synthase F0 subunit 8 (atp8) gene reported only in Trichinella
spiralis (Lavrov and Brown, 2001; Jex et al., 2008, 2009) and other
Trichuris species such as Trichuris ovis and Trichuris discolor
(Nematoda: Trichuridae), was absent in our data.

The predicted lengths of all the genes in H. contortus
NZ_Hco_NP are very similar to those of T. circumcincta
NZ_Teci_NP (≤1 amino acid difference). The sequence
variability between Haemonchus species/strains and
T. circumcincta strains of the Trichostrongyloidea superfamily
was assessed by performing pairwise comparisons for each
PCG of the mt genomes (Figure 2). Among the Haemonchus
species/strains, the most variable genes were nad6 and nad2 with
13.8 and 10.2% of sequence divergence, respectively, and themost
conserved genes were cox1, atp6, and cox2 with 93.6, 92.2, and
92.5% of sequence identity, respectively. For the T. circumcincta
strains, we found that the most variable gene was nad4 with
2.2% sequence divergence, with most genes being conserved
at around 98.6% sequence identity. Based on our results, the
most variable genes among Trichostrongyloidea nematodes were
nad2, nad6, nad3, and nad5 with 56.1, 38.4, 23.1, and 21.3%
of sequence divergence, respectively, with the most conserved
genes were cox1, atp6, cox2, and cox3 with 87.9, 83.5, 85.3, and
86.9% of sequence identity, respectively. Pairwise comparisons of
all the PCGs among Trichostrongyloidea nematodes and it was
observed that the nad4 gene was the most variable in terms of
both the gene length and the sequence identity (Figure 2), where
the predicted lengths differ by exactly 6 amino acids between
Haemonchus (1,230 bp for H. contortus and H. placei) and
T. circumcincta strains (1,212 bp). In comparison, the nad4 gene
appears to be conserved among different Trichostrongyloidea
species, for example Trichostrongylus vitrinus and T. axei (1,227
bp), whileM. digitatus, C. oncophora, and C. elegans N2 all share
1,230 bp nad4 genes (Blouin et al., 1997; Blouin, 2002; Hu et al.,
2004; Jex et al., 2009; Gasser et al., 2012; Xu et al., 2015).

A recent investigation comparing the divergences observed
between ITS-1 and ITS-2 genetic nuclear markers with cox1
or nad4 genes (Blouin et al., 1997; Blouin, 2002), showed that
mt DNA accumulates substitutions more quickly than nuclear
genome markers and that nad4 genes in particular are a superior

tool for prospecting species. For example, regarding H. placei
and H. contortus mt genomes, a divergence in nuclear ITS-2
rDNA between these two species has previously been reported
as 1.3% (Stevenson et al., 1995). Whereas, differences between
nucleotide sequences of H. placei and H. contortus mt genome
PCGs ranged between 10 and 20% (Gasser et al., 2006; dos Santos
et al., 2017). Taken together, our findings are in agreement with
previous reports suggesting the use of the most conserved mt cox
genes for investigating systematics and speciation in nematodes
(Hu et al., 2004; Hu and Gasser, 2006; Zarowiecki et al., 2007),
while the variation observed in nad mt genes would be more
appropriate for population genetics studies (Jex et al., 2009).

Analysis of codon usage patterns in Trichostrongyloidea
and C. elegans N2 revealed that certain codons are predicted
to be utilized almost ubiquitously across all mitochondrial
PCGs (Figure 3). As expected, the A+T bias reported in the
Trichostrongyloidea mt genome sequences also affects the amino
acid sequence composition of the predicted proteins.Within each
codon family, we found that the non-polar Leu (TTG, 5.0%),
basic His (CAC, 0.4%), polar Asn (AAC, 0.5%), and acidic Asp
(GAC, 0.3% but except nad3) were highly utilized across all
PCGs. Among each codon family, the T-ending (49.9%) codons
are used most frequently than codons ending in any of the
three other nucleotides, with C-ending (2.7%) codons least used.
Similarly, for both Haemonchidae and Trichostrongylidae the
average nucleotide content of their mt PCGs are 26.0% (A) and
43.7% (T), compared to 25.4% (A), and 44.2% (T), respectively.
In particular the nad4L was the most T-rich at 53.5 and 54.9%,
in each family, respectively. Also the most commonly codon
observed was TAA as the termination codon with the majority
of initiation codons also being AT-rich.

The observed nucleotide biases also have substantial effects
on codon usage patterns for both H. contortus NZ_Hco_NP and
T. circumcincta NZ_Teci_NP mt genomes (Table 2). The most
frequently used codons among the PCGs were: TGT (Cys, N =

122 and 101 times used, 3.73% and 2.94% of the total), TTT (Phe,
N = 435 and 428, 13.32% and 12.47%), ATT (Ile, N = 201 and
215, 6.15% and 6.26%), TTA (Leu, N = 199 and 271, 6.09% and
7.90%), TTT (Asn, N = 179 and 123, 5.48% and 3.60%), GTT
(Val,N= 143 and 119, 4.40% and 3.50%), and TAT (Tyr,N= 181
and 198, 5.54% and 5.77%), respectively. In addition, T-ending
codons are far more frequent than codons ending in any of the
other three nucleotides among each codon family. For example,
the least used codons included CCA (Pro, N = 3 and 14, 0.09%
and 0.41%), GCG (Ala, N = 3 and 7, 0.09% and 0.20%), along
with the C-ending codons GAC (Asp, N = 8 and 10, 0.25% and
0.29%) and CTC (Leu, N= 3 and 10, 0.09% and 0.29%).

Our pairwise alignments and synteny analysis of the complete
mt genome nucleotide sequences for the Haemonchus and
Teladorsagia species and strains revealed a common and highly
variable A+T-rich non-coding region between 5,500 and 6,100
bp in each mt genome (Figure 2 and Supplementary Figure 3).
The A+T content of this region is unusually high in both
Haemonchus (89.0%) and Teladorsagia (88.2%) mt genomes, and
is located between trnA and trnP (or between genes nad5 and
nad6). Among Haemonchus, the A+T-rich region is ∼600 bp in
H. contortus (89.7%) and 155 bp inH. placei (87.1%), whereas the
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FIGURE 2 | Gene arrangement and distribution of Haemonchus (A) and Teladorsagia (B) mt genomes. (A) Gene map of the complete mitochondrial genomes for

H. contortus Hco_McMaster (light red, EU346694), H. contortus Hco_ISE (light green, LS997568) and H. placei Hpl_MHpl1 (light purple, NC_029736). (B) Gene map

of the complete mitochondrial genomes for T. circumcincta AP017699 (light red) and GQ888720 (light green). H. contortus NZ_Hco_NP (A) and T. circumcincta

NZ_Teci_NP (B) were used as the reference sequences, respectively. The outermost ring indicates gene arrangement and distribution based on the primary sequence

GenBank file. Tandem repeat regions are shown with green blocks (full length) for H. contortus NZ_Hco_NP (circle 2) and light red blocks for all other Haemonchus mt

genomes (circle 3). Low complexity repeat regions for H. contortus NZ_Hco_NP are also shown with green blocks (half length) on circle 2. The next two (A) or three

(B) rings represent BLAST hits obtained from BLASTX searches performed using a threshold of 1e−5 for protein sequences of genomes described above, in which the

query sequences were translated in reading frames 1 and 2. The inner-most rings indicate the GC content information. The contents of the A+T-rich regions have

been shown in more detail in expanded 10× zoomed views. nad1-6, NADH dehydrogenase subunits 1–6; cox1-3, cytochrome c oxidase subunits 1–3; atp6, ATPase

subunit 6; cytb, cytochrome b.
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FIGURE 3 | Amino acid and codon usage of Trichostrongyloidea complete mt genomes. Heat map analysis was performed based on relative abundances of protein

sequence content determined for all mitochondrial genes. The relative inferred codon abundances per mt gene and specific to each mt genome are shown using a

heat color scheme (blue to red), indicating low to high relative abundance. Mt genomes are groped based on previous phylogenomic comparison of concatenated

PCGs. C. elegans N2 (GenBank accession number JF896456) was also included for comparison. Amino acid families are colored to represent non-polar in black,

basic in red, polar in green, and acidic in blue.

region is 340 bp in Teladorsagia (88.2%). A pairwise alignment of
the nucleotide sequences of the A+T-rich regions ofH. contortus
NZ_Hco_NP (611 bp) and closely relatedH. contortusMcMaster
(EU346694, 578 bp) resulted in 91.5% identity. Interestingly,
the region in H. contortus is among the largest among other
nematodes studied to date with the exception of As. suum (886
bp) (Okimoto et al., 1992; Keddie et al., 1998; Hu et al., 2003).

Comparative analysis of the control (A+T-rich) region of
Haemonchus mtDNAs identified three tandem repeat (TR) units
(69, 120, and 62 bp) compared to only one (126 bp) found in
T. circumcincta strains mt genomes (Figure 2). The number of
repeat units within the A+T-rich region was variable depending
on the mtDNAs. For example, the copy numbers of the A+T-rich
region TRs for T. circumcincta NZ_Teci_NP corresponding to
TTATAATTATTATATAATAATTA (23 bp), TATATATATATA
AATTAATATAATTATTATTAATAAT (37 bp), and ATATTATA
TATTATATATTA (20 bp) consensus units were 4, 2, and
4. In general, TRs of Haemonchus mt genomes were much
more abundant and distributed randomly throughout the
mtDNAs, whereas TRs were mostly in the intergenic regions

of T. circumcincta mtDNA. Some TRs were found within the
mitochondrial genes, such as those in cox1, nad5, nad6, and
nad4, with also nad4L in T. circumcincta mtDNA. Overall, our
analyses show that the number of tandem repeats was highly
variable among different species and strains of Haemonchus and
Teladorsagia and largely account for the variations among the
mtDNA sequences lengths.

Based on our comparative genomics of A+T rich regions
of complete Haemonchus species/strains and T. circumcincta
strains mt genomes, we were able to differentiate individual
strains with high confidence due to the high mutation rate
and sequencing coverage for these regions. We propose that
such regions can serve as ideal markers for future studies
investigating nematode population structure (Jex et al., 2009;
Gasser et al., 2012), population genetics (Blouin, 2002; Hu et al.,
2004; Gasser et al., 2012), and phylogeny (Blouin et al., 1997;
Blouin, 2002; Xu et al., 2015). For future work, we aim to design
and test numerous primer pairs targeting the A+T-rich region
between the nad5 and nad6 genes to develop accurate PCR-based
molecular techniques to differentiate Trichostrongyloidea species
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TABLE 2 | Codon usage analysis of PCGs in the mitochondrial genomes of H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP.

AA Codon N /1,000a Freq AA Codon N /1,000a Freq

Ala GCG 3|7 0.92|2.04 0.09|0.12 Pro CCG 8|6 2.45|1.75 0.32|0.12

GCA 12|10 3.67|2.91 0.38|0.18 CCA 3|14 0.92|4.08 0.12|0.27

GCT 13|32 3.98|9.33 0.41|0.56 CCT 9|23 2.76|6.7 0.36|0.45

GCC 4|8 1.22|2.33 0.13|0.14 CCC 5|8 1.53|2.33 0.2|0.16

Cys TGT 122|101 37.35|29.44 0.84|0.84 Gln CAG 13|18 3.98|5.25 0.3|0.37

TGC 24|19 7.35|5.54 0.16|0.16 CAA 31|31 9.49|9.04 0.7|0.63

Asp GAT 56|61 17.15|17.78 0.88|0.86 Arg CGG 14|8 4.29|2.33 0.12|0.1

GAC 8|10 2.45|2.91 0.13|0.14 CGA 6|1 1.84|0.29 0.05|0.01

Glu GAG 17|32 5.21|9.33 0.3|0.43 CGT 15|21 4.59|6.12 0.12|0.26

GAA 40|42 12.25|12.24 0.7|0.57 CGC 6|3 1.84|0.87 0.05|0.04

Phe TTT 435|428 133.19|124.74 0.92|0.9 AGG 18|9 5.51|2.62 0.15|0.11

TTC 36|46 11.02|13.41 0.08|0.1 AGA 62|38 18.98|11.08 0.51|0.47

Gly GGG 25|43 7.65|12.53 0.26|0.3 Ser AGT 69|70 21.13|20.4 0.41|0.43

GGA 25|16 7.65|4.66 0.26|0.11 AGC 16|14 4.9|4.08 0.09|0.09

GGT 38|72 11.64|20.99 0.4|0.5 TCG 20|10 6.12|2.91 0.12|0.06

GGC 8|13 2.45|3.79 0.08|0.09 TCA 33|32 10.1|9.33 0.2|0.2

His CAT 19|28 5.82|8.16 0.79|0.64 TCT 18|31 5.51|9.04 0.11|0.19

CAC 5|16 1.53|4.66 0.21|0.36 TCC 13|6 3.98|1.75 0.08|0.04

Ile ATA 133|103 40.72|30.02 0.37|0.31 Thr ACG 11|15 3.37|4.37 0.15|0.17

ATT 201|215 61.54|62.66 0.56|0.64 ACA 24|20 7.35|5.83 0.34|0.23

ATC 27|19 8.27|5.54 0.07|0.06 ACT 24|48 7.35|13.99 0.34|0.55

Lys AAG 49|37 15|10.78 0.3|0.27 ACC 12|5 3.67|1.46 0.17|0.06

AAA 112|101 34.29|29.44 0.7|0.73 Val GTG 47|42 14.39|12.24 0.18|0.17

Leu TTG 128|160 39.19|46.63 0.32|0.29 GTA 59|62 18.06|18.07 0.22|0.26

TTA 199|271 60.93|78.99 0.49|0.49 GTT 143|119 43.78|34.68 0.53|0.49

CTG 11|17 3.37|4.95 0.03|0.03 GTC 19|18 5.82|5.25 0.07|0.07

CTA 31|34 9.49|9.91 0.08|0.06 Tyr TAT 181|198 55.42|57.71 0.84|0.82

CTT 33|59 10.1|17.2 0.08|0.11 TAC 35|44 10.72|12.82 0.16|0.18

CTC 3|10 0.92|2.91 0.01|0.02 Trp TGG 44|48 13.47|13.99 1|1

Asn AAT 179|123 54.81|35.85 0.85|0.9 Stop TGA 32|44 9.8|12.82 0.14|0.16

AAC 31|13 9.49|3.79 0.15|0.1 TAG 55|69 16.84|20.11 0.24|0.26

Met ATG 52|56 15.92|16.32 1|1 TAA 142|154 43.48|44.88 0.62|0.58

H. contortus NZ_Hco_NP|T. circumcincta NZ_Teci_NP. aRepresents number of codons per 1,000 codons.

members. Such molecular tools would enable easy species- and
possibly strain-level identification with sufficient resolution and
confidence from fecal samples that would also help prevent
animal sacrifice for such studies.

Mitochondrial Phylogenomics
The super-family Trichostrongyloidea includes genera such
as Ostertagia, Teladorsagia, Trichostrongylus, Haemonchus,
Cooperia, Nematodirus, Dictyocaulus. To determine the
phylogenetic relationship of the H. contortus NZ_Hco_NP
and T. circumcincta NZ_Teci_NP with other H. contortus and
T. circumcincta strains and members of the Trichostrongyloidea
nematodes, the concatenated amino acid sequences predicted
from 12 mtDNA PCGs were analyzed using BI, ML, and
MP methods. Topologies of all trees inferred by the three
different distance models and methods were identical
(Figure 4), with phylogenetic relationships among the different
Trichostrongyloidea species well-resolved with very high nodal
support throughout. The presented phylogenomic tree of
Trichostrongyloidea mt genomes, is consistent in topology

with other published data (Chilton et al., 2006; Jex et al.,
2009), and further support the hypothesis that the primary
driver of early divergence is actually the site of infection in
the host. Overall, rur results corroborate this hypothesis given
that each of different species and strains of the Haemonchidae
compared with Cooperidae and Trichostrongylidae families,
are genetically closer to abomasal than to non-abomasal
(intestine) Trichostrongyloidea, respectively. The anomaly
to this hypothesis was T. axei that occupies the abomasum
as the site of infection oppose to the small intestine of
T. vitrinus, which implies the presence of other and yet
uncharacterized drivers of genetic species diversity of these
closely related parasites.

The phylogenomic tree based on the concatenated PCGs
of the complete mt genomes (Figure 4), placed H. contortus
NZ_Hco_NP and T. circumcincta NZ_Teci_NP in their
respective clades with other H. contortus and T. circumcincta
strains, which are in agreement with previous studies (Jacquiet
et al., 1998; Nunes et al., 2013; Rohart et al., 2017; Palevich
et al., 2018). However, our tree is not directly comparable to
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FIGURE 4 | Inferred phylogenetic relationship among the nematode superfamily Trichostrongyloidea. Phylogenetic analysis of the complete mitochondrial genomes of

different nematode species or conspecific strains is based on the concatenated amino acid sequences of 12 protein-coding genes by Bayesian inference (BI),

maximum likelihood (ML), and maximum parsimony (MP) analyses. H. contortus NZ_Hco_NP and T. circumcincta NZ_Teci_NP are in bold, with C. elegans N2

(GenBank accession number JF896456) used as the outgroup. *species with different site of infection to other members of family. The numbers along branches

indicate posterior probabilities and bootstrap values resulting from different analyses in the order: BI/ML/MP. Members of different families were shown in colored

boxes with the associated main site of infection in parenthesis. GenBank accession numbers are provided (in parentheses) for all reference sequences. Scale bar

represents Posterior Probability.

previously described phylogenetic trees that performed different
analyses and compared a broader set of taxa, but mainly because
the trees were based on the ITS rDNA nuclear genetic markers
(Chilton et al., 2001; Hoberg et al., 2004; Jex et al., 2008). While
both Haemoncus and Teladorsagia strains grouped together
in their respective families, T. circumcincta NZ_Teci_NP
was clearly separated from the other strains. Interestingly,
H. contortus NZ_Hco_NP and McMaster (Australia) strains
grouped together and originate from nearby geographic

locations, but separate from H. contortus ISE (East Africa).
This observation corroborates our hypothesis on the impact of
environmental constraints and preferences acting as secondary
drivers of within-species diversity. Overall, we are in agreement
with previous phylogenetic studies suggesting that ITS rDNA
nuclear genetic markers alone may not provide sufficient
information to reveal higher taxonomic level relationships
within the Trichostrongyloidea. Our findings indicate that a
three-pronged approach that incorporates phylogenetic inertia,
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pangenome structure/features and environmental data in order
to understand the mitochondrial genome evolution.

CONCLUSIONS

This study compares the recently sequenced complete
mitochondrial genomes of sibling species of parasitic
roundworms, H. contortus and T. circumcincta, two of the
most economically important and common pathogenic
nematodes infecting small ruminants worldwide. We explored
the mitochondrial pangenome features and phylogenomic
relationships to assess species- and strain-level diversity among
Trichostrongyloidea nematodes and with available mt genome
in public databases. Our analyses corroborate previous studies
showing that our H. contortus NZ_Hco_NP and T. circumcincta
NZ_Teci_NP strains position in their respective clades. Future
work should focus on utilizing our insights on the highly variable
regions of Haemoncus and Teladorsagia conspecific strains to
develop cost-effective DNA-based approaches for novel parasite
management and control strategies. The complete mt genomes
of the New Zealand H. contortus and T. circumcincta field
strains are important contributions to our understanding of
meta-population connectivity as well as species- and strain-level
evolution in nematodes. With the continuing improvements in
sequencing technology combined with a community effort we
may be able to reconstruct the true origins of Haemoncus and
Teladorsagia, as well as other parasitic nematodes that are of a
global interest.
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Supplementary Figure 1 | Predicted secondary structures of the 22 tRNAs in the

H. contortus NZ_Hco_NP (left) and T. circumcincta NZ_Teci_NP (right)

mitochondrial genomes. The two-dimensional predicted layout predicted RNA

secondary structures is shown with canonical base-pair (BP) in blue, and

non-canonical, lone-pairs and triplets in green.

Supplementary Figure 2 | Predicted secondary structures of the rrnS (A) and

rrnL (B) genes in the H. contortus NZ_Hco_NP (left) and T. circumcincta

NZ_Teci_NP (right) mitochondrial genomes. The two-dimensional predicted layout

predicted RNA secondary structures were predicted based on the energy model

of Mathews et al. (2004). The minimum free energy (MFE) structure of hairpins is

colored according to the base-pairing probabilities (red, high; green, mid; blue,

low). Blue and red circles around nucleotides represent the beginning and the end

of molecules, respectively.

Supplementary Figure 3 | Dot plots showing Haemonchus and Teladorsagia

species and strain-level synteny. The horizontal and vertical axes represent the

entire translated mt genome nucleotide sequences, respectively. Each aligning

gap-free segment with more than 50% identity is plotted as a black line or dot.

Analysis was performed using chaining coverage with PipMaker (Schwartz et al.,

2000).
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Primary high-risk Human Papillomavirus (hrHPV) screening has recently become an
accepted standalone or co-test with conventional cytology. Unfortunately, hrHPV
singularly lacks specificity for cytopathological grade. However, mechanisms and
markers of evolving virus-host interactions at the epigenome level may be harnessed
as a better predictor of carcinogenesis. This study aimed to validate and expand
the clinical performance of a multiparametric biomarker panel, referred to as the
“Molecular Pap smear” based, on HPV genotype and ADCY8, CDH8 and ZNF582
CpG-methylation as a predictive classifier of cervical cytology. This prospective, cross-
sectional study used an independent cohort of residual liquid-based cytology for HPV
genotyping and epigenetic analysis. Extracted DNA underwent parallel PCR using 3
primer sets for HPV DNA amplification. HPV-infected samples were genotyped by
Sanger sequencing. Promoter methylation levels of 3 tumor suppressor genes were
quantified by bisulfite-pyrosequencing of genomic DNA on the newest high-resolution
PyroMark Q48 platform. Logistic model performance was compared, and model
parameters were used to predict and classify binary cytological outcomes. A total
of 883 samples were analyzed. HPV DNA positivity correlated with worsening grade:
125/237 (53%) NILM; 136/235 (58%) ASCUS; 222/229 (97%) LSIL; and 157/182 (86%)
HSIL samples. The proportion of carcinogenic HPV-types in PCR-positive sequenceable
samples correlated with worsening grade: NILM 34/98 (35%); ASCUS 50/113 (44%);
LSIL 92/214 (43%); HSIL 129/152 (85%). Additionally, ADCY8, CDH8, and ZNF582
methylation levels increased in direct correlation with worsening grade. Overall, the
multi-marker modeling parameters predicted binarized cytological outcomes better than
HPV-type alone with significantly higher area under the receiver operator curve (AUC)s,
respectively: NILM vs. > NILM (AUC 0.728 vs. 0.709); NILM/ASCUS vs. LSIL/HSIL (AUC
0.805 vs. 0.776); and <HSIL vs. HSIL (AUC 0.830 vs. 0.761). Our expanded findings
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validated the multivariable prediction model developed for cytological classification. The
sequencing-based “Molecular Pap smear” outperformed HPV-type alone in predicting
four grades of cervical cytology. Additional host epigenetic markers that evolved with
disease progression decidedly contributed to the overall classification accuracy.

Keywords: carcinogenesis, DNA methylation, epigenetic modification, evolution, host-pathogen interactions,
human papillomavirus infection, pap smear, pyrosequencing

INTRODUCTION

May 13, 2019 marked the 136th birthday of Dr. George
Papanicolaou who was honored globally with an iconic image
of his pioneering work on cervical cancer screening and the
Papanicolaou (Pap) smear (Papanicolaou and Traut, 1941;
Maxouris, 2019). Armed with a microscope, glass slides,
cellular stains, and his wife, Andromachi (his life-long control
subject), Papanicolaou changed the world of cancer prevention
and founded a new scientific discipline called cytopathology
(Carmichael and Cameron, 1973). Although 80 years have passed
since the invention of the Pap smear, impenetrable economic and
social barriers have prevented this life-saving test from reaching
impoverished regions of the world (Canfell et al., 2020).

On World Cancer Day (4 February 2020), the World Health
Organization (WHO) announced that a 60% increase in cancer
cases worldwide is projected over the next two decades (World
Health Organization [WHO] News Release, 2020). Currently, a
staggering 18 million new cancer cases are diagnosed globally
each year of which 13% (2.2 million) are caused by infectious
agents (Wild et al., 2020). Human papillomavirus (HPV) ranks
second only to Helicobacter pylori as the primary infectious cause
of cancer. Annually, HPV is responsible for 570,000 new cervical
and 120,000 other anogenital and oropharyngeal cancer cases
(Wild et al., 2020). Low- and middle-income countries continue
to carry the highest cancer burden and will incur the greatest
increase in cancer incidence and mortality in the years to come
due to inadequate resources for cancer prevention and early
detection (World Health Organization [WHO], 2014, 2020).

To circumvent the formidable economic and infrastructural
requirements associated with cytology-based screening programs
and limitations of commercial HPV diagnostics, we developed a
molecular diagnostic test called “Molecular Pap smear” which is
based on HPV genotyping and quantitative DNA methylation.
Fundamentally, the test harnesses the evolutionary characteristics
of the pathogen, the host and infected host-tissue throughout
carcinogenesis for use as biomarkers (Bosch et al., 2013; Chen
et al., 2018). Our prior investigation had shown a loss of

Abbreviations: ADCY8, adenylate cyclase 8; ASC-US, atypical squamous cells
of undetermined significance; AUC, Area under the receiver operator curve;
CARC, carcinogenic HPV; CDH8, cadherin 8, type 2; CIN, cervical intraepithelial
neoplasia; chr, chromosome; gDNA, genomic DNA; HPV, Human Papillomavirus;
HSIL, high-grade squamous intraepithelial lesion; IARC, International Agency
for Research on Cancer; LSIL, low-grade squamous intraepithelial lesion;
NA, not available/identifiable by BLAST; NILM, negative for intraepithelial
lesion or malignancy; NOT CARC, not carcinogenic; NS, not significant; Pap,
Papanicolaou smear; POSS CARC, possibly carcinogenic; PSQ, pyrosequencing;
Q48, PyroMark Q48 platform; Q96, PyroMark Q96 platform; ROC, receiver
operating characteristic; SCC, squamous cell carcinoma; ZNF582, zinc finger
protein 582.

HPV genotypic diversity and gain of clonal dominance by
carcinogenic genotypes in high-grade versus low-grade cytology
(Shen-Gunther et al., 2017). Additionally, distinct patterns of
loci-specific promoter hypermethylation were discovered and
were consistent with the underlying mechanism of HPV E6
and E7 oncoprotein induced DNA methyltransferase activity and
ensuing gene silencing (Durzynska et al., 2017). Our initial study
which analyzed ∼300 cervical cytology samples indicated HPV
genotype and host promoter methylation may perform well as
a molecular classifier of cervical cytopathology. Furthermore,
this work showed that the positive correlation between 1)
HPV carcinogenicity, 2) ADCY8, CDH8, and ZNF582 promoter
hypermethylation as well as 3) grade of cervical pathology were
quantifiable and distinctive.

In this study, we aimed to validate and expand the clinical
performance of our multiparametric biomarker panel with an
independent sample set inclusive of four cytological categories
[negative for intraepithelial lesion or malignancy (NILM),
atypical squamous cells of undetermined significance (ASC-US),
low-grade squamous intraepithelial lesion (LSIL), and high-grade
squamous intraepithelial lesion (HSIL)]. Secondarily, we sought
to validate quantitative CpG-methylation by pyrosequencing
(PSQ) on the newest high-resolution PyroMark 48 Autoprep
platform, which to our knowledge has not yet been reported
in the literature in contrast to the preceding models, Q24 and
Q96 (Johannessen et al., 2018). The results of this study will
aid in the translation of our current discoveries based on virus-
host evolutionary characteristics of HPV-induced carcinogenesis
into a screening test that is more accurate, affordable, and
widely available to improve global health (Turajlic et al., 2015;
Beerenwinkel et al., 2016).

MATERIALS AND METHODS

Subjects and Samples
This prospective cross-sectional study was conducted after
approval by the Institutional Review Board of Brooke Army
Medical Center (BAMC), Texas. Cervical specimens were
collected from adult women ≥ 18 years of age undergoing
cervical cytology screening. Cervical specimens with low
cellularity (cell pellet volume < 200 uL) were excluded from
analysis. Liquid-based cytology collected for clinical testing at the
Department of Pathology of BAMC was consecutively procured
after completion of analysis for cytological diagnosis. Samples
were stored at room temperature until weekly batch DNA
extraction. Demographic data were abstracted from the electronic
health record (AHLTA) of the Department of Defense (DoD) and
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code-linked to each specimen. Four categories of samples were
collected until target accrual numbers totaling 883 samples were
met [NILM (n = 237), ASCUS (n = 235), LSIL (n = 229), and HSIL
(n = 182)].

Laboratory Schema
The laboratory schema is illustrated in Figure 1A. After sample
collection, cellular DNA is extracted from cervical cytology. The
DNA is subjected to HPV DNA amplification, sequencing, and
genotyping. For DNA methylation analysis, the genomic DNA
undergoes bisulfite conversion and PSQ. The results derived from
HPV genotyping and methylation quantification are analyzed
for correlation with the cytological grade. Figure 1B shows
representative images of the 4 categories of cervical cytology used
in this study and binarization schema of cytological outcomes for
logistic regression, prediction, and classification. Morphological
features and differences among the cytological categories are
highlighted by the relative size and distribution of organelles.
The PyroMark Q48 instrument and PSQ assays are shown in
Figure 1C.

HPV DNA Amplification
Cellular DNA extraction and HPV DNA amplification were
performed as described previously (Shen-Gunther et al., 2016).
Briefly, individual liquid-based cytology samples (10 mL) were
centrifuged to obtain the cell pellet (200–250 µL) for DNA
extraction using the QIAamp DNA Mini kit in a QIAcube
robotic workstation (Qiagen). The purified DNA in 150 µL of
eluent was quantified by spectrophotometry using the QIAxpert
(Qiagen) and stored at -20◦C prior to amplification. For HPV
DNA amplification, 3 consensus primer sets: (1) MY09/11, (2)
FAP59/64, and (3) GP-E6-3F/GP-E7-5B/GP-E7-6B were used
to amplify 2 distinct regions of the HPV L1 and E6/E7
genes for genotype identification, respectively, as illustrated
in Supplementary Figure 1 (Resnick et al., 1990; Forslund
et al., 1999; Sotlar et al., 2004; Shen-Gunther and Yu, 2011).
Functionally, E6 and E7 codes for oncoproteins which inactivate
two respective host cellular proteins p53 and RB leading to
malignant transformation. L1 codes for the structural capsid
protein which is essential for viral binding and entry into host
tissues (Buck et al., 2013). AmpliTaq Gold 360 Master Mix
(Life Technologies) and Qiagen Multiplex PCR Plus kit (Qiagen)
were used with the doublet and triplet primer sets, respectively.
The PCR cycling protocols for the 3 primer sets were also
performed as described previously (Shen-Gunther et al., 2016).
After amplification, high-resolution capillary gel electrophoresis
using the QIAxcel (Qiagen) was performed to detect HPV DNA
amplicons for follow-on DNA sequencing.

HPV DNA Sequencing, Genotyping, and
Phylogenetic Analysis
Sanger sequencing of the amplicons (∼200 ng DNA/sample)
was performed by using sequencing primers MY11, FAP59,
and GP-E6-3F at Eurofins Genomics (Louisville, KY).
Sequence quality was assessed using the Sequence Scanner
2.0 (appliedbiosystems.com), where a “high quality” Trace Score

(TS) (average base call quality value as measured by phred quality
score) was defined as ≥20 and a QV20 + value (total number of
bases in the sequence with TS ≥ 20) as ≥100. Quality sequences
were filter selected for entry into the Basic Local Alignment
Search Tool (BLAST R©) and queried against HPV sequences in
GenBank R© under Virus Taxonomy ID#151340 (Shen-Gunther
and Yu, 2011) using the CLC Genomics Workbench v20.0.4
(Redwood City, CA). The HPV genotype was based on the most
homologous and significant result with a minimum Expected
Value (E-value) < 10E−50. For each sample, if the identified HPV
genotype differed among the primer-specific amplicons, the
genotype with the lowest E-value took precedence. Furthermore,
if the E-values were equal between sequenced amplicons
(e.g., E-value = 0), the genotype was assigned in descending
order of precedence by the primer-specific amplicon: E6/E7,
MY09/11, and FAP59/64. The rationale for this ranking was
based on the clinical significance of HPV E6/E7 over L1 gene
function in respect to carcinogenic potential. The proportions of
samples in which HPV was detected according to genotype and
genotype-specific carcinogenic potential within each cytological
category were compared.

To explore the evolutionary relationship of all HPV
genotypes identified in the clinical samples, a representative
phylogenetic tree was inferred using the Neighbor-Joining
method (Saitou and Nei, 1987) after concatenating the aligned,
E6 (∼477 bp), E7 (∼297 bp), and L1 (∼1,576 bp) reference
coding sequences from Papillomavirus Episteme1 by MUSCLE
(Edgar, 2004). The evolutionary distances were computed using
the Maximum Composite Likelihood method (Tamura et al.,
2004). Codon positions included were 1st + 2nd + 3rd + Non-
coding. Positions containing gaps or missing data were
eliminated. Bootstrap analysis using 1,000 replicates was
performed to evaluate the reliability of the inferred tree
(Felsenstein, 1985). Evolutionary analyses were conducted in
MEGA X (Kumar et al., 2018).

DNA Methylation Quantification
For DNA methylation profiling of cervical cytology, extracted
genomic DNA (≥ 20 ng/uL) was bisulfite-converted to convert
unmethylated cytosine residues to uracil using the EpiTect Fast
96 Bisulfite Conversion kit (Qiagen) per the manufacturer’s
instructions. Loci-specific PCR amplification of the bisulfite-
converted gDNA (10–20 ng) was performed using 3 primer
pairs targeting ADCY8, CDH8, or ZNF582 combined with
Pyromark PCR Master Mix (Qiagen) per the manufacturer’s
instructions. The PSQ assays including primer sequences were
performed as described previously (Shen-Gunther et al., 2016).
The PCR reaction (25 uL volume) and cycling protocol were
performed per manufacturer’s instructions and are described as
follows: activation [95◦C × 15 min]; 45 cycles of 3-step cycling
[94◦C × 30 s, 56◦C × 30 s, 72◦C × 30 s]; and final extension
[72◦C× 10 min].

The biotinylated PCR product was analyzed using high-
resolution capillary gel electrophoresis (QIAxcel) for expected
size in base pairs and adequacy of DNA concentration (>1 ng/uL)

1http://pave.niaid.nih.gov
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prior to PSQ (Supplementary Figure 2). The PCR product (10
uL) and magnetic beads (3 uL) were pipetted into the PyroMark
Q48 disk wells and loaded on the Q48 instrument (Qiagen)
for PSQ (Figure 1C). Post-run results for CpG methylation
quantification were analyzed using the Q48 Autoprep software
2.4.2 on CpG analysis mode and visualized as sequence-specific
pyrograms (Figure 1C). The individual CpG-methylation levels
(%) of each sample were joined with HPV status to construct the
multivariable logistic models below.

Definitions, Variable Coding, and Logistic
Modeling
The WHO International Agency for Research on Cancer (IARC)
Working Group classifies HPV carcinogenic potential into three
primary categories (International Agency for Research on Cancer
[IARC], 2012) (1) carcinogenic (HPV types 16, 18, 31, 33, 35, 39,
45, 51, 52, 56, 58, 59, and 68) (2) possibly carcinogenic (HPV
types 26, 30, 34, 53, 66, 67, 69, 70, 73, 82, 85, and 97) and (3)
not classifiable/probably not carcinogenic (HPV types 6, 11, and
all others) (Schiffman et al., 2009; Bernard et al., 2010).

To compare the prevalence of HPV genotypes grouped by
carcinogenicity among the 4 cytological categories, the HPV
genotype found in each sample was coded on an ordinal
scale: HPV undetected (0), not classifiable/not carcinogenic
(1), possibly carcinogenic (2), carcinogenic (3), and highly
carcinogenic, (4). Cytology was also coded on an ordinal scale,
NILM (0), ASC-US (1), LSIL (2), and HSIL (3), to determine
the correlation between HPV carcinogenicity and cytological
grade. For CpG-methylation levels (%), a percentile definition
was used. The 95th percentile value for each CpG derived from
NILM cytology (HPV-negative) was used as the cut-off for
normal methylation (coded as 0); >95th percentile was deemed
hypermethylated (coded as 1).

Preceding logistic regression modeling, missing data from
the explanatory variables were handled by chained multiple
imputation, which fills in missing values of multiple variables

iteratively by using chained specifications of prediction equations
based on the distribution of each variable (StataCorp, 2019).
Multivariable logistic regression (Long and Freese, 2014) was
performed to determine the association between the methylation
level of each CpG locus of 3 genes (ADCY8, CDH8, and ZNF582)
and a binarized cytological outcome of interest. Outcome Model
1 aimed to distinguish normal (NILM) from abnormal (ASC-
US/LSIL/HSIL) cytology, Model 2 distinguished NILM/ASC-US
from LSIL/HSIL cytology, and Model 3 distinguished HSIL
cytology from all others (NILM/ASC-US/LSIL). The covariates
(CpG site(s) selected from each gene) that had the highest
association with the response variable (p-value < 0.05) were
entered in a 2nd multivariable logistic regression jointly with
HPV carcinogenicity to select the explanatory variables most
predictive of the cytological outcome. The 2nd model equation
is as follows:

Logistic model : Probability of outcome = P (Y = 1)

= 1/1 + e∧[−(b0 + b1X1 + · · · + b4X4)]

Multiple explanatory variables: X1,. . ., X4.
X1 = HPV carcinogenicity (coded as ordinal data as described
above).
X2 = ADCY8 CpG-site i methylation (0, 1).
X3 = CDH8 CpG-site i methylation (0, 1).
X4 = ZNF582 CpG-site i methylation (0, 1).
Binarized Model 1 Outcome (Y) coding: NILM (0), ASC-
US/LSIL/HSIL (1).
Binarized Model 2 Outcome (Y) coding: NILM/ASC-
US (0), LSIL/HSIL (1).
Binarized Model 3 Outcome (Y) coding: NILM/ASC-
US/LSIL (0), HSIL (1).

For the final regression models, post estimation receiver
operating characteristic (ROC) curves were constructed and
predictions at specified values were computed. After estimating

FIGURE 1 | Continued
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FIGURE 1 | Protocol schema and representative images of four cervical cytological grades used in the study. (A) Sample collection, DNA extraction, HPV
genotyping by Sanger sequencing and genomic CpG profiling of loci-specific promoters by PSQ. Sequencing results are used for statistical modeling, prediction and
classification. (B) Four categories of liquid-based cervical cytology: NILM, ASC-US, LSIL, and HSIL with cytomorphologic features of disease progression, i.e.,
increased nuclear enlargement, nuclear membrane irregularity, nuclear/cytoplasmic ratio, and chromatin coarseness (ThinPrep Pap smear, 50x magnification).
Bottom, binarized classification of 4 cytological grades used as outcomes (“0” and “1”) for logistic regression. Three distinct, sequential logit models were used for
outcome prediction by molecular signatures. (C) PyroMark Q48 PSQ instrument and 48-well sample disk (expanded) used for DNA methylation analysis. Bottom, the
PSQ CpG assays for three host genes: ADCY8, CDH8, and ZNF582 are shown according to chromosomal locations (red line). The representative pyrograms with
assay specific CpG sites (blue-gray columns) are shown with sequence specific, light-intensity peaks along the x- and y-axis, respectively. Chromosome ideograms
adapted from NCBI Map Viewer (www.ncbi.nlm.nih.gov/genome/guide/human)]. ASC-US, atypical squamous cells of undetermined significance; chr, chromosome;
gDNA, genomic DNA; HSIL, high-grade squamous intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion; NILM, negative for intraepithelial lesion or
malignancy; PCR, polymerase chain reaction; PSQ, pyrosequencing. Photo credit (cytology): Bradie Bishop, MD.

the classification threshold or cut-off for each model by using
Youden’s index (maximum sum of sensitivity and specificity),
diagnostic performance characteristics were determined
(Youden, 1950). Of note, a cut-off may be adjusted for greater
or lesser sensitivity (true positives) while trading off 1-specificity
(false positives) based on relative importance of the parameters
and purpose of a clinical test. The discriminatory performance
between multivariable and univariable (HPV carcinogenicity)
models was compared using respective areas under the ROC
curve. Pairwise comparisons of predicted probabilities between
models were performed with the chi-square test.

Statistical Analysis
This study was designed to have a 90% power to detect a
10% difference in DNA methylation (%) between successive

categories of cytology. From the literature, locus-specific
promoter methylation levels (%) for NILM, LSIL/HSIL and
cervical cancer have ranged from 0–5%, 15–30%, and 30–60%,
respectively (Lai et al., 2008; Wentzensen et al., 2009; Siegel et al.,
2015). To detect a 10% difference in methylation levels using a
one-sided test set at α = 0.05 and β = 0.10 with an allocation ratio
of 1, a total accrual target of N = 306 and n = 153 per group
was required. The quota sampling strategy assured adequate
representation from each cytological grade. Additional samples
were collected to compensate for potential sample inadequacy
and laboratory errors.

Data were summarized using means (95% CI), medians
(IQR), and proportions. For hypothesis testing, Wilcoxon rank
sum and Kruskal-Wallis tests were used for non-parametric,
numerical, or ordinal data. Categorical data were compared using
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the chi-square test. Correlation between ordinal variables was
determined by Spearman’s rho. p-values < 0.05 were considered
statistically significant. Statistical analyses were performed using
STATA/IC 16.0 (StataCorp LP).

RESULTS

HPV Type-Specific Carcinogenicity
Correlates With Cytological Grade
A total of 883 residual cytology samples were collected between
September 2015 and March 2017. Clinical and cytological
characteristics are summarized in Table 1. The corresponding
subjects were composed predominantly of Caucasians (38%)
with a median age of 30 years (IQR, 25–37). The cytological
specimens were stratified proportionately among the 4 grades
except for HSIL with fewer samples (chi-square p < 0.05): NILM
237/883 (27%); ASC-US 235/883 (26%); LSIL 229/883 (26%), and
HSIL 181/883 (21%). Sample #503 was classified as HSIL/SCC
and the 66-year old patient was subsequently diagnosed of
Stage IIA invasive SCC. This sample thus served as the positive
control for this study. The median concentrations of extracted
DNA among the 4 cytological categories were adequate and
statistically equivalent (range, 91.6–119.2 ng/uL) (Kruskal-Wallis
test, p = 0.519) (Table 1).

HPV prevalence determined by PCR and gel electrophoresis
increased significantly with worsening grade: NILM (53%),
ASC-US (58%), LSIL (97%), and HSIL (86%) (Figure 2A).
Similarly, the proportion of carcinogenic HPV genotypes in PCR-
positive sequenced samples (n = 640) increased coincidently
with cytological grade: NILM (27%), ASC-US (37%), LSIL
(41%), and HSIL (82%) (Figure 2B). Conversely, a significant
downtrend was found for HPV genotypes in possibly, not
carcinogenic/unclassified HPV-types, and HPV-types that were
unidentifiable by BLAST (p < 0.05, chi-square trend test).

The HPV genotype distribution of 577 sequenced cytology
samples spanned the continuum of IARC-defined carcinogenic
potentials (Figure 2C). The remaining 63 HPV PCR-positive
samples could not be genotyped by BLAST due to uninterpretable
(poor or noisy) sequencing results. Species richness diminished
remarkably with progression of cytopathology from NILM to
HSIL (38 to 23 genotypes, respectively). HPV16 surged and
dominated the HSIL viral community in 68/152 (45%) samples.
Meanwhile, the 12 other carcinogenic and a few possibly
carcinogenic and not carcinogenic/unclassified genotypes
dwindled but persisted in HSIL samples.

A representative Neighbor-Joining tree constructed from
reference sequences of 57 HPV genotypes (one for each
genotype identified in the 577 sequenced samples) is presented
in Figure 3. The concatenated sequences grouped likewise to
the conventional L1-based and joined E7/E1/E2/L2/L1-based
phylogenetic trees) (International Agency for Research on Cancer
[IARC], 2012; Schiffman et al., 2009). The tree revealed an
inverse relationship between genetic distance from HPV-16
(highest carcinogenic potential) and carcinogenic risk which
corresponded to the prevalent HPV genotypes found among the
four grades of cytology as shown in Figure 2C.

TABLE 1 | Clinical and cytological characteristics of the study population.

Characteristics N (%)h

Clinical

Agea

Median (IQR) 30 (25–37)

Range (year) 20–69

Race/Ethnicitya

Asian [NILM, ASC-US, LSIL, HSIL] 32 [8, 8, 10, 6] (3.6)

Black [NILM, ASC-US, LSIL, HSIL] 106 [28, 29, 35, 14] (12.0)

White [NILM, ASC-US, LSIL, HSIL] 333 [84, 96, 82, 71] (37.7)

Unknown [NILM, ASC-US, LSIL, HSIL] 407 [115, 102, 99, 91] (46.1)

Missing [NILM, ASC-US, LSIL, HSIL] 5 [2, 0, 3, 0] (0.6)

Cytologicalb

Total LBC samples collected 883 (100)

LBC samples missing clinical datac 5 (0.6)

NILM 2 (0.2)

ASCUS 0 (0)

LSIL 3 (0.4)

HSIL 0 (0)

LBC samples included 883 (100)

NILM 237 (27)

ASCUS 235 (26)

LSIL 229 (26)

HSIL 181 (21)

HSIL/SCC 1 (0.1)

Sourced

Cervical 875 (99.1)

Vaginal 3 (0.3)

Unspecified 5 (0.6)

Diagnostic categoryd

Normal 237 (27)

Abnormal 646 (73)

Cellular DNA concentrationd ,e,f

Total LBC samples [Median (ng/uL) (IQR)] 95.6 (54.3–168.4)

NILM [Median (ng/uL) (IQR)] 91.6 (54.2–147.3)

ASCUS [Median (ng/uL) (IQR)] 81.1 (34.9–147.3)

LSIL [Median (ng/uL) (IQR)] 119.2 (67.5–202.0)

HSIL [Median (ng/uL) (IQR)] 104.0 (54.8–178.2)

ASC-US, atypical squamous cells of undetermined significance; IQR, interquartile
range; LBC, Liquid-based Cytology; LSIL, low-grade squamous intraepithelial
lesion; HSIL, high-grade squamous intraepithelial lesion; NILM, negative for
intraepithelial lesion and malignancy; SCC, squamous cell carcinoma. aAge and
Race/Ethnicity of subjects (N = 883) are based on the demographic data of
included samples. The number of samples by race/ethnicity and cytological
diagnosis are placed in brackets. The distribution of the 5 categories of
race/ethnicity (inclusive of Unknown and Missing data) across the 4 cytological
grades were not different (χ2, p = 0.354). bCytopathology results are ascribed to
the specimens collected on day of study enrollment. cExclusion criteria included:
low cell pellet volume (<200 µL). dData based on all included samples (N = 883).
Unspecified source (cervix or vagina). eConcentration of total cellular DNA per
sample after semi-automated DNA extraction. fComparison of DNA concentrations
between NILM, ASC-US, LSIL, and HSIL sample groups showed slightly lower
concentration for NILM vs. LSIL, ASC-US vs. LSIL, and ASC-US vs. HSIL (p < 0.05)
by the Wilcoxon rank-sum test. hValues are N (%) unless otherwise denoted.

Promoter Hypermethylation of ADCY8,
CDH8, and ZNF582 Correlates With
Cytological Grade
Methylation levels for all CpG sites increased coincidently
with worsening cytological grade for ADCY8, CDH8, and
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ZNF582 except for ADCY8 at CpG sites 1-5 (Spearman rank,
p < 0.05). Pairwise comparisons of methylation for each CpG
site between cytological grades (NILM vs. ASC-US, ASC-US vs.
LSIL, and LSIL vs. HSIL) revealed significantly higher levels
at multiple sites for the worse grade denoted by a star in
Figure 4 (∗p < 0.05 by the Wilcoxon rank-sum test). The

upper limit of normal for CpG-methylation levels summarized
as the median of the 95th percentile of each CpG site per assay
were: ADCY8 (10.11%), CDH8 (7.61%), and ZNF582 (5.22%).
Positive control sample #503 bore methylation levels 2-fold and
3-fold that of NILM cytology for ADCY8 and CDH8/ZNF582
assays, respectively (Supplementary Figure 3). CpG assay results

FIGURE 2 | Continued
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FIGURE 2 | HPV prevalence and genotype distribution found in 4 cytological grades. (A) HPV DNA positivity rate for 883 samples as determined by PCR
amplification and gel electrophoresis. The positive rates for NILM and ASCUS were over 50%, whereas the rates were significantly higher for LSIL and HSIL at
∼80–90% (top) (*p < 0.05, chi-square test). (B) Distribution of HPV-positive rates stratified by type-specific carcinogenic potential for PCR-positive/sequenced
samples (n = 640). Progression of cytological grade from NILM to HSIL correlated with a significant uptrend in carcinogenic HPV-types and a downtrend in possibly
and not carcinogenic/unclassified HPV-types (*p < 0.05, chi-square trend test). Samples with poor or noisy sequence quality unidentifiable by BLAST also
decreased with worsening cytological grade (*p < 0.05, chi-square trend test). (C) HPV genotype distribution of 577 cytology samples as determined by
PCR/Sanger sequencing according to cytological diagnoses. The remaining 63 HPV-positive samples could not be genotyped due to poor sequence quality and/or
overlapping sequences of mixed infections. The proportion of carcinogenic HPV genotypes (red bars) increased coincidently with cytological grade (*p < 0.05,
chi-square trend test). In contrast, the possibly and not carcinogenic/unclassified HPV-types (blue and green bars, respectively) significantly diminished (*p < 0.05,
chi-square trend test). Simultaneously, species richness diminished from NILM to HSIL (38 to 23 genotypes, respectively) while HPV-16 surged in 68/152 (45%) HSIL
samples. ASC-US, atypical squamous cells of undetermined significance; CARC, carcinogenic HPV; HSIL, high- grade squamous intraepithelial lesion; LSIL,
low-grade squamous intraepithelial lesion; NA, not available/identifiable by BLAST; NILM, negative for intraepithelial lesion or malignancy; NOT CARC, not
carcinogenic; NS, not significant; POSS CARC, possibly carcinogenic Stars, p < 0.01.
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FIGURE 3 | Representative phylogenetic tree of HPV genotypes identified in the clinical samples. Neighbor-Joining tree of 57 HPV genotypes (one from each
genotype) revealed two distinct clades in the alpha genera: “high-risk” containing carcinogenic and possibly carcinogenic types [black bracket] and “low-risk”
containing probably not carcinogenic or not classifiable types [green bracket]. The beta and gamma genera formed another clade composed of commensal and
unclassified genotypes. With HPV-16 at the pinnacle of HPV carcinogenic potential, genetic divergence from this point correlated with decreased carcinogenic risk
(phenotype) and grade of cytopathology. The evolutionary history was inferred using the Neighbor-Joining method after concatenating 57 aligned, E6, E7, and L1
reference nucleotide sequences from Papillomavirus Episteme by MUSCLE (Edgar, 2004). The optimal tree with the sum of branch length = 9.99536245 is shown.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein,
1985). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum Composite Likelihood method (Tamura et al., 2004) and are in the units of the number of base substitutions per site.
All ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a total of 2850 positions in the final dataset. Evolutionary
analyses were conducted in MEGA X (Kumar et al., 2018).
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analyzed on the PyroMark Q48 were also compared to Q96
data from our previous study (Shen-Gunther et al., 2016).
This revealed a slightly higher CpG-methylation level for each
site on the Q48 indicative of improved analytical sensitivity
(Supplementary Figure 4).

ADCY8, CDH8, and ZNF582
CpG-Markers Contribute to HPV as a
Predictor of Cytological Grade
ROC curve analysis after multivariable logistic regression for
three logit models are presented in Figure 5. The best predictors
for differentiating NILM from ASC-US/LSIL/HSIL was HPV
carcinogenicity, ZNF582_1st CpG site, and ADCY8_5th CpG site
(Supplementary Table 1). The best multivariable predictor for
differentiating between NILM/ASC-US and LSIL/HSIL cytology
was the combination of HPV carcinogenicity, ZNF582_1st
CpG site, CDH8_4th CpG site, and ADCY8_5th CpG site
(Supplementary Table 2). Additionally, the combination of
HPV carcinogenicity, ZNF582_1st CpG site and CDH8_4th
CpG site, and ADCY8_6th CpG site is the best multivariable
predictor for differentiating between NILM/ASC-US/LSIL
and HSIL cytology (Supplementary Table 3). All three
multivariable models were better predictors of the specified
outcome than HPV carcinogenicity alone (delta AUC∗,
p < 0.05, chi-square test). Overall, the number of missing
observations for HPV genotype 63/883 (7.1%) and site-
specific CpG-methylation ranging from 1 to 9/883 (≤ 1%)
were low prior to imputation and predictive modeling. The
variables with counts of missing observations are listed in
Supplementary Table 4.

HPV With Host CpG-Markers
Outperforms HPV as a Classifier of
Cervical Cytology
Predicted probabilities plots of binarized cytological outcomes
using HPV carcinogenicity as a singular or integrated predictor
variable are shown in Figure 6. HPV carcinogenicity as a one-
dimensional predictor of 3 sequentially binarized cytological
outcomes (NILM vs. ASC-US/LSIL/HSIL, NILM/ASC-US vs.
LSIL/HSIL, and NILM/ASC-US/LSIL vs. HSIL) are shown with
respective cut-off values of ≥0.680, 0.5222, and 0.3321 as
determined by Youden’s index (Figure 6A; Youden, 1950). HPV-
16 was distinct from the other carcinogenic HPVs in predicting
the cytological outcome of interest.

HPV carcinogenicity and host loci-specific methylation as
predictors of cytological outcome are shown in Figure 6B.
The 3 subgraphs illustrate the escalating probability for
the cytological outcome of interest coincident with HPV
carcinogenicity and increased number of methylated genes.
For example, the probability for HSIL escalated with HPV
carcinogenicity and increased counts of methylated genes
reaching the pinnacle of 96% at HPV-16 jointly with 3 methylated
genes. Furthermore, the contribution of each methylated gene to
the probability of the outcome of interest are different singularly
or in combination with others as shown by non-overlapping
lines (Figure 6B). The cut-off values for predicting positive

binarized cytological outcomes (NILM vs. ASCUS/LSIL/HSIL,
NILM/ASCUS vs. LSIL/HSIL, and NILM/ASCUS/LSIL vs. HSIL)
were ≥0.6503, 0.4533, and 0.2645 as determined by Youden’s
index (Youden, 1950).

The diagnostic performance characteristics of the three
logit models were presented in Supplementary Tables 5–7.
Specifically, models 1 and 2 inclusive of methylation markers
showed greater sensitivity (83% and 79%, respectively) and a
lower negative likelihood ratio compared to HPV alone. This
implies that HPV with methylation markers performed better at
predicting absence of disease (more true negative results) and
in differentiating normal (NILM) from abnormal (>NILM) in
model 1 as well as NILM/ASC-US from LSIL/HSIL in model
2. In contradistinction, model 3 performed better at predicting
presence of disease (more true positive results) with greater
specificity (88%) and had a higher positive likelihood ratio of 5.55.
In other words, a positive result was∼5 times more likely to occur
in a patient with HSIL than one with < HSIL.

DISCUSSION

This study aimed to validate the predictive model of a
multiparametric biomarker panel based on HPV genotype
and host epigenetic modifications for cervical cytopathology.
The expanded results of the current study confirmed our
previous findings, which determined that HPV carcinogenicity
is positively correlated with aberrant DNA methylation in the
promoters of ADCY8, CDH8, and ZNF582 in addition to the four
cytological grades (Shen-Gunther et al., 2016). In this study, the
addition of ASC-US samples revealed a distinct and intermediate
HPV genotype prevalence pattern between NILM and LSIL.
Similarly, the promoter methylation levels of ASC-US were
found between that of NILM and LSIL. Overall, the multivariate
biomarker panel improved the prediction and classification of
cytological grade over the univariate HPV carcinogenicity.

The HPV genotype patterns among the cytological categories
revealed a loss of species diversity and gain of dominance by
carcinogenic types as cytology progressed from NILM to HSIL.
Our PCR results showed a doubling in HPV positivity rate
from NILM/ASC-US to LSIL/HSIL samples (>80–90%). PCR-
sequencing revealed a steep rise in the proportion of carcinogenic
genotypes as cytology progressed to HSIL with the 3 topmost
being HPV-16 (45%), HPV-58 (10%), and HPV-31 (9%). In
contrast, the possibly carcinogenic and non-carcinogenic HPV
genotypes declined precipitously in prevalence and diversity
indicative of extinction of the “weaker competitors” within the
dynamic virus-host ecosystem. This phenomenon, demonstrated
previously by our deep sequencing study, may be explained by the
principles of competitive exclusion followed by clonal expansion
of HPV-infected transformed cells (Ueda et al., 2003, 2008; Shen-
Gunther et al., 2017). The competitive advantage of carcinogenic,
particularly HPV-16, versus non-carcinogenic HPV is derived
from the significantly higher binding affinity of viral E6 and E7
oncoproteins to host cellular proteins p53 and pRB, respectively,
leading to subsequent degradation, genomic instability, and
carcinogenesis (Chemes et al., 2010; Martinez-Zapien et al., 2016;

Frontiers in Microbiology | www.frontiersin.org 10 October 2020 | Volume 11 | Article 595902108

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


fmicb-11-595902 October 11, 2020 Time: 10:19 # 11

Shen-Gunther et al. Molecular Pap Smear Validation

FIGURE 4 | Loci-specific promoter methylation differences and trends among cervical cytological grades. Methylation (%) of total genomic DNA in 4 grades of
cervical cytology i.e., NILM (n = 237), ASC-US (n = 235), LSIL (n = 229), and HSIL (n = 182) was compared by CpG sites among 3 genes (ADCY8, CDH8, and
ZNF582). Pairwise comparisons of methylation for each CpG site between cytological grades (NILM vs. ASC-US, ASC-US vs. LSIL, and LSIL vs. HSIL) revealed
significantly higher levels at multiple sites as noted by a star (* p < 0.05 by the Wilcoxon rank-sum test). Methylation levels for all CpG sites increased coincidently
with cytological grade for ADCY8, CDH8, and ZNF582 by Spearman’s rs (p < 0.05, with Bonferroni adjustment) except for ADCY8 CpG sites 1–5. The methylation
reference line (gray) for each assay denotes the median of the 95th percentile values for each CpG site within an assay derived from NILM (HPV-negative) samples,
i.e., ADCY8 (10.11%), CDH8 (7.61%), and ZNF582 (5.22%). ASC-US, atypical squamous cells of undetermined significance; HSIL, high-grade squamous
intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion; NILM, negative for intraepithelial lesion or malignancy; NS, not statistically significant.
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FIGURE 5 | Receiver operating characteristic (ROC) curve analysis after multivariable logistic regression for three logit models. Top left, the ROC curve revealed the
best predictors to differentiate between NILM and ASCUS/LSIL/HSIL as HPV carcinogenicity, ZNF582_1st CpG site, and ADCY8_5th CpG site. Top right, for
differentiating between NILM/ASCUS and LSIL/HSIL cytology, the best multivariate predictor was the combination of HPV carcinogenicity, ZNF582_1st CpG site,
CDH8_4th CpG site, and ADCY8_5th CpG site. Bottom, for differentiating between NILM/ASCUS/LSIL and HSIL cytology, the best multivariate predictor was the
combination of HPV carcinogenicity, ZNF582_1st CpG site, CDH8_4th CpG site, and ADCY8_6th CpG site. All three multivariable models were better predictors of
the specified outcome than HPV carcinogenicity alone (delta AUC*, p < 0.05, chi-square test). AUC, Area under the receiver operator curve (AUC); se, sensitivity;
cut-off points (arrows).

Tomita et al., 2020; ðukić et al., 2020). Furthermore, the
distinctive cellular binding motifs of E6 and E7 oncoproteins,
which correlate with tissue and host specificity, is believed to be
the result of virus-host adaptive evolution over millions of years
(Chemes et al., 2012; Chen et al., 2018; Suarez and Trave, 2018).
Evolutionary analysis of 57 representative genotypes confirmed
the inverse relationship between genetic distance from HPV-
16 and carcinogenic potential. As a corollary, the type-specific
carcinogenic risk was reflected in the severity of cytopathology.

Cellular epigenetic analyses confirmed our previous findings
of a positive correlation between promoter methylation of
ADCY8, CDH8, and ZNF582 and cytological grade (Shen-
Gunther et al., 2016). The curvilinear upward trend in
quantitated methylation levels for all 3 genes was validated
on the high-resolution PyroMark Q48 instrument. Our results
are consistent with E6 and E7 oncoprotein induced promotion
of de novo and/or maintenance DNA methyltransferase
(DNMT1, DNMT3A, and DNMT3B) (Burgers et al., 2007;
Au Yeung et al., 2010; Durzynska et al., 2017). The loci-specific

methylation profiles from the Q48 mirrored that of Q96 from our
previous study (Shen-Gunther et al., 2016). However, CpG-site
specific median methylation levels were consistently slightly
higher for Q48 which ranged from 1 to 8%. We ascribe this
finding to the advanced chemistry and improved algorithms
employed in the Q48 resulting in reduced background and
augmented sensitivity in sequencing reactions (Qiagen, 2020).
High-resolution PSQ offered a technological advantage in
this study by exposing subtle differences in methylation levels
between gene specific CpG sites and identifying the CpG
site that contributed most to our predictive models. Along
this line, Lioznova and coauthors dubbed unique single CpG
methylation sites as “CpG traffic lights” which were found to
correlate more often with gene expression and repression than
an averaged promoter methylation statistic (Medvedeva et al.,
2014; Lioznova et al., 2019).

Model refitting was performed due to sample size expansion,
ASC-US sample inclusion, and PSQ technological advancement
in this cohort. The combination of HPV carcinogenicity
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and methylation markers remained significant predictors of
cytological outcome after multivariable logistic regression. The
addition of methylation status improved the sensitivity and/or
specificity for the binarized outcome of interest for all 3 models.
The predicted probability for the outcome escalated in a stepwise
fashion as HPV carcinogenicity reached its pinnacle, i.e., HPV-
16. This finding is consistent with a longitudinal study where
HPV-16, in comparison to other carcinogenic HPV types, was
found to convey a uniquely elevated risk for severe cervical
intraepithelial neoplasia (CIN3 +) (Demarco et al., 2020).
Furthermore, as the number of methylated genes increased, the
probability for the outcome increased. Whereas slight differences
were noted between specific genes. Together, infection with the
most carcinogenic HPV and maximal loci methylation predicted
the greatest probability for high-grade cytology.

Discriminatory performance of the 3 multi-parametric
models demonstrated greater accuracy than the univariate
HPV carcinogenicity. Specifically, models 1 and 2 inclusive
of methylation markers showed greater sensitivity and a
lower negative likelihood ratio. This implies that HPV with
methylation markers performed better at predicting absence
of disease (more true negative results). Conversely, model
3 performed better at predicting presence of disease (more
true positive results) with greater specificity and a higher
positive likelihood ratio of 5.55. Likelihood ratios, akin
to signal-to-noise ratios, are robust measures of diagnostic

accuracy that are independent of disease prevalence (Deeks
and Altman, 2004; Lang and Secic, 2006). This statistic allows
for generalizability and comparison beyond the scope of this
study. Finally, our predictive models and classification schemes
designed for sequential use will enable the allocation of
an unknown sample to the appropriate cytological category
(Long and Freese, 2014).

Published literature on promoter methylation of ADCY8,
CDH8, and ZNF582 has expanded recently and hypermethylation
of one or more of these loci have been found in cancers
of the breast, oropharynx, esophagus, and anus (Tang et al.,
2019; Ekanayake Weeramange et al., 2020; Sigin et al., 2020;
van der Zee et al., 2020). These reports not only support the
validity of these epigenetic modifications as cancer biomarkers
but inform a broader application beyond cervical cancer. First,
differential methylation of ADCY8 was identified as one of three
most informative biomarkers in luminal B breast cancer from a
cohort of Russian women. Methylation status of these markers
were predictive of response to neoadjuvant chemotherapy before
surgery which may be applicable as a clinical test to guide therapy
(Sigin et al., 2020). Second, CDH8 promoter hypermethylation
has been documented in four head and neck cancer studies
(Ekanayake Weeramange et al., 2020). One such study used
PSQ for validation of epigenetic alteration in 70 oropharyngeal
squamous cell carcinomas. HPV-positive, in contrast to HPV-
negative tumors, was found to be significantly correlated

FIGURE 6 | Continued

Frontiers in Microbiology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 595902111

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


fmicb-11-595902 October 11, 2020 Time: 10:19 # 14

Shen-Gunther et al. Molecular Pap Smear Validation

FIGURE 6 | Predicted probabilities plot of binarized cytological outcomes using HPV carcinogenicity as a singular or integrated predictor variable. (A) HPV
carcinogenicity as a one-dimensional predictor of 3 sequentially binarized cytological outcomes (NILM vs. ASC-US/LSIL/HSIL, NILM/ASCUS vs. LSIL/HSIL, and
NILM/ASC-US/LSIL vs. HSIL) is shown with respective cut-off values of ≥0.680, 0.5222, and 0.3321 (dashed lines) as determined by Youden’s index. (B) HPV
carcinogenicity and host loci-specific methylation as predictors of cytological outcome. Top left, comparison of predicted probabilities for abnormal cytology (NILM
vs. ASC-US/LSIL/HSIL) by HPV carcinogenicity and binarized ZNF582 and ADCY8 methylation status. Top right, comparison of predicted probabilities for
NILM/ASC-US vs. LSIL/HSIL permuted by binarized methylation values of ADCY8, CDH8, and ZNF582 at the CpG sites noted in the text. Bottom, comparison of
predicted probabilities for <HSIL vs. HSIL permuted by binarized methylation values of ADCY8, CDH8, and ZNF582 at the CpG sites noted in the text. The cut-off
values for predicting a positive binarized cytological outcomes (NILM vs. ASC-US/LSIL/HSIL, NILM/ASC-US vs. LSIL/HSIL, and NILM/ASC-US/LSIL vs. HSIL) were
≥0.6503, 0.4533, and 0.2645 (dashed lines) as determined by Youden’s index. Definitions: For loci-specific CpG methylation levels (%), the 95th percentile value for
each CpG derived from HPV-negative. NILM cytology was used as the cut-off for normal methylation (coded as 0); >95th percentile was deemed hypermethylated
(coded as 1). AUC, area under the curve; mC, 5-methylcytosine at CpG sites; mC = 0, unmethylated cytosine; mC = 1, methylated cytosine; Pr, probability; ROC,
Receiver operating characteristic; Se, sensitivity.

with hypermethylation and prognosis in this Japanese cohort
(Nakagawa et al., 2017).

ZNF582 is the best studied of our 3 methylation markers.
ZNF582 promoter hypermethylation has been confirmed in
multiple of studies of cervical precancerous lesions, and invasive
adeno- and squamous carcinomas (Huang et al., 2012; Chang
et al., 2014; Lai et al., 2014; Lin et al., 2014; Liang et al., 2020). In
fact, the analysis of ZNF582 by methylation-specific quantitative
PCR is being commercialized as an in vitro diagnostic test
(Beltrán-García et al., 2019). Hypermethylated ZNF582 and
PAX1 genes have also been found in mouth rise samples
applicable to the detection of oral dysplasia and cancer (Cheng
et al., 2018). In Esophageal Squamous Cell Carcinoma (ESCC),
aberrant hypermethylation of ZNF582 and PAX1 have been
demonstrated using quantitative methylation-specific PCR with

levels at 21% versus 0% for tumor and peri-tumor normal
tissues, respectively (Huang et al., 2017). Another study of
esophageal cancer found significantly higher methylation levels
by PSQ in cancerous than adjacent non-cancerous and normal
tissues, respectively: 31%, 11%, and 15% (Tang et al., 2019).
Finally, in a Netherlands study of 345 anal intraepithelial
neoplasia (AIN grades 1-3) and invasive carcinoma samples,
ZNF582 methylation levels escalated with increased disease
severity. Among the markers studied, ZNF582 was the most
accurate for detecting AIN grade 3 with immense potential
as a clinical biomarker (van der Zee et al., 2020). Taken
together, ADCY8, CDH8, and ZNF582 promoter methylation
are promising predictive and prognostic biomarkers for multiple
tumor types crossing geographic and racial boundaries that
undeniably merits further validation.
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The strength of this study lies in the inclusion of ASC-US
samples and sample size expansion for all cytological categories.
This led to increased precision and power of distinction between
the four grade-specific HPV communities and methylation levels
for model validation. Additionally, high resolution PSQ played a
critical role in pinpointing the gene specific CpG that contributed
the most to the predictive models, as well as, exposing the subtle
differences between CpG sites. PSQ has also been proven as a
superior method to methylation-specific PCR for prognostication
of survival outcomes (Johannessen et al., 2018). We acknowledge
that our study has limitations in that two remaining, uncommon
cytological categories with potentially different risk profiles, i.e.,
ASC-H and AGUS were not included (Nayar et al., 2020). To fill
this gap, ASC-H and AGUS samples have been collected for our
ongoing large-scale study (>3,000 samples), which is intended
to complete our investigation and understanding of molecular
evolution within a dynamic virus-host ecosystem.

CONCLUSION

Our expanded findings validated the multivariable prediction
model developed for cytological classification. The sequencing-
based “Molecular Pap smear” outperformed the singular HPV
carcinogenicity in predicting four grades of cervical cytology.
Additional host epigenetic markers that evolved with disease
progression contributed to the overall classification accuracy.
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With steady increase of new COVID-19 cases around the world, especially in the
United States, health care resources in areas with the disease outbreak are quickly
exhausted by overwhelming numbers of COVID-19 patients. Therefore, strategies that
can effectively and quickly predict the disease progression and stratify patients for
appropriate health care arrangements are urgently needed. We explored the features
and evolutionary difference of viral gene expression in the SARS-CoV-2 infected cells
from the bronchoalveolar lavage fluids of patients with moderate and severe COVID-
19 using both single cell and bulk tissue transcriptome data. We found SARS-CoV-2
sequences were detectable in 8 types of immune related cells, including macrophages,
T cells, and NK cells. We first reported that the SARS-CoV-2 ORF10 gene was
differentially expressed in the severe vs. moderate samples. Specifically, ORF10 was
abundantly expressed in infected cells of severe cases, while it was barely detectable
in the infected cells of moderate cases. Consequently, the expression ratio of ORF10 to
nucleocapsid (N) was significantly higher in severe than moderate cases (p = 0.0062).
Moreover, we found transcription regulatory sequences (TRSs) of the viral leader
sequence-independent fusions with a 5’ joint point at position 1073 of SARS-CoV-
2 genome were detected mainly in the patients with death outcome, suggesting its
potential indication of clinical outcome. Finally, we identified the motifs in TRS of the
viral leader sequence-dependent fusion events of SARS-CoV-2 and compared with that
in SARS-CoV, suggesting its evolutionary trajectory. These results implicated potential
roles and predictive features of viral transcripts in the pathogenesis of COVID-19
moderate and severe patients. Such features and evolutionary patterns require more
data to validate in future.

Keywords: COVID-19, SARS-CoV-2, virus evolution, cell infection rate, ORF10, virus gene fusion, viral fusion
evolution, virulence
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INTRODUCTION

The new coronavirus disease 2019 (COVID-19) has casted an
imminent threat to people all over the world. COVID-19 is
caused by a novel human-infecting betacoronavirus designated
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2). As of this manuscript updated writing (September 5, 2020),
this life-threatening pneumonia pandemic has quickly caused
more than 26.7 million confirmed cases and over 875,000 deaths
globally since it first emerged in December 2019 (Sohrabi et al.,
2020; Yang et al., 2020). SARS-CoV-2 genome, like SARS-CoV,
is under frequent mutations which likely caused the change of
infection rate (Zhao et al., 2004). As a positive-sense, single-
stranded RNA virus with an approximate 30 kb in length of its
genomic RNA (gRNA) (Pal et al., 2020), SARS-CoV-2 infects
host cells through cell surface proteins ACE2 and TMPRSS2
(Hoffmann et al., 2020; Zhou et al., 2020). Inside host cells,
SARS-CoV-2 gRNA can synthesize subgenomic RNAs (sgRNAs)
during its replication (Khailany et al., 2020). The canonical
coronaviral sgRNA contains a 5’ leader sequence with ∼65
nucleotides (nt) in length (Wu and Brian, 2010), which is fused
to the “body” sequence to form the sgRNA with transcription
regulatory sequences (TRSs) (Kim et al., 2020). A total of 10
open reading frames have been identified in SARS-CoV-2 gRNA,
which generate multiple viral proteins including RNA-dependent
RNA polymerase (ORF1ab), spike protein (S), ORF3a, envelope
protein (E), membrane protein (M), ORF6, ORF7a, ORF8,
nucleocapsid protein (N), and ORF10. Among them, S, E, M, and
N are structural proteins that package virus gRNA to generate
progeny (Lu et al., 2020; Wolfel et al., 2020). The ORF1ab gene
encodes a polyprotein, which plays an important role in viral
RNA synthesis. ORF3a, ORF6, ORF7a, ORF8, and ORF10 are
accessory proteins. Their functions are not fully characterized
(Kim et al., 2020).

Clinically, approximately 80% of laboratory-confirmed cases
have moderate symptoms, while the remaining∼20% have severe
disease with dyspnea, acute respiratory distress syndrome and/or
multiple organ failure, some of whom require the treatment
within intensive care unit (ICU). Prolonged deterioration of
lymphopenia and high levels of inflammatory cytokines in
plasma were found to be associated with severity of COVID-19
(Liu et al., 2020). Subsets of lymphocytes, including CD8+ T
cell, CD4+ T cell, B cell, and NK cell, were all significantly
lower in severe COVID-19 patients than the moderate patients
(He et al., 2020; Huang et al., 2020; Zheng et al., 2020).
A recent study using single-cell RNA sequencing (scRNA-seq) of
bronchoalveolar lavage fluid (BALF) samples revealed that BALFs
from patients with severe symptoms had more proinflammatory
monocyte-derived macrophages, higher levels of inflammatory
cytokines (IL8, IL6, and IL1B), and less clonally expanded
CD8+ T cells than that from the moderate cases, suggesting
that cytokine storm is associated with severity of COVID-19
(Liao et al., 2020). However, molecular mechanisms underlying
these different immune microenvironment changes between
moderate and severe COVID-19 cases remain uncharacterized.
We made use of these scRNA-seq datasets together with bulk
RNA-seq datasets obtained from BALFs of COVID-19 patients

recently published by others (Liao et al., 2020; Xiong et al.,
2020; Zhou et al., 2020) to explore types of host cells infected
by SARS-CoV-2 and levels of viral gene expression in infected
cells. We observed that SARS-CoV-2 sequences were detected
in 8 types of immune related cells. Interestingly, we found
viral ORF10 was abundantly expressed in the samples from
the severe cases but barely detectable in the samples from the
moderate cases. Moreover, TRS leader sequence-independent
fusion sequences with a 5’ joint point at position 1073 of SARS-
CoV-2 genome were detected only in the patients with death
outcome. These results implicated that selective expressions of
some viral transcripts in infected cells might play roles in severity
of COVID-19 and, if so, it might be used as markers for
predicting COVID-19 progressions and severity. Our splicing
and TRS motif features will help understand how SARS-CoV
has evolved at the expression level. We expected more data will
be generated in the near future, which will be used to further
validate these findings.

MATERIALS AND METHODS

Transcriptome Data
Single-cell RNA sequencing datasets were retrieved from
NCBI GEO database (ID: GSE1459261). The detailed sequence,
demographic (all patients were from Shenzhen, China),
and clinical information was provided in Supplementary
Tables S1, S2 in the original study (Liao et al., 2020). In this
study, we mainly compared sequence and expression features in
the infected vs. uninfected cells from severe cases (n = 6) and
moderate cases (n = 3), so the data from normal cases (n = 3)
were not used due to lack of infected cells. For all the scRNA-seq
samples used in this work, 5′ reagent kits were used for library
construction. The bulk RNA-seq datasets were obtained from
GEO (ID: GSE150316) and the BIGD database (IDs: CRA002423
and CRA0023902).

scRNA-Seq Data Analysis
For analyzing scRNA-seq data, raw reads from scRNA-seq
libraries were first cleared by removing the template switch oligo
sequence. Reads with adaptor contaminants and low-quality
bases were removed. The SARS-CoV-2 reference genome was
downloaded from NCBI (MN908947.3, Wuhan-Hu-1 complete
genome) including its mapping information of the 10 genes.
Alignment of sequence was performed by Cell Ranger software
(v. 3.1.0)3. Only the reads that were confidently mapped to the
SARS-CoV-2 reference genome were used for unique molecular
identifier (UMI) counting. We applied UMI > 2 as the cutoff
for identification of the infected cells. As a result, distinct
UMIs of each gene for a given cell were counted as the
transcript copy number of that gene. To reduce the gene
expression matrix to its most important features, we used
the Uniform Manifold Approximation and Projection (UMAP)

1https://www.ncbi.nlm.nih.gov/geo/
2https://bigd.big.ac.cn/
3https://support.10xgenomics.com/
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method (McInnes et al., 2018) implemented in the Seurat R
package and then iteratively clustering strategy to perform
subsequent cell clustering. Furthermore, we used Seurat (Stuart
et al., 2019) to identify the marker genes of cell groups by calling
differentially expressed genes (DEGs) between the cells of each
sub-group and the remaining cells. DEGs were selected if the fold
change of log2-transformed expression level was > 1 and p< 0.05
(Xu et al., 2012; Hua et al., 2020).

Bulk RNA-Seq Data Analysis
For analysis of bulk RNA-seq data, raw reads were pre-processed
using Cutadapt (v1.15) to remove bases with quality scores < 20
and adapter sequences (Martin, 2011). STAR (v2.7.3a) (Dobin
et al., 2013) was used for alignment. Then, Stringtie (2.1.2)
was used to normalize the gene expression of SARS-CoV-2.
We calculated TPM (Transcripts Per Kilobase Million) for gene
expression comparison. All statistical tests in this work were
performed based on unpaired t-test.

RESULTS

Infected Cells in Bronchoalveolar Lavage
Fluids of COVID-19 Patients
To explore host cells infected by SARS-CoV-2 and viral gene
expression in the infected cells, we downloaded public scRNA-seq
datasets of bronchoalveolar lavage fluid (BALF) samples obtained
from SARS-CoV-2 infected patients, including 3 moderate
patients and 6 severe patients (Supplementary Table 1; Liao et al.,
2020). The number of total reads ranged from 570,603,931 to
1,417,728,004. The transcriptomic reads of these 9 samples were
aligned to SARS-CoV-2 reference genome to detect infected cells.
We used UMI > 2 as cutoff for the infected cells. Using the cell
type annotations from Liao et al. (2020), we generated UMAP
presentation of major cell types in moderate and severe samples,
including information of the infected cell and distribution across
these cell types (Figure 1A). Our analysis detected 10 cell types.

Number of cells varied greatly among those cell types: the
top three cell types measured by the largest cell counts were
macrophages, T, and epithelia. Among the three moderate cases,
only one cell type had measurable infected cells (macrophages)
and two cell types had only one infected cell in one or two cases
(epithelial and NK). Among the six severe cases, we detected eight
cell types with infected cells, though number of infected cells
varied widely among those cases (Supplementary Table 2). For
neutrophils (including both infected and uninfected neutrophils),
we detected an average of 267.2 cells in the samples of severe
cases, which is 200-fold more than that (an average of 1.3 cells)
in the samples of moderate cases. For epithelial cells (including
both infected and uninfected epithelial cells), there were 312.3
cells on average in the samples of severe cases vs. 71.7 cells on
average in the samples of moderate cases, a 4.36-fold difference
(t-test, p = 7.71 × 10−5) (Supplementary Table 2). The result
suggested the presence of severe inflammation and desquamation
of lung epithelial cells in the patients with severe COVID-
19. We found that the macrophages were highly infiltrated
in BALF samples, accounting for 70.2% of all the BALF cells
(Supplementary Table 2). SARS-CoV-2 reads were detected in
macrophages of all the samples, with an average of 1.86% of
the infected cells (Table 1). Plasma cells were relatively few in
BALFs, accounting for 2.36% of all the cells in BALFs, with one
severe case (S4) as an exception for having a high number of
plasma cells (n = 814) in BALFs (Table 1 and Supplementary
Table 2). In addition, SARS-CoV-2 reads were detected in natural
killer (NK) cells and T cells, suggesting the viral infections in
these cells (Table 1). We found 1.25–25% NK cells were infected
in one moderate sample and three severe samples, respectively
(Table 1). In addition, 0.4–6.45% of T cells in five of the six
severe samples, but none in the moderate samples, had SARS-
CoV-2 reads (Table 1). Infected lung epithelial cells varied from
0.65 to 8.97% and were detected in all the samples. This result
suggested that, in addition to epithelial cells, the immune cells,
such as macrophages, plasma cells, T cells, and NK cells, can also
be infected by SARS-CoV-2.

FIGURE 1 | SARS-CoV-2 infected cells and differential gene expression of infected vs. uninfected epithelial cells in BALF samples. (A) UMAP (Uniform Manifold
Approximation and Projection) view of the cell types for all SARS-CoV-2 infected BALF samples. Color labels each cell cluster identified by scRNA-seq data analysis
(see “Materials and Methods”). (B) The heatmap of differentially expressed genes (DEGs) of infected epithelial cells vs. uninfected epithelial cells in moderate (mild)
cases and in severe cases. One gene, BPIFA1, was observed in both moderate and severe cases.
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TABLE 1 | Proportion of SARS-CoV-2 infected cells.

Cell type Moderate (% of total cells) Severe (% of total cells)

M1 M2 M3 S1 S2 S3 S4 S5 S6

B 0 0 0 0 0 0 0 0 0

Epithelial 7.23 1.06 2.63 0.65 6.43 2.16 4.59 3.26 8.97

Macrophages 0.55 0.34 1.72 0.17 0.46 1.41 0.61 0.74 10.71

Mast 0 0 0 0 0 0 0 0 0

mDC 0 0 0 0 0 0 0 0 16.67

Neutrophil 0 0 0 0 0 0 0 0.24 2.33

NK 0 0 3.45 0 0 1.25 2.38 0 25.00

pDC 0 0 0 0 0 0 0 2.38 0

Plasma 0 0 0 0 0 0 2.21 0 0

T 0 0 0 0.04 0 0.16 0.38 0.57 6.45

Differentially Expressed Cellular Genes
Between Infected and Uninfected Cells
We called differentially expressed cellular genes in the infected
vs. uninfected cells in each cell type. The number of cells in each
sub-group is summarized in Supplementary Table 2. Using the
cutoff of fold change > 2 and p < 0.05, we discovered 6 DEGs
(FCGBP, RARRES1, BPIFA1, FAM3D, CD55, and CTSC) which
were highly expressed in infected vs. uninfected lung epithelial
cells of moderate patients (Figure 1B). However, BPIFA1 was the
only gene found highly expressed in the infected vs. uninfected
lung epithelial cells of the severe patients (Figure 1B). BPIFA1
encodes a secretory protein and is known to have antimicrobial
activity. A recent study showed that BPIFA1 regulates lung
neutrophil infiltration and interferon signaling during acute
inflammation (Britto et al., 2019). Its overexpression may play
a role in inflammatory response of SARS-CoV-2 infection in
lung. Among the other five genes, FCGBP, which encodes Fc
fragment of IgG binding protein, has been reported with virus
infection and viral vector design. RARRES1 encodes retinoic
acid receptor responder 1. It is involved in negative regulation
of cell proliferation and endopeptidase activity. FAM3D, which
encodes FAM3 metabolism regulating signaling molecule D,
has Gene Ontology annotations related to cytokine activity.
CD55 encodes a glycoprotein involved in the regulation of the
complement cascade. CTSC a member of the peptidase C1 family
and lysosomal cysteine proteinase. It involves in the activation of
many serine proteinases in cells of the immune system.

SARS-CoV-2 Gene Expression in Severe
and Moderate Cases
To detect differentially expressed viral genes, we compared
the normalized expression of SARS-CoV-2 genes between
severe and moderate patients (Figure 2A). With the cutoff
p < 0.05, we found 4 genes (ORF1ab, ORF3a, N, and ORF10)
differentially expressed in severe vs. moderate scRNA-seq
samples. Interestingly, ORF10 was only detected in the infected
cells of severe case samples (Figure 2B). All samples from severe
cases had a high sequence coverage for ORF10. In contrast,
ORF10 was rarely detected in the infected cells of BALF from
moderate cases (Figure 2C). We compared the ratio of sequence

coverage of ORF10 to that of N. This ratio was significantly
higher in severe than moderate samples (3.43-folds, p = 0.0062,
Figure 2C). This result suggested that differential expression of
ORF10 may be a potential biomarker for COVID-19 progression.

SARS-CoV-2 Genomic Fusions in Host
Cells

We observed several viral RNA fusion events (Supplementary
Table 3) in the scRNA-seq datasets, as well as in bulk RNA-
seq datasets from Xiong et al. (2020) and Zhou et al. (2020)
(Supplementary Table 1). For the transcription regulatory
sequence of the viral leader sequence (TRS-L) dependent fusion
groups started at position 65, we found a strong signal motif
(TCTAAACG) (Figure 3A and Supplementary Table 4). In
addition, we found a highly frequent TRS-L independent fusions
that occurred at 5′ position 1073, which fused to multiple 3′
positions without the consistent splicing motif at 3′ locations
(Figure 3B and Supplementary Table 5). TRS-L dependent
fusion transcripts are known for the classical sgRNA being
formed with a heptameric template-switching signal motif
(TCTAAAC), which is critical for viral gene expressions in
coronavirus, as reported before COVID-19 outbreak (Wu and
Brian, 2010). Here, we reported a very similar, but one nucleotide
longer, motif in SARS-CoV-2 genomes (TCTAAACG in SARS-
CoV-2 vs. TCTAAAC in SARS-CoV). By manually checking the
reads being mapped to TRS-L independent fusions started at
1073 one by one in our data, we found that 14 patients had
high-quality reads being mapped to 1,073 (Table 2), and 5 out
of the 14 patients had the 5’ fusion reads at this position. The
clinical and sequence information of these 14 patients is provided
in Supplementary Table 1. Remarkably, all these 5 patients
unfortunately passed away (Table 2), suggesting that presence of
fusions with a 5′ position at 1073 might be associated with worse
outcome of COVID-19 patients.

DISCUSSION

Our results revealed that both epithelial cells and immune
cells were infected with the SARS-CoV-2. These immune
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FIGURE 2 | SARS-CoV-2 gene expression and RNA fusions in BALF samples. (A) Differential SARS-CoV-2 gene expression (measured by normalized average gene
expression) between the moderate and severe groups. (B) Expression of four SARS-CoV-2 genes (ORF1ab, ORF3a, N, and ORF10) in each infected cell. Each dot
represents an infected cell. (C) Levels of read coverages in different viral regions in each sample (left) and ratio of coverage of ORF10 vs. N (right, ORF10/N). The
unpaired t test was used for all the statistical tests.

FIGURE 3 | Major viral RNA fusions detected in infected cells. (A) TRS-L dependent RNA fusions. (B) The most frequent TRS-L independent RNA fusions with a 5’
position at 1073 in SARS-CoV-2 genome.

cells included macrophages, monocyte dendritic cells (mDCs),
plasmacytoid dendritic cells (pDCs), neutrophils, natural killers
(NK), plasma cells, and T cells. The infected epithelial cells
and macrophages were found in all moderate and severe cases,
indicating that the SARS-CoV-2 virulence could be involved in
immune and the related cells. The air way and lung epithelial cells
serve important functions as barrier protection for respiratory
tract. SARS-CoV-2 is known to infect lung epithelial cells through
membrane fusion mediated by binding of SARS-CoV-2’s spike
to ACE2 on cell surface (Sungnak et al., 2020; Ziegler et al.,
2020). Macrophages are the key phagocytes which can take
up pathogens. Our results showed that macrophages in all
COVID-19 cases were detectable by SARS-CoV-2 sequences. The

infected T cells were only found in the severe cases. Middle
East respiratory syndrome (MERS) coronavirus can infect T
lymphocytes and induce T-cell apoptosis through extrinsic and
intrinsic apoptosis pathways (Chu et al., 2016). Whether SARS-
CoV-2 also induces T cell apoptosis remains to be determined.
BPIFA1 was highly expressed in both moderate and severe
infected epithelial cells, which may play an important role in
regulating lung neutrophil infiltration interferon signaling during
acute inflammation (Britto et al., 2019).

By comparing SARS-CoV-2 mapped reads between severe and
moderate cases, we found that ORF10 was barely expressed in the
moderate cases, but it could be detected in high confidence in
the severe cases. The ratio of the short-read sequence coverage of
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TABLE 2 | Summary of fusion reads starting from SARS-CoV-2 position 1073 in each patient.

Sample name Type # Fusion reads # Total reads Proportion (%) Clinical outcome Source

S3 scRNA-seq 0 255 0 Cured BALF

S4 scRNA-seq 0 18 0 Cured BALF

S5 scRNA-seq 1 8 12.50 Death BALF

S6 scRNA-seq 23 410 7.80 Death BALF

Case1 Bulk RNA-seq 233 460 50.65 Death Autopsy

Case2 Bulk RNA-seq 1 1 100 Death Autopsy

Case5 Bulk RMA-seq 6 6 100 Death Autopsy

WIV02 Bulk RNA-seq 0 2 0 Cured BALF

WIV04 Bulk RNA-seq 0 13 0 Cured BALF

WIV05 Bulk RNA-seq 0 1 0 Cured BALF

WIV06 Bulk RNA-seq 0 5 0 Cured BALF

WIV07 Bulk RNA-seq 0 16 0 Cured BALF

Patient_1 Bulk RNA-seq 0 550 0 Cured BALF

Patient_2 Bulk RNA-seq 0 193 0 Cured BALF

The clinical and sequence information of these 14 patients is provided in Supplementary Table 1 (both scRNA-seq and bulk RNA-seq data).

ORF10 to that of N in the severe cases was 3.43-fold higher than
that in the moderate cases (p = 0.0062, Figure 2C). The biological
significance of the lack of ORF10 expression in infected cells of
moderate cases is not yet clear. A recent study on SARS-CoV-
2 sgRNAs in viral replication and gene expression in Vero cells
suggested that ORF10 might not be expressed as a protein (Kim
et al., 2020). Since ORF10 is located close to 3’ untranslated region
(UTR), it is possible that ORF10 may play a role in regulating
transcription or stability of viral sgRNAs. Some previous studies
indicated that single-strand virus RNA decays at 3’ UTR through
nonsense-mediated decay (Balistreri et al., 2014; May et al., 2018).
Because only one time point is used for moderate and severe
cases in this study, it is not clear whether the difference of ORF10
coverage between moderate and severe cases was related to the
decay of SARS-CoV-2’s sgRNA and/or gRNA during the disease
course. By further exploration of the SARS-CoV-2 reads, we
found numerous SARS-CoV-2 RNA genome fusion events in the
host cells, suggesting that splicing may be a critical evolutionary
mechanism for SARS-CoV-2 to adapt the host cells. Most of them
belonged to transcription regulatory sequence of the viral leader
sequence (TRS-L) dependent fusion groups, with a strong motif
(TCTAAACG). Among TRS-L independent fusions, we found
one fusion with a 5’ position at 1073. This fusion is most common
when compared to other TRS-L independent fusions, and it is
only detected in samples of dead cases. Our finding suggested
that the presence of these fusions could be associated with worse
outcome of COVID-19 patients.

In summary, through re-analysis of the datasets from a
recently published scRNA-seq of BALF samples from 9 COVID-
19 patients (3 moderate and 6 severe symptoms), we reported
that viral ORF10 was highly expressed in severe cases compared
to moderate cases. We also reported that the presence of TRS
leader sequence-independent fusion sequences with a 5’ joint
point at position 1073 of SARS-CoV-2 genome was associated
with the worst outcome of COVID-19 patients. These results
implicated that selective expressions of some viral transcripts
might help strengthen virulence If so, such a selective expression

might play roles in pathogenesis of COVID-19 and might be
used as markers for predicting disease progression and death
outcome. Nevertheless, there are several limitations in our results.
First, the sample size is very small – we used the scRNA-
seq data of bronchoalveolar lavage fluid samples from only
3 moderate patients and 6 severe patients to explore SARS-
CoV-2 viral gene expression in the infected cells. Due to the
difficulty in obtaining such tissues from COVID-19 patients,
this unique dataset is currently what we could find in the
field. Second, while the demographic background is consistent
(all the samples were collected from Shenzhen, China), age,
pre-existing conditions and other clinical factors could not be
fully addressed due to small sample size, as discussed in the
original study (Liao et al., 2020). The age in the severe case
groups was older than that in the moderate case groups, which
is consistent with the general clinical reports of older patients
having high risk to COVID-19 severity. Third, because the
sample size is very small, longitudinal data were not available,
and disease progression only covered two stages (moderate
and severe; though all the death outcome of the bulk RNA-
seq samples in Zhou et al. (2020) and Xiong et al. (2020)
studies was confirmed through personal communications.). It
remains unclear whether the observed difference was caused
by dynamic changes in different time course of SARS-CoV-
2 infection in patients. Further validation studies are required
before ORF10 expression or presence of 1073 fusions can be
used to predict disease progression for COVID-19. As more
SARS-CoV-2 genomes will be generated from infected samples
in the near future, we will validate our findings when such
data are released.
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The global coronavirus disease 2019 (COVID-19) pandemic is caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), which is one of seven human 
coronaviruses. G-quadruplexes are intrinsic obstacles to genome replication. Whether 
G-quadruplexes are present in human coronaviruses is unknown. In the current study, 
we have predicted that all seven human coronaviruses harbor G-quadruplex sequences. 
Conserved G-quadruplex sequences in SARS-CoV and SARS-CoV-2 were analyzed and 
verified by circular dichroism (CD) spectroscopy and Thioflavin T fluorescence assay. 
Similar to SARS-CoV, SARS-CoV-2 encodes an nsP3 protein, which is predicted to 
associate with G-quadruplexes. Targeting G-quadruplex sequences in the SARS-CoV-2 
genome by G-quadruplex ligands could be a new way to conquer COVID-19.
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INTRODUCTION

Ongoing coronavirus disease 2019 (COVID-19) pandemic has been a major global threat for 
human health (Lu and Zhang, 2020; Tu et  al., 2020), with over 20 million confirmed cases 
in over 200 countries and regions. COVID-19 is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), a betacoronavirus genus of Coronaviridae family. Among seven 
types of Coronaviridae family of viruses which could infect humans, HCoV-229E, HCoV-HKU1, 
HCoV-NL63, and HCoV-OC43 are common around the world, but SARS-CoV, MERS-CoV, 
and SARS-CoV-2 are more recent and rare.

Both SARS-CoV-2 and SARS-CoV are human SARS-related coronavirus (SARSr-CoVs). 
SARSr-CoVs have positive-stranded RNA genomes of about 30  kb in length, which encodes 
multiple proteins. One of the most complex tasks for all viruses is to replicate the entire 
genome. The replication rate of SARS-CoV-2 is higher than SARS-CoV (Chu et  al., 2020). 
However, the underlying mechanism is not clear. There are intrinsic obstacles to genome 
replication. For instance, the folding of G-rich sequences into G-quadruplex structures is 
one source of replication stress. G4 structures’ formation requires at least four or more 
contiguous runs of guanosine nucleotides exist in a short sequence. G-tetrads are formed 
around K+ ions through four Hoogsteen-type hydrogen bonds, and then the tetrads stack 
to adopt G4 structures (Figure  1A).

Recently, the important functions for virus G4 structures have been demonstrated. G4 structures 
in the long terminal repeat promoter of the human immunodeficiency virus (HIV) was critical 
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for promoter activity (Amrane et al., 2014; Perrone et al., 2014). 
A G4 structure in Epstein-Barr virus (EBV) functioned as a 
cis-acting regulatory region to translate EBV encoded nuclear 
antigen 1 (EBNA1) mRNA (Murat et  al., 2014). G4 structures 
have also been observed in human papillomavirus (HPV), 
hepatitis B virus (HBV), Nipah virus, hepatitis C virus (HCV), 
Zika virus, and Ebola virus (Ruggiero and Richter, 2020). These 
studies highlight a critical role for G4 structures in viruses.

Whether G4 structures are present in the genomes of human 
coronaviruses including SARS-CoV-2 is largely unknown. To 
address this question, we  analyzed human coronavirus RNA 
genomes and predicted several conserved G4. G4 ligands could 
be  developed as antiviral agents for human coronaviruses, 
including SARS-CoV-2, causing the current COVID-19 pandemic. 
Moreover, we  identified SARS-CoV-2 contains less G4 than 
SARS-CoV, which partially explains why SARS-CoV-2 replicated 
faster than SARS-CoV-2.

MATERIALS AND METHODS

Sequence Analysis
Genomes of bat SARSr-CoV, SARS-CoV, and SARS-CoV-2 
strains were downloaded from the NCBI virus database. Potential 
G4 forming sequences in human coronavirus genomes were 
predicted by QGRS mapper1 (Kikin et al., 2006) and Quadbase22 

1 http://bioinformatics.ramapo.edu/QGRS/index.php/analyze.php
2 http://quadbase.igib.res.in/TetraPlexFinder

(Parashar and Shantanu, 2016). The parameters were as below: 
max. length, 30; min. G-group size, 2; and loop size from 0 
to 12. Global genome alignment among human coronavirus 
was conducted using R package DECIPHER with default 
parameters (Wright, 2015). The results were exported in Fasta 
format and visualized in MEGA X. Sequence logos were 
generated by weblogo tools3 (Crooks et  al., 2004).

Thioflavin T Fluorescence Assay
Single strand RNA oligmers of conserved G4 sequences in 
SARS-CoV-2, as well as mutant sequences, were synthesized. 
The sequences were listed in Table  1. RNA oligmers were 
desolved in RNase free buffer containing 20  mM Tris-HCl 
and 40  mM KCl to a final concentration of 2  μM. Then the 
RNA solution was heated at 90°C for 5 min and slowly cooling 
down to room temperature. Thioflavin T (ThT) powder were 
bought from Aladdin Industrial Corporation and dissolved in 
the buffer above. Oligmers and ThT were mixed at final 
concentration 2 and 2  μM, respectively. The fluorescence at 
495  nm emission was collected after 425  nm excitation using 
SpectraMax microplate reader.

Circular Dichroism Spectrum
G4 RNA oligmers were dissolved in RNase free buffer containing 
20  mM Tris-HCl and 40  mM KCl to a final concentration of 
2  μM. Circular dichroism (CD) spectrum was collected by 
Chirascan V100 from wavelength 200 to 400  nm.

3 https://weblogo.berkeley.edu/logo.cgi

A

C

B

FIGURE 1 | Human coronaviruses genomic RNA possesses G-quadruplexes. (A) Schematic diagram of G-quadruplex structure. Guanines forming G-tetrad 
structure with a potassium ion inside for stable. (B) Numbers of predicted G-quadruplex forming sites in seven human coronaviruses. The red column represents the 
G-quadruplex numbers in positive strand, and the gray showed the number in negative strand. (C) Sequence features of human coronavirus genomes. Lane one to 
three, NCBI accession ID, names, and sequence length of genome reference sequences. Lane four to seven, the content of each base in genome sequences. Lane 
eight, GC content in genome sequences.
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Plasmids Construction and Primer 
Extension Assay
G4 sequences were inserted after start codon of green fluorescent 
protein (GFP) sequences and cloned into pCHA vector. Primers 
used for plasmid construction were below: forward primer for 
nsP10, 5'-CCGGAATTCATGGGTATGTGGAAAGGTTATGGCG 
TGAGCAAGGGCGCC-3'; forward primer for Sa, 5'-CCGGA 
ATTCATGGGTTGGACCTTTGGTGCAGGTGTGAGCAAGGG 
CGCC-3'; forward primer for N, 5'-CCGGAATTCATGGGC 
TGGCAATGGCGGGTGAGCAAGGGCGCC-3'; and reverse 
primer for nsP10, Sa, and N, 5'-CGCGGATCCTCACTTGTA 
CAGCTCATCCAT-3'. Primers used in primer extension assay 
were below: forward primer, 5'-GTGGAGCAATAGCAGAGCTC-3' 
and reverse primer, TCACTTGTACAGCTCATCCA-3'. These 
plasmids were used as PCR templates. N,N΄-(9-(4-(Dimethylamino)
phenylamino)acridine-3,6-diyl)bis(3-(pyrrolidin-1-yl)propanamide) 
(BRACO-19) and meso-5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)
porphine, Tetratosylate (TMPyP4) at concentrations of 0, 5, 10, 
20, and 40  μM were added into PCR reaction mixture. The 
PCR products were analyzed by electrophoresis in agarose gels 
stained with Gelred.

Protein Expression Assay
G4-based plasmids expressing GFP constructed above were 
transfected into 293T cells using PEI transfection reagent. Forty 
micromolar BRACO-19 and TMPyP4 were added into cells 4  h 
after transfection and the cell lysis and were collected to detect 
the expression level of GFP by SDS-PAGE followed by Western blot.

Structure Analysis
The 3D structure of the SARS-CoV-2 nsP3 SARS-unique 
domain (SUD) was obtained through homology modeling 
using the swiss-model4 (Waterhouse et al., 2018). The template 
was downloaded from the PDB database with PDB ID 2W2G 
(Tan et al., 2009). The superimposed image and atom distances 
were generated by chimera software (Downloaded from 
http://www.rbvi.ucsf.edu/chimera; Pettersen et  al., 2004).

4 https://swissmodel.expasy.org/

G4 Ligands
The previously reported G4 ligands with antiviral function were 
BRACO-19 (Read et  al., 1999), PHENdc3 (De Cian et  al., 
2007), IZCZ-3 (Hu et  al., 2018), PIPER (Fedoroff et  al., 1998), 
PDP (Müller et al., 2010), PDS (Rodriguez et al., 2008), TMPyP4 
(Parkinson et  al., 2007), c-exNDI (Collie et  al., 2012), and 
quarfloxin (Drygin et  al., 2009). The chemical structures were 
drawn using Chemdraw software.

RESULTS

Prediction of G4 Sequences in Human 
Coronaviruses
Genome sequences of MERS-CoV, SARS-CoV, SARS-CoV-2, 
HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1 were 
obtained from the NCBI nucleotide database. Genomes of bat 
SARSr-CoV as well as SARS-CoV and SARS-CoV-2 strains were 
downloaded from the NCBI virus database. Potential G4 forming 
sequences in human coronavirus genomes were predicted by 
QGRS mapper (Kikin et al., 2006). In both positive and negative 
strands, SARS-CoV-2 possessed less number of predicated G4 
and less GC content than SARS-CoV (Figures  1B,C and 
Supplementary Tables S1 and S2). SARS-CoV-2 with less G4 
sequences replicates faster because of less energy is required to 
bypass G4 structure.

Global genome alignment among human coronaviruses was 
conducted and conserved G4 forming sites were analyzed 
according to the corresponding position in genomes and 
confirmed manually (Supplementary Table S3). Further, another 
G4 prediction tool quadbase2 was used to confirm the conserved 
sequences, and the results were listed in Supplementary Table S4. 
As shown in Supplementary Table S3, the G4 sequences in 
ORF1ab were conserved in four coronaviruses, which were 
SARS-CoV, SARS-CoV-2, HCoV-OC43, and HCoV-229E. The 
G4 sequences in the S protein-coding region were conserved 
in five coronaviruses (SARS-CoV, SARS-CoV-2, MERS-CoV, 
HCoV-NL63, and HCoV-229E), including the three with highest 
mortality rates. G4 sequences are key RNA secondary structures 
in the viral genomes. Consequently, these conserved G4 sequences 
could be  interesting targets in developing of innovative drugs 
against human coronaviruses.

Interestingly, SARS-CoV and SARS-CoV-2 shared the most 
similar G4 sequences among human coronaviruses. Seven 
conserved G4 sequences in SARS-CoV and SARS-CoV-2 genomes 
were listed in Figure  2A, and the schematic diagram of G4 
sites were shown in Figure  2B. There were two in the nsP1 
coding region and three in S coding region, and the other 
two were in nsP10 and N coding regions. According to the 
SARS-CoV-2 genome annotation, we  identified the conserved 
position of G4 sequences (Figure  2A).

Conserved G4 sequences in SARSr-CoV were analyzed, 
including bat SARS-related coronavirus, SARS-CoV, and SARS-
CoV-2. The results showed that the seven G4 sites identified 
above were also conserved in bat SARSr-CoV (Supplementary 
Tables S5 and S6). To better visualize the conserved sequences, 

TABLE 1 | Sequences for ThT staining and CD spectrum.

Name G-quadruplex or mutant sequence

nsP1-a 5'-UGGCUUUGGAGACUCCGUGGAGGAGGU-3'
nsP1-b 5'-CGGUAAUAAAGGAGCUGGUGGC-3'
nsP10 5'-CGGUAUGUGGAAAGGUUAUGGC-3'
nsP10-m1 5'-CGGUAUGUAGAAAGGUUAUGGC-3'
nsP10-m2 5'-CGGUAUGUAAAAAGGUUAUGGC-3'
S-a 5'-UGGUUGGACCUUUGGUGCAGGU-3'
S-a-m1 5'-UGGUUAGACCUUUGGUGCAGGU-3'
S-a-m2 5'-UGGUUAAACCUUUGGUGCAGGU-3'
S-b 5'-UGGCUUAUAGGUUUAAUGGUAUUGGA-3'
S-c 5'-UGGCCAUGGUACAUUUGGCUAGGU-3'
N 5'-GGGCUGGCAAUGGCGGA-3'
N-m1 5'-GGGCUAGCAAUGGCGGA-3'
N-m2 5'-GGGCUAACAAUGGCGGA-3'
Positive 5'-AGGGCGGUGUGGGAAGAGGGAAGAGGGGGAGGCAG-3'
Negative 5'-GCGCGCGCUUUUGCGCGCGC-3'
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sequence logos were generated using the weblogo tool. Results 
in Figure 2C showed that critical G4 sequences were conserved 
in typical SARSr-CoV. To further explore G4 sequences’ evolution 
in SARS-CoV-2, all the SARS-CoV-2 strains available on the 
NCBI database (up to 8th April 2020) from different countries 
were downloaded and analyzed. Genome alignment was 
conducted using R package DECIPHER, and it turned out 
that G4 sites were highly conserved in SARS-CoV-2 strains 
(Supplementary Table S7 and Supplementary Figure S1). 
Finally, the conserved G4 sequences in all SARSr-CoV strains 
were aligned and logos were generated (Supplementary Figure S2), 
indicating that the G4 sequences were evolutionarily conserved. 
Our observation of the strong conservation of the G4 sites 
in SARSr-CoV genomes supports a hypothesis that these 
sequences are very important for SARSr-CoV.

Characterization of G-Quadruplex 
Structures
G4 structure-specific binding to ThT to induce its fluorescence 
(Renaud de la Faverie et al., 2014). Single strand RNA oligomers 
of these conserved sequences in SARS-CoV-2 were synthesized. 
ThT fluorescence assay results showed that these conserved 
sequences were adopted to form G4 structures in SARS-CoV-2 
genomes (Figure  3A).

Circular dichroism spectrum was employed to further confirm 
the existence of G4 structure in SARS-CoV-2 genome. All 
these seven conserved sequences have absorbance at about 
264 nm, indicating that G4 structures in SARS-CoV-2 genome 
were adopted to form parallel-strand topologies (Figure  3B). 

To analyze the effect of single guanine in the G4 region, 
single or two nucleotide mutations of nsP10, S-a, and N G4 
sequences were designed and oligomers were synthesized. The 
results in Figure  3C showed that the fluorescence signals of 
mutation oligomers were decreased significantly compared with 
that of wide type.

SARS-CoV-2 nsP3 Potentially Associates 
With G-Quadruplex Sequences
SARSr-CoV encodes an nsP3 protein, which possesses two SUD 
(M and N) capable of interacting with G4 sequences and potentially 
essential for unwinding G4 folds in RNA (Figure  4A; Kusov 
et  al., 2015). Stimulated structure of SUD from SARS-CoV-2 
nsP3 showed a similar structure to SARS-CoV SUD. Interestingly, 
an L-Y hydrophobic interaction in SARS-CoV-2 SUD replaced 
the disulfide bond in SARS-CoV SUD (Figure  4B). The two 
SUD from SARS-CoV-2 and SARS-CoV are conserved, indicating 
the co-evolution of nsP3 and G4 sequences (Supplementary 
Figure S3). The utility of SUD adds additional support for the 
importance of these genomic G4 folds in SARSr-CoV.

G-Quadruplex Ligands Block G4-Based 
Gene Expression
G4 ligands could stabilize RNA G4 and have been demonstrated 
to be  potential antivirus strategies for HIV, HBV, HCV, and 
Ebola virus (Ruggiero and Richter, 2018). Figure  5A listed 
the G4 ligands which have been reported to exert antiviral 
activities in the past few years. G4 sequences were present in 

A

B

C

FIGURE 2 | Severe acute respiratory syndrome-related coronavirus (SARSr-CoV) possesses G-quadruplexes. (A) Conserved G-quadruplex sequences in 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and SARS-CoV genomes. (B) A model of the conserved G-quadruplex forming sites in 
SARS-CoV-2 genome. (C) Sequence logos formed by G-quadruplex sequences in typical SARSr-CoV.
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A

B

C

FIGURE 3 | Characterization of G-quadruplex structures. (A) Thioflavin T (ThT) fluorescence assay for each conserved G-quadruplex sequences. *p < 0.05, 
**p < 0.01, and ***p < 0.001 based on the Student t-test. All results are from three independent experiments. Error bars, SD. (B) Circular dichroism (CD) spectrum of 
conserved G-quadruplex sequences.  (C) ThT fluorescence assay for G-quadruplex single or double mutations. m1, single guanine mutation; m2, double guanines 
mutation. *p < 0.05, **p < 0.01, and ***p < 0.001 based on the Student t-test. All results are from three independent experiments. Error bars, SD.

A B

FIGURE 4 | SARS-CoV-2 nsP3 potentially associates with G-quadruplex sequences. (A) Sequence alignment of nsP3 SARS-unique domain (SUD)-M and SUD-N 
in typical SARSr-CoV. The key amino acids in G-quadruplex binding were indicated in triangle. Green line is SUD-M, while red line is SUD-N. (B) SUD 3D structure 
superimpose of SARS-CoV and SARS-CoV-2. The enlarged image showed the atom distance between L516 and Y647 in SARS-CoV-2.
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human coronaviruses, and these G4 ligands may be  developed 
as potential drugs against SARS-CoV-2, SARS-CoV, and 
MERS-CoV.

Primer extension assay were performed to detect whether 
G4 stabilization affect DNA replication. Plasmids were constructed 
by inserting the G4 sequences into GFP gene after translation 
start codon ATG, and two primers were selected to amplify 
the GFP gene (Figure 5B). Two G4 binding ligands, BRACO-19 

and TMPyP4, were used to stabilize the G4 structure. As shown 
in Figure  5C, with the increase of treatment concentration, 
the yield of PCR product reduced. To further detect the influence 
of G4 structure in protein expression, plasmids constructed 
above were transfected into cells and GFP expression were 
examined in the presence or absence of G4 ligands. The results 
showed both BRACO-19 and TMPyP4 treatment decreased 
the expression of GFP inserted by G4 sequences (Figure  5D).

A

B

C

D

FIGURE 5 | G-quadruplex ligands BRACO-19 and TMPyP4 block G4-based gene expression. (A) G-quadruplex ligands with antiviral roles. (B) Schematic diagram 
of G-quadruplex containing plasmids construction and primer extension strategies. (C) PCR products of primer extension assay were observed by agarose 
electrophoresis. The concentrations of G-quadruplex ligands treatment were as indicated. (D) GFP expression level with or without treatment were detected through 
Western blot.

129

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


Cui and Zhang SARS-CoV-2 Possesses G-Quadruplexes

Frontiers in Microbiology | www.frontiersin.org 7 October 2020 | Volume 11 | Article 567317

DISCUSSION

Our study provides a paradigm for assessing G4 functions 
in viral genomes. Through computational search, different 
G4-forming sequences were predicted from the human 
coronaviruses including SARS-CoV-2. The formation of G4s 
was determined by CD spectroscopy and ThT fluorescence 
assay. The role of a G4  in gene expression was addressed 
using primer extension assay and Western blot. Overall, 
our results point to a potential role for G4s in controlling 
SARS-CoV-2 viral gene expression. The role of G4s in 
SARS-CoV-2 viral replication awaits further investigation. 
We believe that genome-wide analyses of G4s in more viruses 
will help us to establish a general link between virus life 
cycle and viral G4s.

G4 structures could hinder gene expression. SARS-CoV-2 
contains fewer predicated G4 than SARS-CoV (Figure  1B), 
which partially explains why SARS-CoV-2 replicates faster than 
SARS-CoV. G4 sequences are potential antiviral targets. We showed 
G4 ligands including TMPyP4 and BRACO-19 could inhibit 
G4 reporter expression (Figure  5D), indicating that G4 ligands 
could inhibit G4-contaning virus genome replication.

SARS-CoV-2 G4 could be  used to develop tools for 
SARS-CoV-2 studies. G4 has been applied to detect HCV 
(Luo et  al., 2019) and HIV (Sontakke and Srivatsan, 2020). 
Likewise, G4 could be  developed as a potential biosensor for 
SARS-CoV-2 detection. G4 is applied to set up HCV helicase 
assay (Leung et  al., 2015). In the future, G4 might be  used 
to measure SARS-CoV-2 nsP13 helicase assay.

Many viral proteins associated with virus-encoded G4. HIV-1 
nucleocapsid protein NCp7 binds and unfolds the HIV-1 G4 
and promotes reverse transcription (Butovskaya et  al., 2019). 
HCV helicase NS3 unwound viral G4 (Leung et  al., 2015). 
SUD domains of SARS-CoV nsP3 were shown to bind to viral 
G4 (Tan et al., 2009) and play a critical role in viral replication 
and transcription (Kusov et  al., 2015). Based on the similarity 
of SARS-CoV SUD and SARS-CoV-2 SUD (Figure  4B), nsP3 
from SARS-CoV-2 was predicted to associate with viral G4 
through SUD domain. Moreover, it is possible that SARS-
CoV-2 helicase nsP13 may unwind viral G4 to enhance 
viral replication.

Viral G4 also associated with host proteins. Cellular nucleolin 
interacted with viral core G4 to suppress HCV replication 
(Bian et  al., 2019). Nucleolin directly binds to EBV G4  in 
EBNV1 mRNA sequence to inhibit EBNV1 protein expression 
(Lista et  al., 2017). Nucleolin stabilizes the HIV-1 LTR G4s, 
and the human ribonucleoprotein A2B1 (HnRNP A2/B1) unwinds 

the G4s to promote HIV-1 transcription (Scalabrin et al., 2017). 
Whether host proteins interact with G4 of SARS-CoV-2 remains 
inconclusive. In the future, we will identify host proteins involved 
in the function of SARS-CoV-2 G4.

In summary, our results have predicted that all seven human 
coronaviruses harbor G4 sequences, indicating that G4 structures 
are crucial elements in the genomes of human coronaviruses. 
Thus, targeting G4  in viral genomes is a new way to develop 
antiviral agents. Analysis through genome alignment demonstrated 
that SARS-CoV and SARS-CoV-2 contained seven conserved 
G4 sequences. ThT fluorescence assay and CD spectroscopy 
showed that these conserved G4 sequences in SARS-CoV-2 
were able to form G4 folds. Whether these G4s are important 
for maintaining global genome structure remains an open 
question. Further studies are needed to better understand 
these G4s in human coronaviruses and, more specifically, 
the SARS-CoV-2.
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Malaria is the most deadly parasitic disease, affecting hundreds of millions of people

worldwide. Malaria parasites have been associated with their hosts for millions of years.

During the long history of host-parasite co-evolution, both parasites and hosts have

applied pressure on each other through complex host-parasite molecular interactions.

Whereas the hosts activate various immune mechanisms to remove parasites during

an infection, the parasites attempt to evade host immunity by diversifying their genome

and switching expression of targets of the host immune system. Human intervention to

control the disease such as antimalarial drugs and vaccination can greatly alter parasite

population dynamics and evolution, particularly the massive applications of antimalarial

drugs in recent human history. Vaccination is likely the best method to prevent the

disease; however, a partially protective vaccine may have unwanted consequences that

require further investigation. Studies of host-parasite interactions and co-evolution will

provide important information for designing safe and effective vaccines and for preventing

drug resistance. In this essay, we will discuss some interesting molecules involved

in host-parasite interactions, including important parasite antigens. We also discuss

subjects relevant to drug and vaccine development and some approaches for studying

host-parasite interactions.

Keywords: Plasmodium, genome diversity, population, vaccine, immunity, selection

INTRODUCTION

Malaria Parasites, Life Cycle, and Genome
Malaria is a parasitic disease caused by Plasmodium species (spp.), unicellular protozoan organisms
in the phylum of Apicomplexa. The species that infect humans include Plasmodium falciparum,
P. vivax, P. malariae, P. knowlesi, and P. ovale, with P. ovale recently recognized as two sub-
species called Plasmodium ovale curtisi (classic type) and Plasmodium ovale wallikeri (Sutherland
et al., 2010). Whereas, P. vivax is the most widespread species, P. falciparum is the most deadly
to humans. There are several other species of malaria parasites that infect non-human primates
including multiple species that infect African apes, and others that infect Asian and New World
monkeys (Escalante et al., 2005; Liu et al., 2010; Boundenga et al., 2015; Martinelli and Culleton,
2018; Galinski, 2019). There are alsomalaria parasites of rodents such as P. berghei, P. chabaudi, and
P. yoelii, often used as animal models of malaria, as well as parasites that infect birds (P. gallinaceum
and P. relictum) (Duval and Ariey, 2012; Ramiro et al., 2012; Fecchio et al., 2020), lizards, bats, and
ungulates (Schall, 1982; Schaer et al., 2013; Templeton et al., 2016; Galen et al., 2018). Human
malaria cases are mostly reported in tropical and subtropical regions, particularly in Africa, south
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and southeast Asia, and south and central America. In 2018, an
estimated 228 million cases of malaria occurred worldwide, with
∼213 million (or 93%) in Africa (WHO, 2019).

Human malaria infections start with a bite from an infected
female Anopheles mosquito, injecting sporozoites into the skin
of a host (Figure 1). The sporozoites move to the liver through
blood vessels and then traverse liver sinusoidal endothelial
cells or Kupffer cells to infect hepatocytes (Baer et al., 2007;
Tavares et al., 2013). Inside a hepatocyte, a parasite divides into
thousands of merozoites through a process called schizogony.
Mature merozoites enter the bloodstream after rupture of the
infected hepatocyte and invade erythrocytes, starting a new cycles
of schizogony within red blood cells (RBCs) which includes
asexual replication of their haploid genome. Within RBCs
parasites develop through ring, trophozoite, and schizont stages.
The resulting mature schizont is segmented in appearance and
contains 16–32 daughter merozoites. The infected RBC (iRBC)
ruptures, releasing the daughter sporozoites to invade new RBCs.
This cycle of erythrocytic development takes approximately 24 h
for P. knowlesi, 48 h for P. falciparum, P. vivax, and P. ovale, and
72 h for P. malariae. In addition to merozoites, ruptured iRBCs
also release various by-products of parasite metabolism such as
hemozoin formed when the parasite digests hemoglobin. The
release of parasite materials also triggers host responses leading
to various clinical symptoms, including fever, chills, headache,
dizziness, back pain, and myalgia (Ashley et al., 2018). Some
patients may progress to severe malaria with coma (cerebral
malaria), pulmonary edema, acute renal failure, jaundice, severe
anemia, acidosis, hypoglycemia, and death (Trampuz et al.,
2003; Sypniewska et al., 2017; Luzolo and Ngoyi, 2019). In
response to changes in the host environment such as variation
in metabolites and immune factors (Josling and Llinas, 2015;
Brancucci et al., 2017), some of the parasites differentiate into
sexual stages termed male and female gametocytes. When a
mosquito takes a bloodmeal from an infected host, gametocytes
will undergo sexual development in the midgut of the mosquito.
Within minutes of entering the mosquito midgut, male and
female gametocytes differentiate into male and female gametes
that fertilize to form zygotes and then into motile ookinetes.
Ookinetes penetrate through the mosquito midgut wall to
develop into oocysts containing thousands of sporozoites.
Mature sporozoites migrate to salivary glands and are injected
into a new vertebrate host when the mosquito bites again,
completing the life cycle.

The genomes of many malaria parasites infecting humans (P.
falciparum, P. vivax, P. ovale, P. malariae, P. knowlesi), non-
human primates (P. reichenowi, P. praefalciparum, P. blacklocki,
P. adleri, P. billcollinsi, P. gaboni, P. cynomolgi, P. coatneyi, P.
inui, and P. fragile), rodents (P. berghei, P. yoelii, P. chabaudi,
and P. vinkei) and birds (P. relictum and P. gallinaceum) have
been sequenced and analyzed (Shutler et al., 2005; Pain et al.,
2008; Otto et al., 2014a,b, 2018; Lauron et al., 2015; Ansari et al.,
2016; Auburn et al., 2016; Sundararaman et al., 2016; Pasini et al.,
2017; Rutledge et al., 2017; Bohme et al., 2018; Su et al., 2019).
Malaria parasites have relatively small haploid genomes, ranging
from 20 to 35 megabases (Mb) that contain 14 chromosomes, a
circular plastid genome of ∼35 kb, and multiple copies of a 6-kb

mitochondrial DNA (Gardner et al., 2002; Otto et al., 2014a,b;
Auburn et al., 2016; Pasini et al., 2017; Bohme et al., 2018). The
homologous genes in different species of malaria parasites are
often found in syntenic blocks arranged in different order on the
chromosomes (Carlton et al., 2005; Kooij et al., 2005). For more
information on Plasmodium genome and genomics associated
with parasite development, diseases, diagnosis, epidemiology,
and vaccine development please consult (Kirchner et al., 2016;
Bourgard et al., 2018; Escalante and Pacheco, 2019; Galinski,
2019; Garrido-Cardenas et al., 2019; Su et al., 2019; Videvall,
2019).

EVOLUTION AND ADAPTATION OF
MALARIA PARASITES IN GREAT APES

Origin of P. falciparum
Our understanding of the host-parasite interactions involved
in the emergence of P. falciparum in humans has been greatly
enabled by the discovery of multiple closely related malaria
species in African apes beginning in the early 2000s. Three
malaria species morphologically similar to P. falciparum were
described in African apes during the last century (Reichenow,
1920; Blacklock and Adler, 1922; Adler, 1923), and of these
only one, P. reichenowi, had been sequenced (Neafsey et al.,
2005). This picture began to change with the discovery of a
new malaria species identified in chimpanzees kept as pets
in a village in Gabon (Ollomo et al., 2009). Based on the
complete mitochondrial genome this parasite was found to fall
within the Laverania subgenus that includes P. reichenowi and
P. falciparum. A number of other studies quickly followed,
leading to the discovery of additional novel malaria species, and
a rethinking of the origin of P. falciparum in humans. DNA
sequences of the cytochrome oxidase b (cyt b) gene in samples
from a combination of both wild-living and captive chimpanzees
and gorillas showed an unexpectedly diverse collection of
Plasmodium lineages circulating in African apes, suggesting that
P. falciparum likely originated from P. reichenowi via a single
transfer event from chimpanzees to humans (Prugnolle et al.,
2010). Sequencing of the Plasmodiummitochondrial genome and
two nuclear genes, dihydrofolate reductase-thymidylate synthase
(dhfr-ts) and the gene encoding the merozoite surface protein 2
(msp2), from blood samples of captive chimpanzees and bonobos
in Uganda and the Democratic Republic of Congo identified
two new Plasmodium species, and led the authors to conclude
that P. falciparum arose in bonobos (Pan paniscus) (Krief et al.,
2010). Yet another study of a small number of chimpanzees and
gorillas from Cameroon previously kept as pets targeted two
mitochondrial genes (cytb and cox1), one plastid gene (tufA), and
one nuclear gene (ldh), and purportedly found P. falciparum in
both chimpanzee and gorilla blood samples (Duval et al., 2010).

The contradictory findings on the origin of P. falciparum
could be explained in part by sampling limitations, including
small sample sizes and a general reliance on captive animals
which introduces the possibility of contemporary infection by
humans. These concerns were addressed in a large-scale study
of non-invasive samples from wild-living chimpanzees, gorillas,
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FIGURE 1 | Life cycle of malaria parasites. Malaria parasite infection starts with a mosquito bite injecting sporozoites into human body where the parasites travel to

liver and invade hepatocytes. After replication in liver cells, thousands of mature merozoites are released into blood stream and invade red blood cells (RBCs). The

parasites then replicate in RBCs that subsequently rupture, releasing more merozoites to invade new RBCs for another cycle. Malaria symptoms correlate with the

rupture of infected RBCs. A small number of merozoites develop into male and female gametocytes after invading new RBCs. Gametocytes differentiate into male and

female gametes in the mosquito midgut when another mosquito takes a blood meal. Male and female gametes fertilize to produce zygotes that develop into motile

ookinetes and oocysts after penetrating the mosquito midgut. A large number of sporozoites from each oocysts moves to salivary glands and are injected into a new

human host when the mosquito bites again.

and bonobos throughout central Africa (Liu et al., 2010).
Mitochondrial, apicoplast, and nuclear genes from over 1,000
samples were sequenced, and most infected samples were found
to contain multiple genetically diverse parasites, highlighting
another potential problem with the previous studies. In samples
with multiple genetically diverse parasites, conventional PCR
methods risk generating recombinant artifacts that could mislead
the data. To guard against this, samples were subjected to limiting
dilution such that each positive PCR reaction contained no
more than a single parasite. Using this approach, the number
of host-specific parasite species within the Laverania subgenus
was increased to seven: P. gaboni, P. billcollinsi, and P reichenowi
in chimpanzees; P. praefalciparum, P. blackloci, and P. adleri in
gorillas; and P. falciparum in humans (Liu et al., 2010). One

additional parasite species, Plasmodium lomamiensis, was later
identified in bonobos (Liu et al., 2017). P. praefalciparum in
western gorillas was found to be genetically nearly identical to
P. falciparum, which formed a monophyletic clade (Figure 2),
strongly suggesting that the P. falciparum derived from a host
switch from gorillas to humans. Genome sequences from P.
reichenowi and two P. gaboni parasites would later allow for
an estimation of the genetic diversity of these two species
(Sundararaman et al., 2016). Both P. reichenowi and P. gaboni
were estimated to be at least 10Xmore diverse than P. falciparum,
strongly suggesting a relatively recent origin for P. falciparum.
This was confirmed when additional Laverania genomes were
used to estimate the divergence of P. falciparum and P.
praefalciparum to be 40,000–60,000 years ago (Otto et al., 2018).
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FIGURE 2 | Relationship among the Laverania species, adapted from Figure 1A in Plenderleith et al. (2019). Icons indicate the parasites usual host species: gorillas

(Gorilla gorilla), chimpanzees (Pan troglodytes), bonobos (Pan paniscus), and humans. The tree was derived by maximum likelihood analysis of a 3.4 kb region of the

mitochondrial genome (see Supplementary Figure 1A in Liu et al., 2010).

Additionally, the successful jump to humans by P. falciparum
appears to have involved multiple parasites over time rather than
a single event (Otto et al., 2018). The relationships of Laverania
species based on maximum likelihood analysis of a 3.4 kb region
of the mitochondrial genome are presented in Figure 2.

Molecular Basis of Host Trophism and
Adaptation to Humans
The Laverania exhibit strong host trophism, with each parasite
species infecting a single host species, although rare host
switching events have occurred. Host trophism is not seen to the
same extent in malaria parasites that infect Asian primates (P.
cynomolgi and P. knowlesi). Barriers restricting parasite species
to a single host species could exist at any of the host-parasite-
vector interfaces, although considerable attention has focused
on host-parasite interactions during the blood stage, specifically
erythrocyte invasion (Martin et al., 2005; Rich et al., 2009;
Rayner et al., 2011; Wanaguru et al., 2013; Galaway et al., 2019;
Plenderleith et al., 2019; Proto et al., 2019).

The production of a greatly improved P. reichenowi reference
genome, as well as a partial genome of P. gaboni, allowed
for the use of comparative genomics to look for genetic loci

involved in host restriction. The genomes of P. reichenowi,
P. gaboni, and P. falciparum showed good conservation and
synteny, but with striking differences in some erythrocyte
invasion loci (Otto et al., 2014b). A large-scale genomics study
of Laverania including multiple genomes from all known species
found evidence for three interspecific gene transfers (Otto et al.,
2018), one which would later be challenged by a reanalysis
of the sequence reads (Plenderleith et al., 2019). Several genes
involved in either invasion or pathogenesis were fixed in parasites
infecting the different primate hosts (Otto et al., 2018). Both
a gene transfer event (Sundararaman et al., 2016) and an
ancient introgression involving some erythrocyte invasion and
surface protein genes (Otto et al., 2018) may have laid the
groundwork for P. falciparum’s host switch to humans. There
is strong evidence of a horizontal transfer of an 8 kb region of
chromosome 4 from P. adleri to the ancestor of P. falciparum,
although disagreements exist as to whether the 8 kb fragment
containing Rh5 resulted from introgression or a horizontal
transfer event (Sundararaman et al., 2016; Galaway et al., 2019).
This region contained two erythrocyte invasion genes encoding
the reticulocyte-binding-like homologous protein 5 (RH5) and
the cysteine-rich protective antigen (CyRPA). RH5 differs from
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the other members of the RH family in that it is a secreted rather
than a membrane-tethered protein and cannot be genetically
deleted in any P. falciparum. A combination of ancestral sequence
reconstruction and quantitative protein interaction assays was
used to investigate the role of RH5 in the emergence of P.
falciparum in humans (Galaway et al., 2019). Probabilistic-based
approaches to deduce the likely sequence of the rh5 gene in
the common ancestor of P. falciparum and P. praefalicarum
converged on a single sequence, which the authors termed the
ancestral introgressed Rh5 gene (IntRh5). P. falciparum RH5 and
its orthologs were expressed as soluble recombinant proteins,
and the binding affinities of RH5 orthologs for human, gorilla,
and chimpanzee basigins were quantified using surface plasmon
resonance (SPR) and confirmed with cell-based binding assays.
Surprisingly, IntRH5 protein was found to bind to human and
gorilla basigin with similar affinities. This promiscuous receptor-
binding phenotype was also observed in all parasites belonging to
clade A (P. adleri and P. gaboni) but not in parasites belonging
to clade B (P. billcollinsi, P. reichenowi, P. preafalciparum). As
P. falciparum is restricted to humans with no African apes
having been found to be naturally infected with this parasite,
the question remains as to how this restriction occurred if the
ancestral character state was permissive. Others have shown
that recombinant PfRH5 does not interact with gorilla basigin,
and only weakly interacted with chimpanzee basigin (Wanaguru
et al., 2013). Galaway et al. (2019) identified six mutations
separating IntRh5 and PfRh5. A single mutation at residue 200
resulted in the complete loss of PfRH5 binding to gorilla basigin,
suggesting that the host switch from gorillas to humans involved
at least two steps, one in which erythrocytes from both hosts
could be infected, followed by restriction in humans (Otto et al.,
2018).

The erythrocyte binding-like (EBL) gene family also
plays a critical role in erythrocyte invasion through the
recognition of glycophorins, the predominant sialoglycoprotien
on the erythrocyte surface. Different EBLs recognize different
gylcophorins; for example, PfEBA175 recognizes glycophorin A,
and invasion of human erythrocytes by P. falciparum is heavily
reliant on this EBL. The potential for sialic acid recognition to
play a role in the exclusion of P. falciparum from chimpanzees
and P. reichenowi from humans was recognized and investigated
prior to the discovery of multiple Laverania species in African
apes (Martin et al., 2005). The P. falciparum EBL165 gene
(PfEbl165) is a pseudogene due to a frame-shift mutation in
all known P. falciparum isolates studied so far (Proto et al.,
2019). In contrast, all Ebl165 homologs in ape Laverania species
encode an intact protein (Otto et al., 2014b, 2018; Sundararaman
et al., 2016). Due to a mutation in the gene encoding cytidine
monophospho-N-acetylneuraminic acid hydroxylase (CMAH),
human erythrocytes produce only Neu5Ac sialic acids whereas
ape erythrocytes produce both Neu5Ac and Neu5Gc. EBA165
binding is dependent on the specific sialic acid repertoire
displayed, and the absence of ape-specific Neu5Gc sialic
acid on human RBCs is sufficient to prevent PfEBL165 from
binding to them (Proto et al., 2019). CRISPR-Cas9 mediated
correction of the frameshift mutation in PfEbl165 led to the
epigenetic silencing of a small number of genes in two regions

of chromosome 4 and 11 that included PfEbl165 itself and PfRh4
(another invasion gene) (Proto et al., 2019). It appears as though
a functional PfEBL165 is not compatible with robust growth
of P. falciparum in humans, suggesting that the inactivation of
this gene may have contributed to the parasites’ establishment
in this host. As an increasing number of candidate loci are
studied, it is becoming clear that a single molecular event is not
sufficient to explain the emergence of P. falciparum as a human
pathogen. Accumulating evidence suggests that RH5, EBL165,
other members of the RH5 complex, invasion proteins, and
possibly exported proteins that remodel the infected erythrocyte
surface all contribute to host specificity and tropism. Gene
transfers between Plasmodium species have played an important
role in the parasite evolution and host-parasite interactions
(Plenderleith et al., 2019).

HOST-PARASITE INTERACTION AND
EVOLUTION

Highly Polymorphic Immune Targets
Malaria parasites trigger an immune response the moment when
they enter a host. To survive in this hostile environment, the
parasite displays a range of strategies to evade host killing
mechanisms, including variations in antigen epitopes targeted
by host immune machinery and interference or suppression of
specific arms of the host immune response (Recker et al., 2011;
Yam and Preiser, 2017; Larsen et al., 2018; Xia et al., 2018).
One of the consequences of these host-parasite interactions is
increased genetic diversity at genes encoding proteins under
host immune selection (Figure 3A), leading to genetic signatures
of diversifying selection in the parasite genome. Some highly
polymorphic genes include those encoding proteins such as the
apical membrane antigen 1 (AMA1), merozoite surface protein
1 (MSP1), and circumsporozoite protein (CSP). These highly
polymorphic genes as well as genome-wide polymorphisms such
as single nucleotide polymorphisms (SNPs) and microsatellites
(MSs) have been used for genotyping parasite strains, tracking
parasite migration and disease outbreak, studying parasite
molecular evolution, and evaluating host immune response and
vaccine efficacy (Ranjit and Sharma, 1999; Volkman et al., 2001,
2007; Mu et al., 2002; Wootton et al., 2002; Joy et al., 2003;
Jeffares et al., 2007; Ouattara et al., 2010; Drew et al., 2012;
Tanabe et al., 2015; Dewasurendra et al., 2018; Stone et al.,
2018). The high levels of genetic polymorphisms in immune
targeted genes also provide signatures to identify potential
vaccine candidates, particularly signatures of balancing selection
within parasite populations (Mu et al., 2007; Tetteh et al., 2009;
Ochola et al., 2010; Weedall and Conway, 2010; Amambua-
Ngwa et al., 2012; Conway, 2015). For example, Tetteh et al.
(2009) compared methods for prospectively identifying genes
under balancing selection using 26 genes known or predicted
to encode merozoite surface-exposed proteins and concluded
that significant evidence of balancing selection could be detected
using Hudson-Kreitman-Aguade (HKA) and Tajima’s D (TjD)
tests. In another study, high throughput sequencing of 65 clinical
isolates from an endemic Gambian population identified 337
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FIGURE 3 | Potential impacts of host-parasite interactions and human intervention measures on parasite populations and evolution. (A) Host immunity will pressure

parasites to diversify and/or express different sets of variant antigen genes, increasing diversity at immune targets. (B) A partially protective vaccine may selectively

remove a specific parasite strain from the population. (C) Drug treatment will reduce population diversity by removing the drug sensitive parasites and selecting for one

or a few drug resistant parasite clones that may then spread to many endemic regions. (D) Parasites passing through mosquitoes may generate new progeny through

genetic recombination and chromosomal reassortment, reset gene expression profile particularly those related to parasite survival, and select for clones that are better

adapted to specific mosquito species.

genes with at least three SNPs that had Tajima’s D values > 0,
including 25 genes with Tajima’s D values > 1.5 (Amambua-
Ngwa et al., 2012). However, the use of highly polymorphic
antigens as vaccines for protection against malaria is challenging
because antibody responses to these molecules are generally
allele-specific or strain-specific (Graves et al., 2016; Laurens
et al., 2017), which represents one of the major roadblocks for
developing an effective malaria vaccine.

Diversity and Evolution of Gene Families of
Malaria Parasites
The var Genes

In addition to highly polymorphic antigen genes, there are
many polymorphic gene families in the Plasmodium genomes
such as the P. falciparum var genes, SICA (Schizont Infected
Cell Agglutination) var (SICAvar) genes in P. knowlesi, and
the Plasmodium interspersed repeat (pir) multigene family,
which include P. falciparum repetitive interspersed (rif ) and
subtelomeric variant open reading frame (stevor), found in all
Plasmodium species (Su et al., 1995; Cunningham et al., 2010;
Jemmely et al., 2010; Wahlgren et al., 2017; Galinski et al.,
2018). Indeed, large multigene families are present in many
Apicomplexa parasites (Reid, 2015). These gene families evolve
at high rates and play critical roles in antigenic variation and

immune evasion. The var genes encode P. falciparum erythrocyte
membrane protein 1 (PfEMP1) proteins (Howard et al., 1988;
Baruch et al., 1995; Su et al., 1995). Switches in expression
among an estimated 60 var genes in every single parasite have
been shown to correlate with variation in antigenic determinants
that bind to different host receptors such as ICAM-1, CD36,
EPCR, and other receptors (Smith et al., 1995; Wahlgren et al.,
2017; Jensen et al., 2020). The binding of PfEMP1 proteins
to host receptors is responsible for cytoadherence of infected
erythrocytes (iRBCs) and the pathogenicity of severe malaria,
particularly cerebral malaria (Smith et al., 2013; Jensen et al.,
2020). The P. falciparum parasite evades host immunity via
mutually exclusive expression (e.g., only one PfEMP1 is expressed
on the surface of an iRBC at a time) of the highly diverse
var family representing an almost unlimited gene pool at the
parasite population level (Su et al., 1995; Chen et al., 1998;
Hviid and Jensen, 2015; Deitsch and Dzikowski, 2017). Switches
of var gene expression have been demonstrated in infections
of human volunteers (Peters et al., 2002; Bachmann et al.,
2019). Several mechanisms to explain the mutually exclusive
var expression have been reported, including: (1) cis-acting
DNA elements (promoters, silencers, activators) and anti-sense
RNA transcripts acting to silence or activate the var genes;
(2) epigenetic regulation through the presence or absence of
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specific epigenetic marks; (3) locations of the var genes in
specific subnuclear compartments; (4) coordination between
members of the var family to ensure activation of a new gene
while simultaneously silencing of the previously active gene at
the same time (Deitsch and Dzikowski, 2017). Similarly, there
are also several potential mechanisms for the generation of
new var genes and maintenance of the var gene repertoire.
Although each parasite carries a set of approximately 60 var
genes, a parasite strain usually has a unique set of var genes
with diverse sequences that differ from those of other strains
(Trimnell et al., 2006; Chen et al., 2011; Claessens et al., 2014;
Day et al., 2017; Ruybal-Pesantez et al., 2017). In fact, it was
reported that every child infected with P. falciparum had a
unique var DBLα repertoire (Ruybal-Pesantez et al., 2017), and
some specific types of homologous blocks or motifs have been
associated with severe diseases (Avril et al., 2013; Rorick et al.,
2013). Considering frequent mixed infection of multiple parasite
strains in an individual patient in endemic regions (Conway et al.,
1991; O’Brien et al., 2016; Zhu et al., 2019), the var gene repertoire
in the parasite populations of an individual patient or in a village
can be quite large.

What are the forces or mechanisms driving the high diversity
of the var genes? Since the PfEMP1 proteins are expressed
on the iRBC surface, they are expected to be under strong
immune selection. In addition to switches in expression to
different var genes, one obvious mechanism to evade immune
recognition is substitutions of critical amino acids at antigenic
epitopes. A second mechanism for generating var gene diversity
is the production of hybrid copies of var genes through genetic
recombination during meiosis in the mosquito host. If genetic
recombination is the major driving force, then sequencing
parasite strains in mixed infections from an individual patient
would reveal shared haplotypes and breakpoints in some
var genes among parasite strains from a mixed infection.
Interestingly, transmission through a mosquito also resets the
var gene switching process (Peters et al., 2002), suggesting that
going through mosquitoes or a sexual cycle can change var gene
expression profile and may also alter var gene composition in the
genome at the same time. A third mechanism is generation of
recombinant var genes through somatic recombination during
asexual replication. Recombination events such as duplicative
transposition of specific sequences were observed during parasite
transformation in in vitro culture (Frank et al., 2008). By
constructing large parasite clone trees and performing whole
genome sequence analysis of var gene sequences in asexually
replicating parasites, Claessens et al. (2014) found that the
Var exon 1 recombined in a rate up to 0.2% of infected
erythrocytes in vitro per life cycle, suggesting that var gene
sequence polymorphism could be mainly generated during the
asexual part of the life cycle (Claessens et al., 2014). Using
targetedDNAdouble-strand breaks (DSBs) and long-read whole-
genome sequencing, Zhang et al. (2019) showed that a cascade of
recombination events could occur starting at a single DNA break
within a subtelomeric region generating multiple new var genes
(Zhang et al., 2019).

What is the mechanism mediating somatic recombination?
One possible way of generating recombinant var genes during

the asexual cycle is through microhomology-mediated end
joining (MMEJ), involving alignment of microhomologous
sequences flanking a DNA break and subsequent removal of
the intermediate sequences (Grajcarek et al., 2019). Because
of the absence of enzymes necessary for non-homologous end
joining in Plasmodium, repair of DNA breaks generally required
homologous templates (Lee et al., 2014). However, an end
joining pathway for repair of DSBs without the presence of
homologous sequence was observed in P. falciparum, with the
repair junctions frequently containing short insertions in the
surrounding sequences (Kirkman et al., 2014), suggesting that
MMEJ may play a role in these events. Various enzymes for
MMEJ are indeed present in P. falciparum parasites (Lee et al.,
2014). Recently, MMEJ was shown to function in the P. yoelli
genome and was able to generate a large number of deletion or
insertion mutants of varying sizes in the central repeat region
of P. yoelii CSP gene (Xu et al., 2019). Therefore, homologous
regions among the different copies of the var genes may act as
templates during DSB repair, leading to deletion, insertion, and
translocation of repetitive DNA sequences and rapid evolution of
new var genes.

The var genes have a GC content much higher than those
of other protein coding genes in the P. falciparum genome
(∼34% vs. 20%), and how the genes with high GC content
originated and are maintained in a genome with a high AT
content remains largely unknown (Su et al., 1995; Gardner
et al., 2002). One potential explanation is that the var gene
came from the parasite hosts (humans and mosquitoes) through
horizontal gene transfer; however, there is no evidence that
the host genomes contain genes with structures and/or protein
motifs observed in the PfEMP1. The var genes are not even
present in the other humanmalaria parasites such as Plasmodium
vivax,whose genome has high GC content in its genome (Carlton
et al., 2008; Chan et al., 2015). Because var genes contain Duffy
binding-like (DBL) domains that are also present in another gene
family encoding erythrocyte invasion ligands (EBL proteins), it
has been proposed that the var genes might have originated
from the EBL genes (Smith et al., 2013). The var genes are
also present in the Laverania parasites infecting African great
apes (P. praefalciparum, P. blacklocki, P. adleri, P. billcollinsi, P.
gaboni, and P. reichenowi) (Rask et al., 2010; Otto et al., 2014b,
2018; Laurens et al., 2017). Therefore, the var genes were already
present when P. falciparum diverged from P. preafalciaprum to
emerge as a human parasite 40,000–60,000 years ago (Otto et al.,
2018). The question as how the var genes initiated in the ancestor
remains unanswered. If var genes were derived from the genes
containing DBL domains, why similar gene family expansion
events did not occur in other malaria parasite species?

The pir Genes

Similar to the var genes, the pir multigene family is likely under
host immune pressure and plays an important role in immune
evasion (Cunningham et al., 2010). The pir gene family derives its
name from the first initial of the parasite species name followed
by “ir,” an abbreviation for interspersed repeat: yir for P. yoelii
genes; bir for P. berghei genes; vir for P. vivax genes, and so on
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(Cunningham et al., 2010). Gene families of stevor, rif, and PfMC-
2TM in P. falciparum were classified as pir gene families because
of similar gene structures and sequence similarity in some introns
(Janssen et al., 2002). The pir genes have a conserved three-
exon structure, including a short first exon, a long second exon
encoding conserved cysteine residues and a transmembrane
domain, and a conserved third exon encoding cytoplasmic
domain (Janssen et al., 2002). The pir genes aremostly distributed
in the subtelomeric regions of chromosomes (except kir in P.
knowlesi) with gene copies numbering from a few dozen to more
than 800 (Cunningham et al., 2010). Distinct from the var genes,
up to 40% of the cir gene repertoire are expressed throughout
the intraerythrocytic cycle of development of the P. chaboudi
parasite during infection (Lawton et al., 2012). The timing
and level of transcription differs between cir genes, with ring,
trophozoites, and schizonts expressing different sets of major cir
genes (Cunningham et al., 2009). Additionally, individual CIR
proteins were observed within differential localizations of iRBCs,
including on the surface of iRBCs and merozoites, some of which
could bindmouse erythrocytes and play a role in immune evasion
(Yam et al., 2016; Yam and Preiser, 2017).

The mechanisms for generating pir gene diversity are
expected to be similar to those of var genes, including amino
acid substitutions at specific antigen epitopes in response to
immune pressure and the generation of new recombinant genes
through genetic recombination as well as MMEJ mediated
somatic deletion, insertion and translocation. Genes with mosaic
sequences or two genes with segments of 100% identity in the
P. yoelii genome have been noted, suggesting crossovers between
two copies of pir genes (Cunningham et al., 2010). However,
rodent malaria parasites may have a lower degree of antigen
diversity and undergo significantly less ectopic recombination
than P. falciparum, partly due to the lack of components of
the translesion (TLS) polymerases that are required for the
recombination events that drive diversification of the multicopy
gene families (Kirkman and Deitsch, 2020; Siao et al., 2020).
Further discussions on functions of the pir genes can be found
here (Cunningham et al., 2010; Su et al., 2019). More studies
are necessary to better understand the mechanisms of gene
expression regulation and the maintenance of genetic diversity
of the pir genes.

The EBL Genes and Evolution of Virulence
in Laboratories
One of the consequences of host immune pressure on parasites
is the generation of parasites with altered virulence. Whereas
it has been difficult to evaluate how host immune response or
vaccination impacts parasite evolution and virulence in humans,
changes in parasite growth and virulence can be measured in
rodent malaria parasites in the laboratory. One example is the
P. yoelii EBL protein (PyEBL) that is known to bind the Duffy
antigen/receptor for chemokines (DARC), a transmembrane
glycoprotein expressed on epithelial cells, endothelial cells, and
erythrocytes (Swardson-Olver et al., 2002; Woolley et al., 2005;
Culleton and Kaneko, 2010). Whereas several genes encoding
proteins with DBL domains have been found in P. falciparum

such as PfEBL-140, PfEBL-175, and PfEBL-181, there is only a
single copy of the EBL gene in P. yoelii (Culleton and Kaneko,
2010). PyEBL contains a single DBL domain, unlike other EBLs
which may have two DBL domains per molecule.

Immunity or host response to malaria infection is generally
parasite strain specific (Fluck et al., 2004; Cheesman et al., 2006;
Early et al., 2018). The principle of strain specific immunity
has been applied to identify immune targets in rodent malaria
parasites using a strategy called linkage group selection (LGS)
(Culleton et al., 2005, 2011; Pattaradilokrat et al., 2009; Cheesman
et al., 2010; Abkallo et al., 2017). In a LGS analysis, phenotype-
specific selection pressure such as immunity is applied to
uncloned progeny of a genetic cross between two malaria
parasites that differ in phenotype (strain specific immunity in this
case) (Culleton et al., 2005; Cheesman et al., 2010). PyEBL has
also been identified by LGS experiments because it plays a role in
parasite invasion of RBCs and is also the target of host immunity
(Pattaradilokrat et al., 2009; Abkallo et al., 2017). Mutations in
the PyEBL gene not only affect parasite growth and virulence, but
also influence iRBC surface protein and host immune response
(Otsuki et al., 2009; Peng et al., 2020). There are isogenic pairs of
rodent malaria parasites that have different parasite growth rates
in mice and produce very different diseases. P. yoelii yoelii 17X
(or YM) infection of BALB/c or C57BL/6 mice causes host death
within 7 days post infection (pi), whereas its isogenic strain P. y.
yoelii 17XNL (or 17X) is cleared by the host around 21 days pi
(Otsuki et al., 2009; Pattaradilokrat et al., 2009). Both parasites
were derived from P. yoelii 17X during passages in separate
laboratories (Pattaradilokrat et al., 2008). A replacement of Cys
to Arg (at position 731 or C731R) at the second Cys position
in region 6 of PyEBL was found to be the major determinant
for the difference in virulence and parasite growth; however, this
mutation cannot explain the entire parasite growth phenotype
(Otsuki et al., 2009). A second example is the isogenic parasites
of P. y. nigeriensis N67 (N67) and P. y. nigeriensis N67C (N67C)
that also have very different disease phenotypes in C57BL/6 mice,
including parasitemia, tissue pathology, and host mortality (Wu
et al., 2014; Lacerda-Queiroz et al., 2017). Parasitemia in C57BL/6
infected with N67 (1 × 106 iRBCs) increases to ∼40–50% day 5
pi, declines to below 10% on day 7 pi, and increases to ∼60% at
day 15 pi (Wu et al., 2014). The N67 infected mice die at ∼day
20 pi. Mice infected with N67C have ∼50% parasitemia day 6 pi
and begin to die day 7 pi with declining parasitemia (Lacerda-
Queiroz et al., 2017). Similarly, a substitution of Cys to Tyr
(C741Y) in the protein trafficking domain of PyEBL between N67
and N67C parasites was found to influence disease phenotypes
and host mortality (Peng et al., 2020). The substitution alters
processing and trafficking of the PyEBL protein, reduces PyEBL
binding to Band 3 of the RBC, increases phosphatidylserine (PS)
surface exposure on iRBCs, and enhances iRBC osmotic fragility.
Interestingly, the two studies have different conclusions on the
mechanism of how the PyEBL substitutions affecting disease
phenotypes, although the C731R and C741Y substitutions both
appear to change PyEBL protein trafficking, from microneme
localization to dense granules in the cytoplasm. For C731R
substitution between 17X and 17XL (YM), parasite virulence was
mostly attributed to altered erythrocyte invasion (Otsuki et al.,
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2009). In contrast, in the C741Y substitution in PyEBL between
N67 and N67C was found to modulate host recognition of iRBCs
and immune responses through interaction with RBCmembrane
molecules such as Band 3 and PS (Peng et al., 2020). A third
example is the isogenic parasites P. berghei ANKA and P. berghei
NK65: P. berghei ANKA infection is lethal with cerebral malaria
symptoms and has been used as an experimental cerebral malaria
(ECM) model, whereas P. berghei NK65 infection generally does
not have neurological symptoms (Lacerda-Queiroz et al., 2011;
Nacer et al., 2014). Even cloned lines of P. berghei ANKA can
differ in their ability to induce ECM in the same host (Amani
et al., 1998). However, the molecular mechanisms responsible
for the differences in disease phenotype and virulence among
these parasites are not clear. Additionally, the substitutions in
PyEBL are likely not the only genetic changes contributing to the
total disease phenotypes. Unknown differences including SNPs
and variation in genes such as the pir multigene gene family
may also contribute the differences in disease phenotypes and
virulence (Cunningham et al., 2010). These parasite pairs are
examples of the evolution of parasite genomes and changes in
virulence following laboratory passages. There are additional
parasite species and strains, including P. chabaudi and P. vinckei,
that showed changes in parasite genome and virulence (Perkins
et al., 2007). It can be expected that these types of phenotypic
changes in parasite growth, disease virulence, and drug response
are occurring daily in the huge parasite populations in endemic
regions of the world. Additionally, mixed infections of multiple
P. falciparum strains may lead to higher proportion of severe
anemia, pulmonary complications, and multiple organ failure
than those with single-strain P. falciparum infection (Kotepui
et al., 2020). The dynamics of parasite genetic variation and gene
expression are major roadblocks for developing effective vaccines
and therapies.

PARASITE SELECTION ON THE HOST
GENOME

Whereas host immunity is one of the major factors driving
parasite evolution, malaria parasites and many other pathogens
also have tremendous impacts on the adaption and evolution
of their hosts (Daub et al., 2013). The well-known Haldane
malaria hypothesis suggests an evolutionary advantage of the
thalassemic condition in protection against malaria (Akide-
Ndunge et al., 2003; Canali, 2008). Many proteins expressed on
the RBC surface such as sickle cell HbS variants, DARC, and
glycophorin A (GYPA), and proteins that play a role in host
immune response such as TNF-α and IFN-γ have been associated
with protection from severe complications of malaria (Carter and
Mendis, 2002; Kwiatkowski, 2005; Verra et al., 2009; Hedrick,
2012; Kariuki and Williams, 2020). The protective genes were
mostly identified through association studies including genome-
wide association studies (GWAS). For example, a recent GWAS
study performed in a Tanzanian population revealed association
of protective roles of sickle cell HbS variant, interleukin receptors
(IL-23R and IL-12RBR2), and the kelch-like protein KLHL3
(Ravenhall et al., 2018). In another study, Ebel et al. analyzed

mammalian adaptation in 490 Plasmodium- or Piroplasm-
interacting proteins (PPIPs) and showed that blood parasites
imposed specific selection on PPIPs, leading to a higher number
of adaptive substitutions in the PPIPs than expected throughout
mammalian evolution (Ebel et al., 2017). Interestingly, many
immune PPIPs were also enriched for viral and bacterial
interactions, with 48% of the PPIPs interacting with viruses
and/or bacteria. Moreover, there was a 2.5X enrichment of
adaptation when only PPIPs interacting with Plasmodium or
Piroplasms were considered. Malaria parasites interact with a
large number of host genes (Wu et al., 2015, 2020), which may
enhance adaptive substitutions in these genes. There are many
excellent reviews on the effects of parasite infections, particularly
malaria parasite infections, on host genome evolution (Tishkoff
and Williams, 2002; Kwiatkowski, 2005; Mangano and Modiano,
2014; Goheen et al., 2017).

IMPACT OF VACCINES, DRUGS, AND
VECTORS ON PARASITE POPULATIONS
AND DISEASE

Types of Malaria Vaccines
Developing an effective vaccine has been one of the major
goals of malaria research for more than 40 years, and
we are still far away from achieving the goal. Malaria
vaccines can be divided into several categories based on
the parasite developmental stages such as pre-erythrocytic
vaccines, blood stage vaccines including those against pregnancy-
associated malaria, transmission-blocking vaccines, multistage
or multiantigen vaccines, and whole organism based vaccines
(Frimpong et al., 2018; Laurens, 2018; Beeson et al., 2019).
Development of a cross-species vaccine that protects against
multiple Plasmodium species or strains is an important goal. P.
falciparum 3D7 strain has been the model strain for studies of
genome structure and analyses of transcriptome and proteome.
Subsequently, the majority of vaccines are based on sequences
from the 3D7 parasite; however, the 3D7 strain is often not the
most prevalent strain in malaria-endemic areas. Currently, the
leading vaccine candidates are mostly based on polymorphic
antigens with the vaccine target representing only a single variant
strain. However, immunity to malaria is generally strain-specific,
and the development of an effective vaccine is often hampered by
strain-specific and/or partial immunity generated by vaccination.

Partially Protective Vaccines and Effects
on Host Populations
The most promising and extensively tested malaria vaccine
candidate against P. falciparum parasites is RTS,S/AS01 that
consists of 18 copies of the central repeat and the C-terminal
domain of PfCSP fused to hepatitis B virus surface antigen
(HBsAg) (Draper et al., 2018). In a large-scale phase III trial
involving 15,460 children, including 6,537 infants aged 6–12
weeks and 8,923 children aged 5–17 months, vaccine efficacy
(VE) against clinical malaria was reported to be ∼50–56%, and
VE against severe malaria in the combined age children was
∼35% in the per-protocol population at 11 month follow-up
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(Rts et al., 2011). However, in a 7 year follow-up analysis, the
VEs of RTS,S/AS01 were estimated to be 35.9% in the first
year after vaccination, 2.5% in the fourth year, and a negative
VE in the fifth year (Olotu et al., 2016). More generalized
convulsive seizures were observed in the RTS,S vaccinated group
than the control group (comparator rabies vaccine group) in the
older children (5–17 months) within 7 days after RTS,S/AS01
vaccination (Rts et al., 2011). Additionally, significantly more
cases of meningitis were reported in the older children (Rts
et al., 2012; Rts, 2015). Moreover, RTS,S vaccine was later found
to be associated with significantly higher all-cause mortality in
girls of both age groups (Klein et al., 2016). The higher rates
of meningitis and mortality in girls have prompted the World
Health Organization (WHO) to issue a position paper cautioning
on malaria vaccines, with emphasis on the RTS,S/AS01 (World
Health Organization, 2018) and discussions on the need of
further studies on vaccine safety and negative non-specific effects
(Aaby et al., 2015; Muller et al., 2015). Higher all-cause mortality
was also observed in girls after vaccination with the high-titer
measle vaccine (HTMV) (Aaby et al., 1993), which was later
found to be likely associated with diphtheria-tetanus-pertussis
(DTP) vaccine or interaction between HTMV and DTP (Aaby
et al., 2003, 2007). Generally, women have a stronger cellular
and humoral responses to infections and are more likely to have
autoimmune diseases due to X-linked genes, hormones, and
societal context (Fish, 2008; Billi et al., 2019). The observation
of higher rate of severe symptoms in RTS,S vaccinated girls could
be due to enhanced immune reactions from vaccine priming of
the immune system.

A partial protective vaccine with enhanced adverse effects
brings out some important issues inmalaria vaccine development
that has largely been ignored so far: Can a partially protective
malaria vaccine prime for more severe disease symptoms and
select for parasite population “resistant” to specific vaccines?
The T-cell prime hypothesis proposed to explain clinical malaria
and antibody dependent enhancement (ADE) observed in many
viral infections may provide some answers to the questions
(Porterfield, 1986; Riley, 1999). More than 20 years ago, Dr.
Eleanor Riley proposed that T-cell priming is required for
amplification of the inflammatory response to malaria, which
can explain the patterns of clinical malaria in both endemic
and non-endemic populations (Riley, 1999). According to the
hypothesis, primary infections would induce low levels of IFN-γ
and TNF-α; at the same time, antigen-specific T cells are primed
by the infection. On reinfection, large amounts of cytokines
such as IFN-γ and TNF-α are produced by the primed T cells,
leading to an increased risk of cerebral malaria or other severe
symptoms. She also cautioned that vaccinations with BCG or
tetanus toxoid might prime T cells to respond to malaria antigens
and suggested that having an appropriate balance between
protective and pathogenic levels of Th1-derived cytokines will
be crucial for a successful outcome of a vaccine (Riley, 1999).
A partial protective vaccine may also prime the immune system
in some individuals that can mount a strong inflammatory
response when infected, leading to enhanced severe symptoms.
Another related possibility is ADE that was observed in various
viral infections, including Dengue virus (Waggoner et al., 2020),

influenza (Winarski et al., 2019), Zika virus (Asad et al., 2019),
coronavirus (Negro, 2020; Wan et al., 2020), and Acinetobacter
baumannii bacteria (Wang-Lin et al., 2019). ADE is a well-known
mechanism that viruses or bacteria may infect susceptible cells
by interacting with antibodies or complement components (Fc
or complement receptors), leading to enhanced viral entry into
host cells and/or higher replication rate. Cross-reactive IgGs can
opsonize viral particles by binding the virus through Fc receptors
on host cell surface and may also mediate immune suppression
to further increase viral load (Halstead et al., 2010). Monoclonal
antibodies have been shown to destabilize the influenza HA
stem domain, leading to faster kinetics of influenza virus
fusion and enhanced respiratory disease (Winarski et al., 2019).
Antibody enhancement of malaria transmission and complement
activation in conjunction with antibodies in enhancing RBC
invasion have been reported too (Biryukov et al., 2016; Stone
et al., 2019). The RTS,S vaccine might prime T cells in some hosts
and/or produce antibodies that can amplify immune response
and enhance clinical symptoms. Addition of an arm to evaluate
the potential of a vaccine to enhance adverse effects should be
included before or during a vaccine trial.

Effects of Vaccination on Parasite
Population and Gene Expression
Malaria parasite populations in endemic regions consist of a large
number of strains that express different alleles of vaccine target
proteins. Due to technical limitation, malaria vaccines are usually
designed based on sequences from one to a limited number of
alleles of a vaccine target. It is has been shown that anti-malaria
immunity is mostly strain-specific (Cheesman et al., 2006; Graves
et al., 2016; Laurens et al., 2017; Early et al., 2018), and a vaccine
based on a limited number of alleles of a target may select for
parasite populations with alternative alleles. Indeed, vaccination
with pneumococcal conjugate vaccines (PCVs) changed the
pneumococcal populations in children, resulting in statistically
significant shift from vaccine-type population to non-vaccine-
type populations (Quirk et al., 2018). Similarly, using the rodent
malaria model P. chabaudi and recombinant AMA-1 antigen,
it was shown that mono-allelic immunization increased the
frequency of heterologous clones in mixed clone infections
(Barclay et al., 2008). Moreover, analysis of parasite genotypes
collected from the RTS,S phase III trial showed that the RTS,S
vaccine had greater activity against malaria parasites with the
matched PfCSP allele than against those with mismatched alleles
(Neafsey et al., 2015). Therefore, vaccination with an allele of
the target antigen will likely change target allele proportion
in parasite populations, and large-scale vaccination may lead
to vaccine mediated depletion of specific alleles targeted by
the vaccine (Figure 3B). The impacts of this type of selection
on parasite populations, including the possibility of selecting
more virulent parasite strains, remain largely unknown and
required further investigations. Interestingly, a vaccine may also
alter parasite expression of variant antigen genes. Vaccination
of 10 African volunteers with the PfSPZ vaccine showed
parasites from individuals with intermediate antibody levels
expressed only few var gene variants, whereas those with
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low antibody levels expressed a broad spectrum of multiple,
predominantly subtelomeric var genes coding PfEMP1 binding
to endothelial protein C receptor (EPCR) that is associated with
severe childhood malaria (Bachmann et al., 2019). Therefore,
vaccination certainly can impact parasite population dynamics,
genetic diversity, and possibly virulence.

Drug Selection on Parasite Populations
and Evolution
In addition to host immune response, antimalarial drugs
have played a significant role in shaping parasite populations.
Application of antimalarial drugs puts pressure on parasite
populations and likely will select parasites with mutations
that can confer resistance to the drugs, leading drug selective
sweeps (Figure 3C). Some examples of drug selective sweep
include mutations in P. falciparum chloroquine resistance
transporter (PfCRT) and in dihydrofolate reductase-thymidylate
synthase and dihydropteroate synthase (PfDHFR-TS
and PfDHPS) conferring resistances to chloroquine and
pyrimethamine/sulfadoxine (PS), respectively (Peterson et al.,
1990; Fidock et al., 2000). Under drug pressure, a small number of
parasites with resistant mutations will survive, whereas parasites
without the mutations are killed by the drugs. With large-scale
drug use, parasites with resistant mutations will spread, replacing
parasites sensitive to the drugs. Indeed, worldwide chloroquine
and PS selective sweeps have been reported (Wootton et al., 2002;
Roper et al., 2004; McCollum et al., 2008), which can greatly
reduce population diversity in many endemic areas generating
population bottlenecks. Drug selective sweeps are important
factors in shaping the current worldwide parasite populations
and may have contributed to Malaria’s Eve hypothesis debate
(Rich et al., 1998; Su et al., 2003). The sweeps of parasites
derived from one or a few mutants conferring resistance to a
drug will result in a relatively homogeneous parasite population
(Figure 3C), as was seen in the Brazilian Amazon after wide
spread use of chloroquine (Wootton et al., 2002). A relatively
homogeneous parasite population may be advantageous for
vaccine development.

The Role of Mosquito Vectors in Altering
Parasite Populations
Mosquito vectors can shape parasite populations in many
ways (Figure 3D). First, genetic changes such as chromosome
reassortment and crossover will occur inside a mosquito and
generate new parasite strains if a patient is infected with
two or more variant strains, which will increase parasite
population diversity. A highmultiplicity of infection is frequently
observed in patients in regions with high transmission intensity
(Kobbe et al., 2006; Felger et al., 2012). Second, parasite
transmission through mosquitoes can also re-program gene
expression profiles. For example, changes in composition and
frequency of var gene transcripts were observed between cultured
P. falciparum parasites used to infect mosquitoes and the
parasites recovered from infected volunteers after mosquito bites,
suggesting re-programing var gene expression profile (Peters
et al., 2002). Similarly, attenuated parasite virulence was found

to be associated with modified expression of the pir multi-gene
family. Transmission of P. c. chabaudi through the mosquito
changes gene expression of the pir multi-gene family in the
erythrocytic cycle, leading to changes in parasite virulence
and immune response in the mammalian hosts (Spence et al.,
2013). Third, vector competency can also influence parasite
transmission frequency. A study of P. vivax populations in
southern Mexico showed that the distributions of parasite
populations largely mirrored those of mosquito species, which
was confirmed by feeding experiments in the laboratory (Joy
et al., 2008). The results suggest a reciprocal selection between
malaria parasites and mosquito vectors and local adaptation
of the parasites to mosquito species in different environments
(coastal or hill sites). P. falciparum isolates from Africa, Asia, or
the Americas were shown to have low compatibility to malaria
vectors from different continents, which is mainly mediated by a
parasite protein called Pfs47 due to its interaction with mosquito
immune system (Molina-Cruz et al., 2015). Mosquito phagocytes
play an important role in mosquito vector competence and
immunity against malaria infection (Kwon and Smith, 2019).
Additionally, Serratia marcescens bacteria isolated from either
laboratory-reared mosquitoes or wild populations in Burkina
Faso shows great phenotypic variation that is directly correlated
with its ability to inhibit Plasmodium development within the
mosquito midgut (Bando et al., 2013).

APPROACHES FOR STUDYING
HOST-PARASITE INTERACTIONS

Identification of Host-Parasite Interacting
Genes Using Genetic Crosses
In addition to antibody response to antigens expressed on the
surfaces of iRBCs, malaria infections also stimulate differential
activation of immune cells and the production of cytokines
and chemokines as part of the innate immune response.
What are the parasite ligands that initially trigger host innate
responses?What are the host receptors that recognize the parasite
molecules? How are the host responses to malaria infections
regulated? What are the impacts of the host-parasite interaction
on the evolution of both the host and parasite genomes? As
discussed above, host immunity drives diversity of parasite
antigen genes, and parasite infections select for protective alleles
in host response genes. Large numbers of parasite antigens and
host protective genes have been identified (Kwiatkowski, 2005;
Salinas et al., 2019; Vijayan and Chitnis, 2019; de Jong et al.,
2020). However, the numbers of host and parasite molecules
involved in host-parasite interactions are likely much larger than
the numbers of genes so far investigated. For example, Wu
et al. (2015) performed an immunogenetic screen using trans-
species expression quantitative trait locus (ts-eQTL) analysis and
significantly (LOD score ≥ 3.0) linked 1,054 host genes to a
large number of parasite genetic markers/loci (Wu et al., 2015).
In this study, microsatellite genotypes of the P. yoelii malaria
parasite and phenotypes of host (mouse) gene expression levels
day 4 pi were analyzed for significant linkages between parasite
genetic markers and host gene expression levels. Additionally,
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host genes that were linked (LOD score ≥ 3.0 or 2.0) to parasite
genetic loci were clustered based on genome-wide patterns of
LOD scores (GPLSs), showing that genes functioning in related
pathways generally have similar GPLSs. This study demonstrates
that a large number of host genes respond to P. yoelii parasites
as early as day 4 pi. Similarly, many parasite genetic loci
were predicted to interact with host genes belonging to specific
pathways. For example, a genetic locus on parasite chromosome
8 was significantly linked to a large number of host genes play
a role in hematopoiesis, suggesting that a gene or genes in the
locus may influence host hematopoiesis. The study represents
the first QTL analysis involving two organisms, microsatellite
genotypes from malaria parasites and gene expression as
phenotypes from the host, with the advantage of identifying
interacting genes from both the parasite and the host. This ts-
QTL analysis is a novel approach for identifying interacting
genes from both parasite and the host at the same time,
taking advantage of genetic recombination and chromosome
reassortment during the sexual stage of a pathogen in generating
progeny with unique genomes inherited from the parents. In
a follow-up study using mRNA isolated from the spleens of
infected mice 24 h pi (earlier than day 4), many host receptors
including Toll-like receptors (TLR), retinoic acid-inducible gene-
I-like receptors (RLRs), G-protein coupled receptors (GPCRs),
and olfactory receptors (ORs) were significantly linked to
parasite genetic loci, providing important candidate genes for
studying host molecules that recognize parasite ligands or
pathogen-associated molecular patterns (PAMPs) (Wu et al.,
2020). Ts-QTL holds the potential to identify more interacting
genes using additional genetic crosses or host RNA samples
collected at different time points throughout the parasite
life cycle.

Transcriptome Analysis of Patient Samples
Another approach to identify host gene responses to malaria
infections is to use samples collected from malaria patients,
although a study using patient blood samples can be influenced
by many factors such as variations in infection time, host genetic
background and immune status, mixed parasite infections,
nutrition status, antimalarial drug usages, etc. Mixed strain
infections can change parasite growth dynamics, relapse time
(for P. vivax), disease severity, and host mortality rate
(Lover and Coker, 2015; Kotepui et al., 2020). Similarly, the
genetic composition of each patient is unique, and variations
in host genetic background will also affect host responses.
Therefore, dissecting host-parasite genetic interactions using
patient samples has proven to be much more complicated than
using infections in inbred mice with cloned progeny from a
genetic cross.

As discussed above, GWAS has been successful in identifying
some host genes that contribute to protection against malaria.
As an alternative, analysis of host gene expression in response to
malaria infection can be useful too, particularly when transcripts
from both the host and parasites are analyzed at the same time
using RNAseq (Greenwood et al., 2016). Using blood samples
of P. falciparum-infected West African children, Idaghdour
et al. (2012) performed a joint genome-wide analysis of gene

expression and genetic polymorphisms, and showed that malaria
infection and host genotype both influenced immune gene
expression throughout the genome (Idaghdour et al., 2012). The
study implicated many genes in the complement system, antigen
processing and presentation, and T-cell activation in response
to malaria infections (Idaghdour et al., 2012). For example, the
authors noted that the expression of five genetically regulated
human leukocyte antigen (HLA) class II loci was negatively
correlated with parasite load and molecules such as IL18R1,
TLR4, TLR5, IFNGR1, and IFNGR2, suggesting impairment of
antigen processing and immune signaling. Impairment of antigen
processing and T cell activation, including suppression of various
MHCII genes, were also observed in C57BL/6 mice infected with
different P. yoelii strains and progeny of a P. yoelii genetic cross
(Xia et al., 2018). In a dual transcriptome analyses of the host
and parasite genes in samples from 46 malaria-infected Gambian
children, Lee et al. (2018) performed multivariate analyses and
showed association of disease severity with increased expression
of granulopoiesis and IFN-γ related genes as well as inadequate
suppression of IFN-I signaling (Lee et al., 2018). In another
analysis by the same group, lower expression of cxcl10, HLA
genes, and IFN-I associated genes, and higher expression
of cathepsin G and matrix metallopeptidase 9 genes were
associated with parasite growth inhibition (Georgiadou et al.,
2019). Moreover, a blood transcriptional analysis in Senegalese
patients with cerebral malaria (CM), severe non-cerebral malaria
(NCM), or mild malaria (MM) identified host gene clusters
that discriminated between CM and MM patients, showing that
genes involved in BCR-, TCR-, TLR-, cytokine-, FcεRI-, and
FCGR- signaling pathways played a role in cerebral malaria
(Thiam et al., 2019). Associations between disease severity and
PfEMP1 transcripts and specific domains were also observed
in RNAseq data from 44 parasite isolates that caused SM and
MMmalaria in Papuan patients (Tonkin-Hill et al., 2018). These
studies illustrate that there are signatures of host transcriptional
responses to malaria infections and disease severity. Indeed,
blood transcriptome analyses of pathogen-specific host immune
responses have been proposed as a tool for improving the
diagnosis and classification of patients with infectious diseases
(Mejias et al., 2014). However, among the studies of host
transcriptional response to malaria infections in animal models
and in humans, the results are not always consistent, likely
due to differences in study design, study objective, transmission
intensity, sample collection time, as well as lack of replication.
Caution is warranted when interpreting the results from field-
based analyses.

There are other approaches for studying host-parasite
interaction such as analysis of genome diversity and genetic
association (Early et al., 2018; Damena et al., 2019; Malaria
Genomic Epidemiology Network, 2019), computational
prediction of host-parasite interactomes (Wuchty, 2011;
Cuesta-Astroz et al., 2019), metabolite profiling to investigate
transcriptomic changes during malaria infection (Tang et al.,
2018), and systems biology/integrative approaches to study host
immune responses (Mahanta et al., 2018). These are just few
emerging and promising examples using -omics data to study
host-parasite interactions.
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SOME KEY QUESTIONS AND
CHALLENGES

There are several area that require special attention: (1) The new
Laverania species are identified through nucleic acid sequence
analyses. Morphological and biological characterization of the
parasites will be critical for establishing these parasites as solid
independent species. (2) The molecular mechanism of host
specificity of the Laverania species is interesting and requires
further study. (3) The origin of the P. falciparum var genes
remains unknown. How did this gene family with a high GC-
content originated and how is it maintained in a AT-rich genome?
(4) Similar to the var gene family, the origins and functions of
the pir gene families require additional studies. The pir genes
likely play important roles in virulence and immune evasion.
(5) More studies are necessary to elucidate the mechanisms that
generate and maintain diversity of the var and pir genes in a
parasite cell. (6) The impacts of antimalarial drugs and vaccines
on the diversity and evolution of malaria parasite populations
are important issues related to disease control and management.
(7) The long-term impacts of antimalarial drugs and vaccines on
host health and immune system also require more attentions.
ADE is a real possibility for malaria vaccines. (8) Insect vectors
play important roles in the evolution, diversity and transmission
of malaria parasites. This is an area that has not received
sufficient attention. (9) The parasite molecules that trigger
host innate immune responses remain largely uncharacterized.
DNA and RNA have been implicated in stimulating type I
interferon responses, and strain-specific responses have been
observed. However, the specific sequences that can bind to
host receptors and the mechanisms of the strain-specific innate
immune responses require additional studies.

CONCLUSION

Host-parasite interactions are the main forces driving the
evolution of both malaria parasites and their hosts. Genome
diversity and gene function have co-evolved shaping the current
genomes of malaria parasites and their hosts. Application of
antimalarial drugs, deployment of vaccines, modulation of host
immunity, and the development in mosquito vector control
measures all have the potential to alter parasite populations
including genome diversity and virulence. Proper monitoring of
parasite populations in the context of drug, vaccine, and vector
control programs is necessary to minimize unintended negative
impacts on parasite population dynamics and disease severity.
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GLOSSARY

cyt b, cytochrome oxidase b gene; ADE, antibody dependent
enhancement; AMA1, apical membrane antigen 1; CM, cerebral
malaria; CSP, circumsporozoite protein; DBL, Duffy binding-
like; CMAH, cytidine monophospho-N-acetylneuraminic
acid hydroxylase; dhfr-ts, dihydrofolate reductase-thymidylate
synthase gene; DTP, diphtheria-tetanus-pertussis; DARC, Duffy
antigen/receptor for chemokines; EPCR, endothelial protein
C receptor; EBL, erythrocyte binding-like; ECM, experimental
cerebral malaria; GPCR, G-protein coupled receptor; GWAS,
genome-wide association studies; GPLS, genome-wide patterns
of LOD score; GYPA, glycophorin A; HBsAg, hepatitis B
virus surface antigen; HTMV, high-titer measle vaccine; HKA,
Hudson-Kreitman-Aguade; HLA, human leukocyte antigen;
iRBC, infected erythrocyte; IntRh5, introgressed Rh5 gene; LGS,
linkage group selection; MSP1, merozoite surface protein 1;
MSP2, merozoite surface protein 2; MMEJ, microhomology-
mediated end joining; MS, microsatellite; MM, mild malaria;
OR, olfactory receptor; PfCRT, P. falciparum chloroquine
resistance transporter; PfDHFR-TS, P. falciparum dihydrofolate
reductase-thymidylate synthase; PfDHPS, P. falciparum
dihydropteroate synthase; PfEbl165, P. falciparum EBL165 gene;
PfEMP1, P. falciparum erythrocyte membrane protein 1; N67,
Plasmodium y. nigeriensis N67; N67C, Plasmodium y. nigeriensis
N67C; PyEBL, Plasmodium yoelii erythrocyte binding-like
protein; PAMPs, pathogen-associated molecular patterns; PS,
phosphatidylserine; PPIPs, Piroplasm-interacting proteins; pir,
Plasmodium interspersed repeat; PCV, pneumococcal conjugate
vaccine; RBC, red blood cell; rif, repetitive interspersed; RH5,
reticulocyte-binding-like homologous protein 5; RLR, retinoic
acid-inducible gene-I-like receptor; SICA, schizont infected cell
agglutination; NCM, severe non-cerebral malaria; SNP, single
nucleotide polymorphism; stevor, subtelomeric variant open
reading frame; SPR, surface plasmon resonance; TjD, Tajima’s
D; CyRPA, cysteine-rich protective antigen; TLR, Toll-like
receptors; Ts-eQTL, trans-species expression quantitative trait
locus; VE, vaccine efficacy; WHO, World Health Organization.
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Multi-drug resistance (MDR) and hypervirulence (hv) were exhibited by different well-
separated Klebsiella pneumoniae lineages in the past, but their convergence clones—
MDR-hypervirulent K. pneumoniae (HvKPs)—both highly pathogenic and resistant to
most available antibiotics, have increasingly been reported. In light of the clonal
lineages and molecular characteristics of the studied MDR-HvKP strains found in
the literature since 2014, this review discusses the epidemiology of MDR-HvKPs, in
particular summarizing the three general aspects of plasmids-associated mechanisms
underlying the formation of MDR-HvKPs clones: MDR-classic K. pneumoniae (cKPs)
acquiring hv plasmids, hvKPs obtaining MDR plasmids, and the acquisition of hybrid
plasmids harboring virulence and resistance determinants. A deeper understanding of
epidemiological characteristics and possible formation mechanisms of MDR-HvKPs is
greatly needed for the proper surveillance and management of this potential threat.

Keywords: Klebsiella pneumoniae, multi-drug resistance, hypervirulent, epidemiology, formation mechanism,
plasmid, horizontal gene transfer, mobile genetic elements

INTRODUCTION

Klebsiella pneumoniae is a clinically relevant opportunistic pathogen that causes a wide range
of infections. Hypervirulent K. pneumoniae (hvKPs) and “classic” K. pneumoniae (cKPs) are
two different variants of K. pneumoniae (Bialek-Davenet et al., 2014). The former are usually
hypermucoviscous (HM) and are clinically characterized by their abilities to cause life-threatening
invasive community-acquired infections, like entophthalmias and liver abscesses, in a healthy
population (Shon et al., 2013). Fortunately, the majority of them have retained susceptibility to
multiple commonly used antimicrobial agents except for ampicillin. The latter generally behave
as opportunistic avirulent pathogens, causing nosocomial infections in hospitalized patients.
Unfortunately, they have a propensity to acquire multiple resistant determinants, such as extended-
spectrum β-lactamases (ESBLs) and/or carbapenemase, to be multi-drug resistant (MDR) strains
making treatment more difficult (Navon-Venezia et al., 2017).

In the past, virulence and antibiotic-resistance have evolved separately in these two distinct
K. pneumoniae clonal groups (Bialek-Davenet et al., 2014). However, in the face of antibiotic
selection pressure, more and more isolates with combined hypervirulence (hv) and MDR have been
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detected and have reached public attention as “superbugs”
with the possibility of causing untreatable invasive infections.
To better understand such strains, this review focuses on
summarizing and discussing the epidemiological characteristics
and the possible formation mechanisms of them.

PATHOGEN AND EPIDEMIOLOGY

Over the past years, a “reference/standard” genotypic/phenotypic
marker for hvKP has been lacking, and a positive string test
indicating HM has been regarded as an important in vitro
parameter for hvKP identification in some early studies (Yao
et al., 2015). Yet, as research progressed, several controversies
regarding the association of HM phenotype and hv have
been raised. HM is not exclusive to hv, on the contrary,
hvKP does not absolutely present HM (Carlos Catalan-Najera
et al., 2017). In this review, studies involving hv (well-defined
by virulence-related assays) or HM (positive for string test)
strains were included.

Klebsiella pneumoniae has experienced the evolution of third-
generation cephalosporin-, carbapenem-, and even polymyxin-
resistance. Harboring a wide range of β-lactamases results
in third-generation cephalosporin-resistance in K. pneumoniae
isolates. Acquired resistance to carbapenems can be conferred by
carbapenemase production, such as KPC, OXA, and MBLs which
include NDM, VIM, IMP, as well as SIM (Tzouvelekis et al., 2012).
Then, the prevalence of carbapenem-resistant bacteria has led to
the use of polymyxins as a last-therapy option to treat associated
infections, which has resulted in the emergence of polymyxins-
resistant K. pneumoniae. This review includes literature about
any kind of MDR phenotypes hvKPs.

We performed an exhaustive search of PubMed, MEDLINE,
Web of Science, EMBASE, CNKI, and Wanfang database for
English-language literature published before January, 2020, with
the following search strategy (“hypervirulence”[All Fields] OR
“hypervirulent”[All Fields] OR “hypermucoviscous”[All Fields])
AND (“Klebsiella pneumoniae”[MeSH Terms] OR “Klebsiella
pneumoniae”[All Fields]) AND (“resistance”[All Fields] OR
“resistant”[All Fields]), then summarized and classified these
papers according to the country or region, STs, capsule
types, plasmid replicon types, resistance loci, and formation
mechanisms in Table 1, which we will refer to frequently
throughout this section.

From Table 1, we can see that MDR-HvKPs have mainly been
detected since 2014 and have become research hotspot. All studies
since 2014 involving both MDR and hv K. pneumoniae isolates
account for a total of 47. China (including Taiwan) accounts for
33, and the remaining 13 are from other Asian countries (three
from India, one from Japan, and one from Iran), Europe (two
from the United Kingdom, one from France, one from Italy, and
one from Norway), North America (one from United States), and
South America (one from Brazil and another from Argentina).
In our opinion, such geographical distribution is attributed to
the prevalence characteristics of MDR and hv-KP strains around
the world. For example, the high prevalence of both hvKPs and
MDR-KPs in China and the significant proportions of incidence

of MDR-KPs in other Asian countries (Lee et al., 2016, 2017) may
contribute to the majority of reports about MDR-HvKPs coming
from these regions.

By comparing the allelic sequences of seven housekeeping
genes, multi-locus sequence typing (MLST) can structure
K. pneumoniae populations into lineages, which are typically
referenced by their sequence types (STs; e.g., ST11). The
common MDR-KP strains are strongly linked to particular clonal
complexes (CCs), like CC258, comprising ST258, ST11, ST512,
ST340, ST437, etc. (Schweizer et al., 2019), CC15 and CC14,
while hvKPs mainly belong to ST23 for the K1 capsular serotype
and to ST86, ST65, and ST25 for K2 (Bialek-Davenet et al.,
2014). Hence, the genetic backgrounds of the isolates, i.e., the
strains stem from whether resistant or virulent lineage, can be
determined by STs. MDR-HvKPs showed various STs in the
literature (Table 1). Among them, the most prevalent ST was
the KPC-producing CRKP highly related ST11, followed by the
dominant hvKP lineage ST23. This was in accordance with the
fact that ST11 and ST23 are predominant among MDR-KP
and hvKP strains, respectively (Bialek-Davenet et al., 2014). In
addition, STs showed different region distributions. In China,
ST23 accounted for about 69.57% (16/23) in all hvKPs and ST11
took on almost the same high proportion 77.27% (51/66) in all
MDR-KPs, respectively, which was consistent with the fact that
both KPC-KP and hvKP are prevalent in China (Lee et al., 2016,
2017). While in other countries, except for India and Brazil, ST11
was almost undetected; instead, STs representing a virulent clone,
such as ST23, ST25, and ST86, were more easily detected, which
was in line with the fact that hvKP has increasingly prevailed in
Europe and the Americas in recent years (Cubero et al., 2016;
Lee et al., 2017).

POSSIBLE FORMATION MECHANISMS

Bacterial phenotypic changes including resistance and virulence
acquisition are mainly driven by horizontal gene transfer (HGT)
(in addition to chromosomal mutations) mediated by mobile
genetic elements (MGEs), such as plasmids, insertion sequences
(IS), transposons (Tn), integrons (In) and integrative conjugative
elements (ICEs), driving dissemination and co-selection of
virulence and resistance genes through genomic rearrangement
during their replication or recombination process, mostly in
Gram-negative pathogens including K. pneumoniae (Frost et al.,
2005). Compared with transformation and transduction, thought
to be secondary effects of other biological processes, conjugation
plays a most impactful role in HGT due to the transfer of
plasmids and ICEs via direct cell-to-cell contact (Pinilla-Redondo
et al., 2018). Additionally, in most instances, hv or MDR
phenotype selection genes transferred by Tn, In, and IS were
mostly accumulated on plasmids followed by plasmid inter
bacterial transfer. Consequently, as the most pivotal vectors
for conjugation and genes recruitment, plasmids are arguably
the most indispensable and essential elements throughout the
entire convergence process of hv and MDR genes coming from
strains of distinct backgrounds. Accordingly, in this section, we
dissect the available mechanism studies apart from case reports
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TABLE 1 | Lists of papers referenced.

Country Sequence type(s) Capsule type(s) Resistance
mechanism(s)

Plasmid
replicon type(s)

Formation
mechanisms*

References

China ST29 (n = 1) K54 (n = 1) blaNDM-5 (n = 1) pvir IncHI1/IncFIB
pres IncX3

◦◦ Yuan et al., 2019

ST1764 (n = 7)
ST11 (n = 6)

K64 (n = 7)
K47 (n = 4), K64
(n = 2)

blaNDM-1 (n = 7)
blaKPC-2 (n = 6)

NA NA Liu Z. et al., 2019

ST86 (n = 1) K2 (n = 1) blaNDM-1, blaKPC-2

co-carrying (n = 1)
pvir IncHI1/IncFIB
pres IncFII(K) and pres IncN

◦◦ Liu Y. et al., 2019

ST11 (n = 12)
ST23 (n = 1)
ST660 (n = 1)
ST1660 (n = 1)

K64 (n = 7), K47
(n = 5)
K1 (n = 1)
K16 (n = 1)
K1 (n = 1)

blaKPC-2 (n = 15) NA NA Xu et al., 2019

ST65 (n = 1) K2 (n = 1) blaCTX-M-3,
blaCTX-M-14

coharboring

NA NA Fu et al., 2019

ST23 (n = 1) K1 (n = 1) blaVIM-1 (n = 1) pvir IncHI1B/IncFIBk
pres IncA and pres IncFII

◦◦ Dong et al., 2019

ST23 (n = 1) K1 (n = 1) blaNDM-1 (n = 1) NA ◦◦ Liu and Su, 2019

ST25 (n = 16)
ST11 (n = 3)
ST375 (n = 1)

K2 (n = 16)
Non-typeable (n = 3)
K2 (n = 1)

blaKPC-2 (n = 10),
blaNDM-1 (n = 1),
ESBLS (n = 5)
blaKPC-2 (n = 3)
ESBLS (n = 1)

NA NA Li et al., 2019

ST15 (n = 7) KL112 (n = 7) blaOXA-232 (n = 7) pres-OXAColKP3-type
pres-CTX IncFII
pres-MDR IncFIB
pvir IncHI1B/IncFIB

◦◦ Shu et al., 2019

ST23 (n = 1) K1 (n = 1) blaCTX-M-24 (n = 1) pvir -CTXM IncHI1B/IncFIB ◦ Shen et al., 2019

ST23 (n = 2)
ST412 (n = 1)
ST660 (n = 1)
ST700 (n = 1)

K1 (n = 2)
K57 (n = 1)
K16 (n = 1)
K1 (n = 1)

Undefined (n = 2)
PhoQD150G (n = 1)
PhoQD150G (n = 1)
mcr-1 and
PhoQD150G (n = 1)

NA NA Lu et al., 2018

ST23 (n = 1) K1 (n = 1) blaDHA-1 (n = 1) pres-DHA IncHI5
pvir IncHI1B/IncFIB

◦◦ Xie et al., 2018

ST2922 (n = 1) K1 (n = 1) blaDHA and
blaCTX-M-14 (n = 1)

pres IncR
pvir IncFIB/IncHI1B

NA Xu et al., 2018

ST36 (n = 1) K62 (n = 1) blaKPC-2 (n = 1) press-KPC IncFII
pvir IncHI1/IncFIB

◦◦ Feng et al., 2018

ST11 (n = 1) K47 (n = 1) blaKPC-2 (n = 1) press-KPC IncR,IncFII,
IncNpres-MDR IncA/C2
pvir IncHI1B/IncFIB

◦◦ Huang et al., 2018

Unknown
(n = 18)

K1 (n = 18) ESBLS and
overexpression of
efflux pumps (n = 18)

NA NA Lin et al., 2018

ST86 (n = 1) K2 (n = 1) blaNDM-1- and
blaKPC-2-
Coproducing (n = 1)

NA NA Wei et al., 2018

ST11 (n = 3) Unknown (n = 3) blaKPC-2 or blaNDM-1

(n = 3)
NA NA Wong et al., 2018

ST11 (n = 1) Unknown (n = 1) tet(A) variant and
blaKPC-2 (n = 1)

NA ◦ Gu et al., 2018

ST11 (n = 3) K47 (n = 3) blaKPC-2 (n = 3) NA ◦◦ Gu et al., 2017
Dong et al., 2018b

ST11 (n = 4) Unknown (n = 4) tet(A) variant and
blaKPC-2 (n = 1)

NA ◦◦ Yao et al., 2018

(Continued)
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TABLE 1 | Continued

Country Sequence type(s) Capsule type(s) Resistance
mechanism(s)

Plasmid
replicon type(s)

Formation
mechanisms*

References

ST11 (n = 16)
ST268 (n = 2)
ST65 (n = 1)
ST692 (n = 1)
ST595 (n = 1)

K20(n = 5),non-
T(n = 11)
K20(n = 1),non-
T(n = 1)K2 (n = 1)
non-T (n = 1)
non-T (n = 1)

blaKPC-2 and
blaSHV-11 (n = 16)
blaKPC-2 and
blaSHV-11 (n = 2)
blaKPC-2 and
blaSHV-11 (n = 1)
blaKPC-2 and
blaSHV-11 (n = 1)
blaKPC-2 (n = 1)

NA NA Zhan et al., 2017

ST23 (n = 2)
ST268 (n = 3)
ST65 (n = 1)
ST17 (n = 1)
ST420 (n = 1)
ST367 (n = 1)
ST1658 (n = 1)
ST35 (n = 1)

K1 (n = 2)
K1 (n = 1),K20
(n = 2)
K2 (n = 1)
Non-typeable
(n = 1)
K20 (n = 1)
K1 (n = 1)
K2 (n = 1)
Non-typeable
(n = 1)

SHV-75, CTXM-55,
SHV-11, TEM-1,
CTX-M-like, SHV-148,
CTX-M-14,
TEM-53 (n = 11)

NA NA Zhang Y.W. et al., 2016

ST86 (n = 7)
ST37 (n = 6)
ST23 (n = 5)

Unknown ESBLS (n = 18) NA NA Zhang J. et al., 2016

ST661 (n = 1) K1 (n = 1) mcr-1 (n = 1) NA NA Gu et al., 2016

ST14 (n = 1) K2 (n = 1) blaNDM-5 (n = 1) NA NA Liu et al., 2016

ST11 (n = 1) K1 (n = 1) blaKPC-2 (n = 1) pvir s-KPC IncFIIk ◦ Wei et al., 2016

ST23 (n = 1)
ST23 (n = 1)
ST1797 (n = 3)

K1 (n = 1)
K1 (n = 1)
K1 (n = 3)

blaKPC-2 (n = 1)
blaKPC-2 (n = 1)
blaKPC-2 (n = 3)

pvir s-KPC IncHI1B/ IncFIB
NA
NA

◦

◦◦

◦

Zhang R. et al., 2015
Dong et al., 2018a

ST65 (n = 1) K2 (n = 1) SHV-11,TEM-53-
producing
ompK35,36 decreased
(n = 1)

NA NA Zhang Y.W. et al., 2015

ST25 (n = 2)
ST65 (n = 5)
ST11 (n = 1)

K2 (n = 2)
K2 (n = 5)
Non-typeable
(n = 1)

blaKPC-2 (n = 6) NA NA Yao et al., 2015

Unknown (n = 5) K1 and K2 (n = 5) ESBLS (n = 5) NA NA Li et al., 2014

United Kingdom ST101 (n = 3)
ST383 (n = 3)
ST147 (n = 4)
ST15 (n = 2)
ST48 (n = 1)

Unknown blaOXA-48 and MDR
(n = 1), MDR (n = 2)
blaOXA-48 (n = 1),
blaNDM-5 (n = 2), MDR
(n = 1)
blaNDM-1 and MDR
(n = 2), MDR (n = 2)
blaNDM and MDR
(n = 1), MDR (n = 1)
blaNDM-5 and MDR
(n = 1)

pvir -MDR-OXA-48 and (or)
-NDM IncFII(K)/IncFIB(K)
pres-OXA-48 IncL/M
pres-NDM-1 IncFIB(pQil)
pvir -NDM-5 IncFIB(Mar)

◦ Turton et al., 2017,
2019

Argentina ST25 (n = 1) K2 (n = 1) blaKPC-2 (n = 1) NA NA Cejas et al., 2019

Japan ST23 (n = 1) K1 (n = 1) blaIMP-6 (n = 1)qq pres-IMP-6 IncN ◦◦ Harada et al., 2019

Norway ST15 (n = 2) K24 (n = 2) ESBLS (n = 2) pvir -CTXM

IncFIBK1 /IncFIIK1

◦ Lam et al., 2019

Iran ST23 (n = 5) K1 (n = 5) blaVIM-2 (n = 5) pres-VIM−2 IncN ◦◦ Tabrizi et al., 2018

United Kingdom ST23 (n = 1) K1 (n = 1) blaNDM-1 (n = 1) NA NA Roulston et al., 2018

Italy ST512 (n = 1) Unknown (n = 1) blaKPC-3 (n = 1) NA NA Arena et al., 2017

France ST86 (n = 1) K2 (n = 1) blaCTX-M-3 (n = 1) pres IncL/M NA Surgers et al., 2016

India ST2318 (n = 1) Non-typeable
(n = 1)

ESBLS (n = 1) NA NA Shankar et al., 2016b

(Continued)
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TABLE 1 | Continued

Country Sequence type(s) Capsule type(s) Resistance
mechanism(s)

Plasmid
replicon type(s)

Formation
mechanisms*

References

India ST11 (n = 1)
ST43 (n = 1)
ST231 (n = 1)

Unknown blaOXA-232, blaOXA-181,
blaOXA-1, blaNDM-1

IncFIA IncFIB IncFII
IncHI1B Col

NA Shankar et al., 2016a

India ST14 (n = 1) Unknown (n = 1) Mutation in OmpK36
(n = 1)

NA NA Rafiq et al., 2016

United States ST23 (n = 1) Unknown (n = 1) blaKPC-2 (n = 1) pres-KPC IncFIA NA Cejas et al., 2014

Brazil ST11 (n = 7) Unknown (n = 7) blaKPC-2 qnrS1
blaCTX-M-2 (n = 7)

press-KPC IncFIIk NA Andrade et al., 2014

*Single ◦ represents acquiring hybrid plasmid by KPs, double ◦◦ represents acquiring additional plasmid(s), pvir by MDR KPs or pres by hvKPs, respectively.

(Table 1) to extract and further expand to three general aspects of
plasmids-associated mechanisms underlying the convergence of
hv and MDR phenotypes.

MDR-cKPs Acquire Hypervirulence
Plasmids
Virulence plasmid acquisition is an important mechanism for
the increased virulence of MDR-cKPs. The best characterized
virulence plasmids are the 224 kbp plasmid pK2044 from K1,
ST23 strain NTUH-K2044; the 219 kbp plasmid pLVPK from K2,
ST86 strain CG43; and the 121 kbp plasmid Kp52.145pII from
K2, ST66 strain Kp52.145, on which the virulence-associated loci
and genes were highly conservatively organized (Lam et al., 2018).
There are some convincing and rational explanations to the
comparative rarity of hv plasmids in avirulent MDR-KP clones
compared to in hvKPs. First, dominant hv plasmids hosting
KP ST23 accounts for only ≤ 2% of clinical K. pneumoniae
isolates in the global range, except for in the Asia-Pacific rim,
despite circulating among humans with hv plasmid maintenance
for more than 100 years, far longer than the most well-known
MDR clones (Wyres et al., 2020), suggesting that the hv plasmids
rarely move horizontally and are highly restricted to hvKP clones,
i.e., lineage specificity of plasmid distribution. Second, large
numbers of plasmids, like hv plasmids in K. pneumoniae, devoid
of genes permitting their transfer by conjugation and relying on
the transfer function of other plasmids to enable their transfer,
are mobilizable but not self-transmissible (Smillie et al., 2010),
which radically limits the frequency of the horizontal transfer
of hv plasmids. Third, as large low-copy-number plasmids,
virulence plasmids contain specific replication and maintenance
systems to ensure their transmission to daughter cells of specific
genetic backgrounds (Million-Weaver and Camps, 2014), which
is reminiscent of the fact that they might often impose fitness
costs on other unsuitable host. Despite those restrictive factors, in
fact, MDR-cKPs acquiring virulence plasmids have recently been
reported. Yao et al. (2018) screened four ST11 CR-HvKP strains
from clinical patients in Henan province, China, each of which
carried both a KPC-2-encoding and a virulence plasmid. Further
sequencing of the virulence plasmid showed high homology to
pLVPK. Resembling that, Gu et al. (2018) reported the emergence
of a tigecycline- and carbapenem-co-resistant ST11 hvKP isolate
from a patient’s gut in Zhejiang, China. One of its three plasmids

shared high homology with pLVPK and another co-carried
blaKPC-2 and tet(A). In the Lancet, Gu et al. reported a fatal
outbreak of ST11 CR-HvKP strains in a Chinese hospital. In
addition to their intrinsic conjugative MDR plasmids carrying
blaKPC-2 genes, the five representative causative strains acquired
an additional virulence plasmid that aligned well to most parts
of pLVPK (Gu et al., 2017). Subsequently, Dong et al. made
the whole genome sequences (WGS) of three ST11 CR-HvKP
isolates surveyed in the previous Gu et al.’s study and five
plasmids harbored by each of them. The presence of homologous
regions between the virulence plasmid and blaKPC-2-bearing
conjugative MDR plasmid suggested that their co-integrated
transfer might mediate the transmission of the non-conjugative
virulence plasmid from hvKP to ST11 CRKP (Dong et al., 2018b).
The main explanation for these facts is that the virulence plasmids
are not self-transmissible but often mobilized to access new hosts
with the help of other ICEs or conjugative resistance plasmids
encoding the conjugation transfer complex in the same host
cell (Ramsay and Firth, 2017). Of note, the parental hvKPs,
typically susceptible to antimicrobial agents, generally do not
originally carry the conjugative resistance plasmid, so in this
scenario, the event that hv plasmids are synergistically mobilized
by conjugative resistance plasmids in the same host cell to new
strains happens after the conjugative resistance plasmids are
transferred into hvKPs first, as will be discussed in the next
section.

Hv (HM) KPs Obtain
Multidrug-Resistance Plasmids
From the comparatively lower genome’s diversity in hvKPs
than MDR-KPs, Wyres et al. (2019) inferred that hv clones
are less likely to acquire resistance genes than MDR clones
are to acquire virulence genes. Nevertheless, evidence seemly
shows the opposite. We found that out of all the documents
reviewed, the total number of Hv (HM) KP isolates obtaining
MDR plasmids was much more than that of MDR-cKPs acquiring
hv plasmids, 111 vs. 87, respectively. (Not absolutely, but it
seems to be a doubt). In Zhang R. et al.’s (2015) study, both
carbapenems-susceptible HvKP and CR-HvKP strains harbored
an ∼200-kb virulence plasmid but the latter had acquired two
additional plasmids with blaKPC-2 gene located on a transferable
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plasmid. Tabrizi et al. described the emergence of VIM-2-
encoding K1 ST23 CR-HvKP in an outbreak in Iran. Plasmid
analysis revealed a class 1 In carrying blaVIM-2 located on an
∼45-kb IncN conjugative plasmid (Tabrizi et al., 2018). As
reported by Feng et al. (2018), a blaKPC-2-mediated carbapenem-
resistant ST36 hvKP clinical isolate had two plasmids, one
IncHI1/IncFIB plasmid highly similar to the known pLVPK,
another IncFII plasmid carrying blaKPC-2 and proved self-
transmissible. Similarly, the first IMP-producing K1 ST23 CR-
HvKP in Japan carried a pLVPK-like plasmid and an IncN
plasmid harboring class 1 In-mediated blaIMP-6. According to
the fact that blaIMP-6 was, while rmpA was not, detected in the
transconjugant, the authors inferred that the blaIMP-6-carrying
plasmid was conjugative, but the plasmid carrying virulence
gene was not, and they were two individual plasmids (Harada
et al., 2019). Liu et al. presented an NDM-1 and KPC-2 co-
producing K2 ST86 CR-HvKP strain with four plasmids in China.
Apart from an IncHI1/IncFIB virulence plasmid identical to
pLVPK, the strain additionally acquired two carbapenemase-
producing plasmids including blaNDM-1-carrying IncN plasmid
and IncFIIK plasmid which carried blaKPC-2 and an array of other
resistance elements (Liu Y. et al., 2019). Xie et al. delineated a
blaDHA-1-carrying IncHI5 plasmid which had a 26-kb accessory
region where the blaDHA-1 gene was located upstream of
ISCR1 isolated from a K1 ST23 MDR-HvKP strain. Apart from
this MDR plasmid, this strain carried another two plasmids,
including its virulence plasmid (Xie et al., 2018). In Dong et al.
(2019) study, a VIM-1-producing K1 ST23 CR-HvKP strain
harbored three plasmids; a virulence plasmid highly homologous
to that recovered from other ST23 hvKPs; and a blaVIM-1-
bearing plasmid possessing a unique resistance island structure
presumably generated by multiple gene mobilization events.
Yuan et al. (2019) showed that apart from an IncHI1/IncFIB
pLVPK-like plasmid, a blaNDM-5-carrying K54 ST29 CR-HvKP
isolated from Sichuan, China, harbored a blaNDM-5-carrying
IncX3 self-transmissible plasmid. Recent WGS work of an
NDM-1-producing K1 ST23 CR-HvKP in China, by Liu and
Su (2019), showed that in addition to a pLVPK-like virulence
plasmid, it had a conjugative resistance plasmid carrying a
blaNDM-1 and another six types of resistance genes surrounded
by ISs. All of these studies were typical examples in which
hvKP clones additionally acquired resistance plasmids all proved
conjugative. On the theoretical basis that most large resistance
plasmids encode their own transfer and are conjugative, we
could further speculate from these papers that the surveyed
phenotypically convergent strains originally carried a virulence
plasmid and thereafter acquired extra resistance plasmids, which
are readily transmitted by horizontal transfer between different
lineages and species. Nevertheless, if we only consider the
strong transfer of resistance plasmids, we cannot explain why
the composite strains are still far less than MDR-KP strains.
Therefore, we guess that the success of the MDR and hv
convergence results from interaction of various positive and
negative factors. Clear examples of the positive factors include
the following: (i) most resistance plasmids encode all functions
needed for their horizontal transfer, such as DNA replication
and copy number control functions, mating pair formation

genes, and an origin of transfer (oriT) (Pinilla-Redondo et al.,
2018), which facilitated their transfer into other strains like
hvKPs; (ii) acquisition of antibiotic resistance genes to become
MDR-HvKPs promotes adaptive evolution of hvKP clones in
an antibiotic environment; (iii) most acquisition of antibiotic
resistance will reduce the virulence and fitness of the strain,
especially in the absence of antibiotic selection (Durao et al.,
2018); while in the era of antibiotics, antibiotic selection pressure
promotes plasmids persistence once resistant mutants form;
(iv) conjugative resistance plasmids are usually large and have
a low-copy-number, which to some extent circumvent use of
host material, and as such, has less effect on host fitness than
high-copy-number ones; (v) host genetic background might
be a pivotal determinant of plasmid fitness. Strain-dependent
compensation to the cost of resistance acquisition might occur
in hv strains. Intriguingly, not as many strains of concurrent
hv and MDR phenotypes, as imagined in the context of so
many positive advantages, implied the essential role of negative
factors: (i) considerably lower genome diversity and plasticity
than that of MDR-KP is a hint that there might be some sort
of barrier for hvKP to uptake and/or integrate DNA fragments;
(ii) hv strains typically sensitive to antibiotic are selectively killed
by antimicrobial agents before they acquire resistance plasmids.
Therefore, antibiotic usage creates conditions for the growth and
development of MDR-cKP populations rather than producing
a noticeable number of MDR-HvKPs. Altogether, we provide
explanations for the complex interactions between resistance
plasmids and hvKPs, which shed light on the mechanisms
of Hv (HM) KPs obtaining and maintaining MDR plasmids.
Notwithstanding Wyres et al.’s (2019) opinion posed at the
beginning of this section, that hvKPs are unable or difficult to
obtain resistance plasmids, it is possible to state that the genomic
traits of hvKPs just weaken the strong transmission kinetics of
MDR factors into themselves than into cKPs, producing relatively
fewer MDR-hvKPs than MDR-cKPs. Under the interaction
of many factors, it is still very easy for hvKPs to obtain
resistance plasmids.

Virulence-Resistance Hybrid Plasmids
Small MGEs, such as Tn, IS, or In, that “hitchhike” on the
plasmids, especially resistance plasmids (Pinilla-Redondo et al.,
2018), contribute to the capture and dissemination of MDR
and/or hv genes whose co-existence on the same plasmid
constitutes the perfect mosaic structure-hybrid plasmid. The
transfer of the hybrid plasmids into either hvKP or cKP strains
form MDR-HvKPs. The possible evolution pathway of MDR-
HvKPs mediated by the hybrid plasmid is shown in model
diagram Figure 1.

Some clear examples have been demonstrated. Zhang et al.
reported the emergence of five K1 CR-HvKP strains causing
fatal infections in hospital patients in Zhejiang Province, China.
The K1 ST23 CR-HvKP70-2 harbored an ∼200-Kp plasmid
on which blaKPC and rmpA were located, and this plasmid
was not transferred to Escherichia coli. Similarly, blaKPC-2 was
detected on two virulence genes-harboring plasmids which were
not transferable to E. coli in other three genetically related K1
ST1797 isolates (Zhang R. et al., 2015). The non-conjugativity
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FIGURE 1 | Model diagram of the possible evolution pathway of MDR-hvKPs mediated by a hybrid plasmid. ¬ MDR plasmids first transfer into hvKPs, then
antimicrobial resistance genes are integrated or transposed into hv plasmid harbored by hvKPs, resulting in the formation of hybrid plasmids with most hv
genes-bearing regions and the MDR-hvKPs of hv-associated STs (¬-A). Alternatively, if the genes encoding the self-transfer conjugative system are integrated into
the virulence plasmid, together with the resistance determinants, the hybrid plasmids will be conferred self-transmission and conjugativity transfer into any bacterial
host including cKPs to become MDR-HvKPs (¬-B). In addition, with the help of other conjugative plasmids this hybrid plasmid can be possibly transferred into other
cKPs to form MDR-hvKPs of MDR- or cKP-linked STs (¬-C).  If the In, Tn, and (or) Is further carry hv genes from the hv plasmid into other resistance plasmids,
hybrid plasmids with most sites of resistance plasmid characteristics are formed. They can be transferred into either hvKPs (¬--A) or cKPs (¬--B) to form
MDR-hvKPs via their conjugal transfer system.

implied that these hv-MDR plasmids were very likely originally
harbored by the hvKPs and carried the hv plasmid backbone, then
formed mosaic structures via MGEs-mediated integration with
the blaKPC-2-bearing DNA fragment which comes from other
conjugative blaKPC-2-carrying resistance plasmid(s) transferred
into the hv host before (Figure 1¬-A). This hypothesis was
subsequently proved in Dong et al.’s study where a hybrid
plasmid recovered from CR-HvKP strain KP70-2 was found to be
almost structurally identical to numerous known hv conferring
plasmids harbored by other hvKP strains, except for an extra
MDR-encoding region flanked by two copies of IS26 in the
same orientation and MGEs-mediated resistance genes dfrA14
and blaKPC-2. The authors concluded that multiple IS elements
were responsible for the integration of the MDR region into the
virulence plasmid (Dong et al., 2018a). Similarly, the complete
genome of an ESBL-producing K1 ST23 MDR-HvKP showed
that the strain obtained a rare plasmid harboring virulence
and blaCTX-M-24 genes. Furthermore, a full-plasmid BLAST
comparative analysis illustrated that this plasmid exhibited
high similarity with three IncHI1B/IncFIB virulent plasmids
retrieved from the GenBank, except for a unique blaCTX-M-24-
harboring region. Further exploration proved that following
the IS-mediated blaCTX-M-24 gene insertion, into the conserved
virulence plasmid backbone region, the hybrid plasmid formed
(Shen et al., 2019). In conclusion, these studies suggested that
hv strains are capable of acquiring MDR determinants through
the integration of the MDR region mediated by MGEs, like

Tn, In, and seemly dominant IS, into its intrinsic virulence
plasmid. The integration of additional resistance elements into
the virulence plasmids of hvKPs constitutes perfect mosaic
plasmids possessing dual characteristics of conserved virulent
regions and newly acquired MDR-encoding sites, but maybe not
conjugative (Figure 1¬-A).

However, if the genes encoding a self-transfer conjugative
system are integrated into the virulence plasmid together
with the resistance determinants, the hybrid plasmids will be
conferred self-transmission and conjugativity. Alternatively, with
the help of other conjugative plasmids, this hybrid plasmid
could possibly be mobilized to transfer. Hence, if the fitness
cost brought into the host bacteria is not considered, they
enable one-time simultaneous transfer of resistance and virulence
genes into any type of K. pneumoniae clones, including
cKPs, to facilitate emergence of MDR-HvKPs (Figures 1¬-
B,¬-C). Indeed, a growing body of evidence supports the
hypothesis. Huang et al. (2018) identified a hybrid virulent
plasmid which comprised both parts of the pLVPK and
an IncHI2-type resistance plasmid in a KPC-2-producing
K47 ST11 MDR-HvKP strain in Taiwan. According to the
study of Lam et al. (2019), both two ESBL-producing K24
ST15 K. pneumoniae isolates carried large hv-MDR mosaic
plasmids which include sequences typical of IncFIBK virulence
plasmids, such as pK2044, fused with regions of homology
with typical IncFIIK conjugative MDR plasmids. Similarly,
Turton et al. (2019) also described hybrid plasmids containing

Frontiers in Microbiology | www.frontiersin.org 7 November 2020 | Volume 11 | Article 581543158

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


fmicb-11-581543 November 17, 2020 Time: 14:44 # 8

Tang et al. Evolutionary Mechanisms of Klebsiella pneumoniae

both resistance and virulence clusters in 12 CR-HvKP isolates
belonging to ST15/48/101/147/383. Yet, considering the special
characteristics of classic hv plasmid, such as its notable lineage
specificity, narrow-host-range, and low-copy-number traits, it
might inhibit a second virulent plasmid transfer into the same
strain, which thus might cause hvKPs to not acquire and maintain
other hybrid plasmids with most hv genes-bearing regions.
These surveyed CR-HvKP strains of hvKP-linked STs generally
carrying a single hv or MDR-hv hybrid plasmid can support
this hypothesis.

Besides, if the In, Tn, and/or Is further carry the virulent
sites/genes from the hv plasmid into other resistance plasmids,
hybrid plasmids with most sites of the resistance plasmid
traits are formed. They can be transferred into either hvKPs
(Figure 1¬--A) or cKPs (Figure 1¬--B) to form MDR-hvKPs
mediated by their conjugal transfer system.

From a biological point of view, the highly mosaic nature of
antimicrobial resistance and virulence determinants converging
within a single vector, the purported co-selection, efficiently
facilitates the evolution in two directions, which is a shortcut
to an evolutionary success for a proficient bacteria, since
selection by relevant antibiotics will also select for virulence
traits (Turton et al., 2019). It should be noted that, due to the
integration of multiple plasmids elements, including self-transfer
conjugative system as well as expanded replicons number and
host ranges, hybrid plasmids with MDR and hv biphenotypes
can widely spread and infect many types of bacterial hosts
and eventually become notorious environmental contaminators
(Xie et al., 2020).

CONCLUSION

In the context of what has already been reported by others
regarding the MDR and hv convergence in K. pneumoniae,
epidemiological characteristics and formation mechanisms of
MDR-HvKPs researched in these papers have been discussed and
elaborated in the current review.

Collectively, an epidemiology analysis enhances our
understanding that the genetic background and geographical
distribution characteristics of MDR-HvKP are highly consistent
with the epidemic characteristics of hvKP and MDR strains
and the monitoring and control of both will help prevent
the occurrence of superbugs. The formation mechanism
analysis has brought to light that hvKP and MDR strains

could evolve into MDR-HvKPs through acquiring MDR,
hv plasmids, or resistance/virulence hybrid plasmids. The
formation mechanisms of biphenotypic composite bacteria
are different in distinct genetic background K. pneumoniae
clones, but the horizontal transfer of plasmids plays a decisive
role. In addition, the adaptive evolution ability of the strain
promotes the formation, persistence, and transmission of MDR-
HvKP.

In the current review, we identified the important role of
plasmid-mediated HGT endowing convergence of hv and MDR
in K. pneumoniae. A plasmid-centered outlook, as opposed to the
traditional host-centric view, should be taken into consideration
by clinicians to turn the focal point from the specific host strains
to resistance and virulence plasmids (and other MGEs) and to
adopt surveillance strategies to track, hinder, or minimize the
horizontal dissemination of them. Notably, avoiding drug abuse
after the composite strains form may reduce the persistence of
plasmids and extreme strains.
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Cryptosporidium and Giardia are two important zoonotic intestinal protozoa responsible
for diarrheal diseases in humans and animals worldwide. Feces from infected hosts, water
and food contaminated by Cryptosporidium oocysts and Giardia cysts as well as
predictors such as poverty have been involved in their transmission. Myanmar is one of
the world’s most impoverished countries. To date, there are few epidemiological studies
of Cryptosporidium and Giardia in humans. To understand the prevalence and genetic
characterization of Cryptosporidium spp. and Giardia duodenalis in humans in Myanmar,
a molecular epidemiological investigation of the two protozoa was conducted in four
villages of Shan State. 172 fecal specimens were collected from Wa people (one each)
and identified for the presence of Cryptosporidium spp. and G. duodenalis by sequence
analysis of their respective small subunit ribosomal RNA genes. 1.74% of investigated
people were infected with Cryptosporidium spp.—C. andersoni (n = 2) and C. viatorum
(n = 1) while 11.05% infected with G. duodenalis—assemblages A (n = 6) and B (n = 13).
By sequence analysis of 60-kDa glycoprotein gene, the C. viatorum isolate belonged to a
novel subtype XVcA2G1c. DNA preparations positive for G. duodenalis were further
subtyped. Five of them were amplified and sequenced successfully: different assemblage
B sequences (n = 2) at the triosephosphate isomerase (tpi) locus; sub-assemblage AII
sequence (n = 1) and identical assemblage B sequences (n = 2) at the b-giardin (bg) locus.
This is the first molecular epidemiological study of Cryptosporidium spp. and G.
duodenalis in humans in Myanmar at both genotype and subtype levels. Due to unclear
transmission patterns and dynamics of Cryptosporidium spp. and G. duodenalis, future
research effort should focus on molecular epidemiological investigations of the two
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parasites in humans and animals living in close contact in the investigated areas, even in
whole Myanmar. These data will aid in making efficient control strategies to intervene with
and prevent occurrence of both diseases.
Keywords: Cryptosporidium, Giardia, humans, genotyping, subtyping
INTRODUCTION

Cryptosporidium and Giardia are two ubiquitous intestinal
protozoan parasites in humans and numerous animals. Both
cryptosporidiosis and giardiasis are clinically characterized by
diarrhea, and the severity of diarrhea is closely related to the age
and health status of the infected hosts as well as the genetic
background and infective dose of the parasites (Xiao and Fayer,
2008). Immunocompetent individuals typically experience self-
limiting diarrhea and are often asymptomatic while chronic
diarrhea in immunocompromised individuals (Plutzer et al.,
2018). Severe life-threatening diarrhea has been reported in
cryptosporidiosis patients infected with human immunodeficiency
virus (HIV) (Ryan et al., 2016). The infective dose of the two
parasites are low: <10 Cryptosporidium (Cryptosporidium hominis
or Cryptosporidium parvum) oocysts and 10–100 Giardia
duodenalis (syn. Giardia intestinalis, Giardia lamblia) cysts can
cause infection in immunocompetent persons (Rendtorff, 1954;
Okhuysen et al., 1999; Chappell et al., 2006). More seriously, a
single C. parvum oocyst has been reported to initiate infection in
immunosuppressed persons (Zhao et al., 2014). In general, the
pathogenicity of Cryptosporidium is considered to be more severe in
humans than that of Giardia (Prado et al., 2005). Humans can
acquire Cryptosporidium and Giardia infections through the fecal-
oral route, either directly (via human-to-human/animal contact) or
indirectly (via ingestion of contaminated water or food) (Osman
et al., 2016). The role of water and food in the epidemiology of the
two parasitic diseases is now well recognized. To date, waterborne
and foodborne outbreaks of cryptosporidiosis (>524 and >26) (Liu
et al., 2020) and giardiasis (>344 and >38) had been reported
worldwide (Karanis et al., 2007; Baldursson and Karanis, 2011;
Efstratiou et al., 2017; Ryan et al., 2019). Based on clinical and public
health importance, Cryptosporidium and Giardia are listed on the
Environmental Protection Agency (EPA) microbial contaminant
candidate list of concern for waterborne transmission (https://www.
epa.gov/ground-water-and-drinking-water/national-primary-
drinking-water-regulations). The two pathogens have also been
ranked as the 5th and 11th most important foodborne parasites
worldwide by a joint Food and Agriculture Organization
(FAO)/World Health Organization (WHO) in 2014, respectively
(Plutzer et al., 2018).

Both Cryptosporidium and Giardia are complicated genera.
To date, 41 Cryptosporidium species and over 40 genotypes have
been recognized (Feng et al., 2018; Holubová et al., 2019; Bolland
et al., 2020; Holubová et al., 2020). Among them, 22
Cryptosporidium species/genotypes have been identified in
humans (Xiao and Feng, 2017; Kváč et al., 2018), and C.
hominis and C. parvum are the two most common species,
reported in > 90% of human cryptosporidiosis cases (Squire
gy | www.frontiersin.org 2163
and Ryan, 2017). However, in some countries, especially in
developing countries, some unusual species have a high
occurrence in human cryptosporididosis cases, such as
Cryptosporidium meleagridis (10–20%) in Thailand and in
Peru (Gatei et al., 2002; Cama et al., 2007; Cama et al., 2008);
Cryptosporidium andersoni (79.59%) in India (Hussain et al.,
2017); Cryptosporidium viatorum (7.14–11.11%) in Ethiopia
(Adamu et al., 2014; de Lucio et al., 2016). Among the eight
recognized species, and only G. duodenalis has been found to
infect humans with eight assemblages (A to H) being identified
(Ryan et al., 2019). Assemblages A and B are responsible for the
vast majority (99%) of human giardiasis cases, and both of them
have also been found in a variety of mammal species (Sprong
et al., 2009). Assemblages C to H are specific to some animal
species, but assemblages C to F are occasionally found in humans
(Cacciò et al., 2018).

Cryptosporidiosis and giardiasis cause considerable human
disease burdens worldwide. Like other infectious diseases, these
two parasitic diseases also usually affect people living in poverty,
and may further promote poverty. Developing countries usually
have higher prevalence than developed countries: 5–10% versus
1% for cryptosporidiosis (Checkley et al., 2015); 0.9–40.7%
versus 0.4–7.0% for giardiasis (Feng and Xiao, 2011; Ryan and
Cacciò, 2013). In fact, early in 2004, Cryptosporidium spp. and G.
duodenalis were included in the WHO’s “Neglected Disease
Initiative” due to their link with poverty (Savioli et al., 2006).
Myanmar is one of the world’s most impoverished countries. As
of 2019, Myanmar ranks 145 out of 189 countries according to
the Human Development Index (http://hdr.undp.org/en/
content/2019-human-development-index-ranking). However, it
is unclear on epidemiological status of human cryptosporidiosis
and giardiasis and genetic characterization of Cryptosporidium
spp. and G. duodenalis. To date, only two studies reported the
prevalence by microscopy in Myanmar: Cryptosporidium spp.
(3.4%, 7/203) in infants with diarrhea (Aye et al., 1994) and G.
duodenalis (3.4%, 28/821) in schoolchildren and guardians (Kim
et al., 2016). The present study was conducted to understand the
prevalence and genetic characterization of Cryptosporidium spp.
and G. duodenalis in humans in Myanmar at the genotype and
subtype levels.
MATERIALS AND METHODS

Ethics Statement
Scientific approval and ethical clearance for this study was given
by the Ethics Committee of the National Institute of Parasitic
Diseases, Chinese Center for Disease Control and Prevention,
China, and the Myanmar Eastern Shan State Special Region 2
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Ethic Health Organization. All study participants were informed
of the aims and the procedures of this study at enrollment. Before
collection of fecal specimens, written informed consents for all
study participants were obtained from each adult individual or
legal guardian of enrolled children.

Study Site and Collection of Fecal
Specimens
In October, 2018, a total of 172 fecal specimens (approximately
5–10 g each) were collected from Wa people (one specimen
each) in four villages of Pangsang Township (22˚10′N, 99˚11′E)
of Matman District of Shan State, which is located in the east of
Myanmar, bordering with China’s Yunnan Province in about
133-kilometer-long border line (Figure 1). The villages
investigated have poor sanitation and garbage collection.
Domestic pigs and chickens are the most common animals,
which are kept by almost every household. The villagers are
poorly educated and have weak hygiene awareness. The
participants were composed of children (n = 97), teenagers
(n = 41) and adults (n = 34), with their ages ranging from
seven to 53 years. At the time of sampling, we only recorded the
presence or absence of diarrhea. All fecal specimens were
delivered to the laboratory in a cooler with ice packs within
24 h after collection and stored in a refrigerator at −20°C for
future analysis.

DNA Extraction
Genomic DNA was extracted directly from approximately 180 to
200 mg of each fecal specimen using a QIAamp DNAMini Stool
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3164
Kit (Qiagen, Hilden, Germany) according to the manufacturer-
recommended procedures. To obtain a high yield of DNA, the
lysis temperature was increased to 95°C. DNA was eluted in 200
ml of AE elution buffer and stored at −20°C. Extracted DNA
preparations were analyzed by nested polymerase chain reaction
(PCR) amplification.

Genotyping and Subtyping of
Cryptosporidium spp. and G. duodenalis
Cryptosporidium species were identified by nested PCR
amplification of the partial small subunit ribosomal RNA (SSU
rRNA) gene (approximately 830 bp) (Huang et al., 2016).
Subtyping of DNA preparations positive for Cryptosporidium
at the SSU rRNA locus was performed by nested PCR
amplification of the partial 60 kDa glycoprotein (gp60) gene
(approximately 950 bp) (Stensvold et al., 2015). Meanwhile, all
DNA preparations were screened for the presence of G.
duodenalis by nested PCR amplification of the partial SSU
rRNA gene (approximately 290 bp) and were identified to the
assemblage level as previously described by Appelbee et al.
(2003). DNA preparations positive for G. duodenalis at the
SSU rRNA locus were further analyzed to determine sub-
assemblages by nested PCR amplification of the triose
phosphate isomerase (tpi) and b-giardin (bg) genes.
Assemblage A/B-specific nested PCRs were performed to
amplify approximately 330 and 460 bp nucleotide fragments of
the tpi gene, respectively (Geurden et al., 2008; Levecke et al.,
2009). Approximately 510 bp fragment of bg gene was amplified
(Lalle et al., 2005).
FIGURE 1 | A map showing the sampling site of human fecal specimens in this study.
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Each DNA preparation was performed two times and
TaKaRa Taq DNA polymerase (TaKaRa Bio Inc., Tokyo,
Japan) was used for all PCR reactions. A negative control
(DNase-free water) and a positive control (C. baileyi or G.
duodenalis assemblage E) were included in all PCR tests. All
secondary PCR products were subjected to electrophoresis in a
1.5% agarose gel and visualized by staining the gel with GelStrain
(TransGen Biotech., Beijing, China) before sequencing.

Sequence Analysis
Positive secondary PCR products of expected size were sent to
Comate Bioscience Company Limited (Jilin, China) for
sequencing using their respective secondary PCR primers on
an ABI PRISM 3730 XL DNA Analyzer using the BigDye
Terminator v3.1Cycle Sequencing Kit (Applied Biosystems,
Carlsbad, CA, USA). The accuracy of the sequencing data was
confirmed by sequencing in both directions. Species/genotypes
and subtypes of Cryptosporidium, and assemblages and sub-
assemblages of G. duodenalis were identified by comparing the
nucleotide sequences obtained in the present study with
reference sequences downloaded from GenBank using the
Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.
nlm.nih.gov/blast/) and Clustal X 1.83 (http://www.clustal.org/).

Phylogenetic Analysis
To assess phylogenetic relationships among C. viatorum
subtypes obtained in the present study and those published in
GenBank databases, all gp60 gene sequences of C. viatorum
subtypes were implemented in the software Mega 5 (http://www.
megasoftware.net/). A neighbor-joining tree was constructed
based on the evolutionary distances calculated by the Kimura
2-parameter model. The reliability of the trees was assessed using
the bootstrap analysis with 1,000 replicates.

Statistical Analysis
All statistical analyses were performed with Statistical Package for
the Social Sciences (SPSS) 19.0. Pearson chi-square (c2) and
Fisher’s exact tests were used to determine statistical significance
in the present study. All results were interpreted using odds ratios,
95% confidence intervals and significance level (P-values < 0.05).
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Nucleotide Sequence Accession Numbers
The representative nucleotide sequences obtained in this study
were deposited in the GenBank database under the following
accession numbers: MW014313 to MW014315 (SSU rRNA) and
MW014316 (gp60) for Cryptosporidium; MW011715 and
MW011716 (tpi), MW011717 and MW011718 (bg) for
G. duodenalis.
RESULTS

Prevalence of Cryptosporidium spp. and
G. duodenalis
All 172 fecal specimens were screened for the presence of
Cryptosporidium spp. and G. duodenalis by PCR amplification
and sequence analysis of their respective partial SSU rRNA gene.
G. duodenalis (11.05%, 19/172) was observed to be more
prevalent than Cryptosporidium spp. (1.74%, 3/172) in the
investigated people. Cryptosporidium spp. was found only in
children (1.03%, 1/97) and adults (5.88%, 2/34) while G.
duodenalis only in children (12.37%, 12/97) and teenagers
(17.07%, 7/41) (Table 1).

By c2 tests, only a statistically higher prevalence of G.
duodenalis was observed in children than in adults (P = 0.04).
Both prevalences of Cryptosporidium spp. and G. duodenalis
were higher in people without diarrhea than those with diarrhea
(Table 2). Furthermore, there were no relationships between
Cryptosporidium spp. or G. duodenalis infection and diarrhea in
each age group (P > 0.05) (Table 3).

Genotyping and Subtyping of
Cryptosporidium
Sequence analysis of the SSU rRNA gene identified two
Cryptosporidium species: C. andersoni (n = 2) and C. viatorum
(n = 1). Two C. andersoni isolates (MW014313 and MW014314)
had 99.73% (two-base difference) and 99.62% (three-base
difference) similarity with C. andersoni isolates from a dairy
calf (JX515549), respectively. C. viatorum isolate was identical to
a wild rat-derived C. viatorum isolate (MK522269).
TABLE 1 | Prevalence and genetic characterization of Cryptosporidium spp. and G. duodenalis in humans.

Age group
(years)

Examined
no.

Cryptosporidium spp. G. duodenalis

No. of positive
(%)

Species Subtype No. of positive (%) Assemblage Sub-assemblage

SSU rRNA (n) Gp60 (n) SSU rRNA (n) tpi (n) bg (n)

Children (<13) 97 1 (1.03) C. viatorum (1) XVcA2G1c
(1)

12 (12.37) B (9); A (3) B-I (1) B (2); AII
(1)

Teenagers (13–
17)

41 0 − − 7 (17.07) B (4); A (3) B-II (1) −

Adults (≥18) 34 2 (5.88) C. andersoni (2) − 0 − − −

Total 172 3 (1.74) C. viatorum (1); C. andersoni
(2)

XVcA2G1c
(1)

19 (11.05) B (13); A(6) B-I (1); B-II
(1)

B (2); AII
(1)
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In phylogenetic analysis of the gp60 gene sequences, the C.
viatorum isolate obtained in the present study was grouped with C.
viatorum subtypes XVcA2G1b, XVcA2G1a, and XVcA2G1 (Figure
2). Meanwhile, this result was also supported by evolutionary
analysis at the nucleotide and amino acid levels: low genetic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5166
variations (0.12–0.99% and 0.39–1.96%) compared to the other
three subtypes in XVc subtype family; high genetic variations (2.13–
21.47% and 3.59–35.60%) compared to all 11 subtypes in subtype
families (XVa, XVb, XVd) (Table 4). According to the terminology
of C. viatorum subtypes established by Stensvold et al. (2015), a
TABLE 3 | Relationships between Cryptosporidium spp. or G. duodenalis infection and diarrhea in each age group.

Group Symptom Examined no. Cryptosporidium spp. G. duodenalis

Positive no. (%) ORa (95% CIb) c2/P-value Positive no. (%) ORa (95% CIb) c2/P-value

Children Diarrhea 26 0 1.01 (0.99, 1.04) −/1.00c 2 (7.69) 0.51 (0.10, 2.49) 0.25/0.62
Non-diarrhea 71 1 (1.41) 10 (14.08)

Teenagers Diarrhea 14 0 − − 2 (14.29) 0.73 (0.12, 4.37) −/1.00
Non-diarrhea 27 0 5 (18.52)

Adults Diarrhea 2 0 1.07 (0.96, 1.17) −/1.00c 0 − −

Non-diarrhea 32 2 (6.25) 0
November 20
20 | Volume 10 | Art
aOR Odds ratio, bCI Confidence interval, cFisher’s exact test.
FIGURE 2 | Phylogenetic relationship of gp60 subtypes of Cryptosporidium viatorum. The relationships among C. viatorum subtypes identified in the present study
and those deposited in the GenBank were inferred by a neighbor-joining analysis of gp60 gene sequences based on genetic distance by the Kimura 2-parameter
model. The numbers on the branches are percent bootstrapping values from 1000 replicates. Each sequence is identified by its accession number and subtype
designation. The triangle filled in black indicates the subtype identified in this study.
TABLE 2 | Prevalence of Cryptosporidium spp. and G. duodenalis by age and symptom.

Group Examined no. Cryptosporidium spp. G. duodenalis

Positive no. (%) ORa (95% CIb) c2/P-value Positive no. (%) ORa (95% CIb) c2/P-value

Age Children 97 1 (1.03) Ref 12 (12.37) Ref
Teenagers 41 0 0.99 (0.97, 1.01) −/1.00c 7 (17.07) 0.69 (0.25, 1.89) 0.54/0.46
Adults 34 2 (5.88) 0.17 (0.02, 1.90) 0.92/0.34 0 0.88 (0.81, 0.94) −/0.04c,d

Symptom Diarrhea 42 0 1.02 (1.00, 1.05) −/1.00c 4 (9.52) 0.81 (0.25, 2.58) 0.01/0.94
Non-diarrhea 130 3 (2.31) 15 (11.54)
aOR Odds ratio. bCI Confidence interval. cFisher’s exact test. dBold type for values indicates statistical significance.
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novel subtype XVcA2G1c was identified, which had the largest
similarity (99.88%) with subtype XVcA2G1 (MK796005) from a
Bower’s white-toothed rat in China.

Genotyping and Subtyping of
G. duodenalis
Sequence analysis of the SSU rRNA gene identified two G.
duodenalis assemblages: A (n = 6) and B (n = 13). All assemblage
A isolates were identical to each other, and so were assemblage B
isolates, which had 100% similarity with two horse-derived isolates
(MN174121 and MN174122), respectively.

At the tpi locus, only two isolates of assemblage B were
successfully amplified and sequenced, with two different tpi gene
sequences being obtained. Due to no clear subgrouping within
assemblage B, both of them were named as sub-assemblage B-I
(MW011715) and B-II (MW011716) for convenient description,
respectively (Table 1). Sub-assemblage B-I had one-base
difference compared to the JX994251 and KM977638
sequences from a human and a chinchilla, respectively. Sub-
assemblage B-II had 100% similarity with those isolates from a
human (JX994245) and animals—non-human primates
(MK982533), a bos indicus (MF459680), a dog (LC437486), a
cat (LC341576), a goat (MF095053), a pig (MH644772), a rabbit
(MH475909), a fox (KY304077), an orangutan (KR011753), a
chinchilla (KF843914), and an anteater (GU797247).

At the bg locus, only three G. duodenalis isolates were
successfully amplified and sequenced. The assemblage A isolate
was identified as sub-assemblage AII, which was identical to those
G. duodenalis isolates from a human (MN844143), a sheep
(MK452883), and a cattle (MK452836). Two assemblage B
isolates were identical to each other, and shared 100% similarity
with a human-derived G. duodenalis isolate (MK982542).
DISCUSSION

To the best of our knowledge, the present study is the first report of
the prevalence and genetic characterization of Cryptosporidium
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spp. and G. duodenalis by molecular techniques in Wa people in
Myanmar. Cryptosporidium spp. was detected in children (1.03%,
1/97) and adults (5.88%, 2/34), while G. duodenalis in children
(12.37%, 12/97) and teenagers (17.07%, 7/41). However, in two
studies conducted in Myanmar, a prevalence of 3.4% was found in
detection of eitherCryptosporidium spp. in infants orG. duodenalis
in schoolchildren and guardians by microscopy (Aye et al., 1994;
Kim et al., 2016). The difference in prevalence may be related to
detection methods employed. PCR-based molecular techniques are
demonstrated to be more sensitive than conventional microscopy,
such as Cryptosporidium spp. prevalence in sheep in Australia
(26.25% versus 2.6%) (Ryan et al., 2005) and in the US (50.8%
versus 20.6%) (Santıń et al., 2007);G. duodenalis prevalence in dogs
in India (20.0% versus 3.0%) (Traub et al., 2004) and in Italy (20.5%
versus 11.0%) (Scaramozzino et al., 2009). Besides that, the
prevalence may be related to population specimens collected and
their clinical features. Children are reported to have a statistically
significantly higher prevalence than adults: such as 2.56% versus
1.89% for Cryptosporidium spp. in China (Liu et al., 2020); 53.2%
versus 22.2% for G. duodenalis in Uganda (Johnston et al., 2010).
Meanwhile, some studies reported significant difference in
prevalence of both parasites between diarrheal and non-diarrheal
children, such as 16.3% versus 3.1% for Cryptosporidium spp. in
Tanzania (Tellevik et al., 2015); 20.5% versus 8.0% for G. dudenalis
in Ethiopia (Feleke et al., 2018). However, in the present study, G.
duodenalis was more prevalent in non-diarrheal cases than in
diarrheal cases (14.08% versus 7.69% for children; 18.52% versus
14.29% for teenagers), and all three Cryptosporidium-positive cases
were from non-diarrheal individuals. Similar results are also
reported in some previous studies, such as Cryptosporidium spp.
in Peru and G. duodenalis in Ethiopia (Cama et al., 2008; Tellevik
et al., 2015). Even so, the two parasites can also lead to growth and
development retardation of asymptomatic children (Prado et al.,
2005; Checkley et al., 2015), thus constituting a serious public
health problem in this population. The prevalences are complicated
and difficult to compare due to differences in the detection methods
employed, the size of specimens analyzed, the populations
investigated, and the health status of individuals.
TABLE 4 | Pairwise differences (percentage) among gp60 subtypes of C. viatorum for nucleotide (below the diagonal) and amino acid sequences (above the diagonal).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 – 0 0 0.79 0.79 2.38 0.40 0.79 3.16 28.40 4.40 5.20 5.20 4.40 33.20 1 XVaA3a
2 0.25 – 0 0.79 0.79 2.38 0.40 0.79 3.16 28.40 4.40 5.20 5.20 4.40 33.20 2 XVaA3b
3 0.12 0.12 – 0.79 0.79 2.38 0.40 0.79 3.16 28.40 4.40 5.20 5.20 4.40 33.20 3 XVaA3c
4 0.50 0.50 0.37 – 0.79 2.39 0.40 0.79 3.17 28.92 4.42 5.22 5.22 4.42 34.14 4 XVaA3d
5 1.00 1.00 0.87 0.75 – 1.58 0.39 0 2.75 28.97 3.97 4.76 4.76 3.97 33.73 5 XVaA3e
6 1.50 1.50 1.38 1.25 0.49 – 1.98 1.58 2.77 29.60 4.00 4.80 4.80 4.00 33.60 6 XVaA3f
7 0.49 0.49 0.37 0.25 0.62 1.12 – 0.39 2.76 29.08 3.98 4.78 4.78 3.98 33.86 7 XVaA3g
8 0.62 0.62 0.49 0.37 0.49 0.99 0.12 – 2.36 29.08 3.59 4.38 4.38 3.59 33.86 8 XVaA3h
9 1.62 1.62 1.50 1.63 1.24 1.24 1.49 1.37 – 28.85 3.95 5.53 5.53 3.95 32.81 9 XVaA6
10 16.81 16.97 16.97 17.04 17.54 17.78 17.53 17.69 17.96 – 30.80 31.20 31.20 30.80 23.83 10 XVbA2G1
11 2.53 2.53 2.40 2.28 2.13 2.14 2.39 2.26 2.25 17.62 – 1.57 1.57 0.39 35.60 11 XVcA2G1
12 3.18 3.18 3.05 2.93 2.52 2.53 2.78 2.65 2.90 17.93 0.86 – 0 1.96 36.00 12 XVcA2G1a
13 3.31 3.31 3.18 3.06 2.65 2.66 2.91 2.78 3.03 18.10 0.99 0.12 – 1.96 36.00 13 XVcA2G1b
14 2.66 2.66 2.53 2.41 2.13 2.14 2.39 2.26 2.25 17.79 0.12 0.86 0.99 – 35.60 14 XVcA2G1c
15 19.55 19.57 19.39 19.83 20.69 20.60 20.32 20.49 19.71 12.61 21.29 21.97 22.16 21.47 – 15 XVdA3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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C. parvum and C. hominis are recognized as the main
causative agents (> 90%) in reported human cases of
Cryptosporidium infection (Squire and Ryan, 2017; Liu et al.,
2020). However, in the present study, two unusual
Cryptosporidium species were identified: C. andersoni (n = 2)
and C. viatorum (n = 1). Since the first report of C. andersoni in
humans in 2001, there have been 144 human cases of
cryptosporidiosis attributed to C. andersoni, composed of 141
diarrheal cases from India (n = 78) (Hussain et al., 2017), China
(n = 59) (Liu et al., 2014; Jiang et al., 2014; Su et al., 2017), the UK
(n = 3) (Leoni et al., 2006) and Malawi (n = 1) (Morse et al.,
2007), and three cases having no information on clinical
symptoms from Australia (Waldron et al., 2011), Iran (Agholi
et al., 2013), and France (Guyot et al., 2001). C. viatorum was first
identified in 10 travellers with gastrointestinal symptoms
returning to the UK from the Indian subcontinent in 2012
(Elwin et al., 2012). The name was chosen to underscore its
link to foreign travel. To date, 37 human cases of
cryptosporidiosis including the present case caused by C.
viatorum have been identified in nine countries: Australia (n =
1) (Braima et al., 2019), China (n = 1) (Xu et al., 2020), Colombia
(n = 1) (Sánchez et al., 2017), Ethiopia (n = 12) (Adamu et al.,
2014; Stensvold et al., 2015; de Lucio et al., 2016), India (n = 2)
(Khalil et al., 2017; Khalil et al., 2018), Myanmar (n = 1), Nigeria
(n = 2) (Ayinmode et al., 2014; Ukwah et al., 2017), Sweden (n =
3) (Insulander et al., 2013; Stensvold et al., 2015), and the UK
(n = 14) (Elwin et al., 2012; Stensvold et al., 2015). 45.95% (17/37)
individuals had a history of travel abroad (Kenya, Guatemala,
India, Barbados, Pakistan, Nepal and Bangladesh) (Table 5). Travel
abroad was considered to be significantly associated with an
increased risk of Cryptosporidium infections in the US and UK
studies (Hunter et al., 2004; Roy et al., 2004). Meanwhile, it was
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observed that 75.68% (28/37) of human cases experienced diarrhea
while 13.51% (5/37) had no diarrhea (Table 5). Occurrence of
diarrhea and the severity of cryptosporidiosis in humans are
complicated, often involving the immune status of the infected
hosts, the virulence of Cryptosporidium species/genotypes, the
infective dose of oocysts and other intestinal pathogens.

Currently, it is unclear on the source of infection/
contamination of C. andersoni and C. viatorum in the
investigated areas. C. andersoni is actually the major species
causing cattle cryptosporidiosis, especially in yearlings and adults
(Wang K. et al., 2019). With the accumulation of molecular
epidemiological data of Cryptosporidium, C. andersoni has also
been found occasionally in other animal species, such as sheep,
horses, camels, golden takins, monkeys, hamsters, and ostriches
(Liu et al., 2020). In a previous molecular epidemiological study
of Cryptosporidium in diarrheal outpatients conducted in China,
21 C. andersoni isolates were identical to cattle/goat-derived
isolates at the SSU rRNA locus (Jiang et al., 2014). In the present
study, we observed high homology (99.73% and 99.62%) of the
SSU rRNA gene of two C. andersoni isolates with a cattle-derived
isolate. C. viatorum was initially thought to occur exclusively in
humans. However, it has also been detected in some rat species in
Australia (Koehler et al., 2018) and China (Chen et al., 2019;
Zhao et al., 2019). The same subtypes (XVaA3h and XVaA3g)
have been identified in humans (Braima et al., 2019; Xu et al.,
2020) and rats (Chen et al., 2019) (Tables 5, 6). In the present
study, a novel subtype (XVcA2G1c) was identified in humans for
the first time, which had the largest similarity of 99.88% (one-
base difference) with that (XVcA2G1) from a Bower’s white-
toothed rat in China (Chen et al., 2019). These results above
indicated the large potential of zoonotic transmission of C.
andersoni and C. viatorum. Therefore, the true burden of
TABLE 5 | Geographical distribution of C. viatorum subtypes identified in humans and their travel history.

Host Country/Travel history Case number Subtype (n) Reference

Diarrhea Non-
diarrhea

Human Australia/NA 1a XVaA3g (1) Braima et al., 2019
China/NA 1 XVaA3h (1) Xu et al., 2020
Colombia/NA 1a − Sánchez et al., 2017
Ethiopia/NA 8 2; 2a XVaA3d (9) Adamu et al., 2014; Stensvold et al.,

2015; de Lucio et al., 2016
India/NA 2 − Khalil et al., 2017; Khalil et al., 2018
Myanmar/NA 1 XVcA2G1c (1) This study
Nigeria/NA 2 − Ayinmode et al., 2014; Ukwah et al.,

2017
Sweden/Kenya; Guatemala 3 XVaA3d (1); XVaA3c (1); XVaA3b (1) Insulander et al., 2013; Stensvold

et al., 2015
UK/India; Barbados;
Pakistan; Nepal; Bangladesh

13 1 XVaA3a (9), XVaA3f (2); XVaA3d (2); XVaA3e (1) Elwin et al., 2012; Stensvold et al.,
2015

Total 28 5; 4a XVaA3a (9),XVaA3b (1); XVaA3c (1);XVaA3d (12); XVaA3f (2);
XVaA3e (1); XVaA3h (1); XVaA3g (1); XVcA2G1c (1)
Novembe
NA, not available.
The bars denote negative results at the locus.
The bolded subtype was obtained in the present study.
aCases having no information on clinical symptoms.
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human cryptosporidiosis caused by C. andersoni and C.
viatorum attributed to humans and animals as well as the
transmission dynamic of this disease needs to be assessed in
the investigated areas by systematic molecular epidemiological
surveys of humans and animals in the future.

The genotyping results showed all G. duodenalis-positive
individuals in the investigated areas were infected with
assemblages A (6/19, 31.58%) and B (13/19, 68.42%). Molecular
epidemiological data indicated that assemblage B commonly had
higher prevalence than assemblage A worldwide (Ryan and Cacciò,
2013), such as 68.0% (66/97) versus 29.9% (29/97) in Spain (Wang
Y. et al., 2019); 66.7% (8/12) versus 33.3% (4/12) in China (Yu et al.,
2019). However, an oppositive pattern of distribution of
assemblages A and B has also been noticed in humans.
Assemblage A showed a predominance compared to assemblage
B in some studies, such as 35.9% (33/92) versus 21.7% (20/92) in
Ethiopia (Damitie et al., 2018); 52.5% (31/59) versus 22.0% (13/59)
in Ethiopia (Gelanew et al., 2007). Although epidemiological
investigations have been conducted worldwide, the number of
molecular epidemiological studies of giardiasis in humans is
relatively small. To date, there is a lack of geographical
structuring of the G. duodenalis assemblages across the globe.
Difference in geographical distribution of assemblages might be
associated to the socioeco-epidemiological factors of the population
investigated (Sánchez et al., 2017) andmethodological aspects, such
as targeted genes, number of loci, primers, downstream procedures
etc (Oliveira-Arbex et al., 2016).

One of six assemblage A isolates was successfully amplified
and identified as sub-assemblage AII based on sequence analysis
of the bg gene. Currently, there are three sub-assemblages (AI,
AII and AIII) identified within assemblage A. Sub-assemblages
AI and AII are commonly found in animals and humans,
respectively; however, so far sub-assemblage AIII has been
found only in animals, mostly in wildlife (Ryan et al., 2019).
Although some studies indicated that contact with farm animals
was associated with an increased risk of G. duodenalis infection
for adults (Hoque et al., 2002; Hoque et al., 2003), genotyping
and subtyping data point only to the potential role for zoonotic
transmission with little epidemiological support (Xiao and Fayer,
2008). Sub-assemblage AII has ever been found in both pets
(dogs) and their owners in Belgium (Claerebout et al., 2009). In
India, genetically similar sub-assemblage AII isolates have been
found in dogs and humans living within the same household
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8169
(Traub et al., 2004). The same bg gene sequences of
sub-assemblage AII were observed in human (here) and in
sheep and cattle (previously). Meanwhile, at the tpi locus, one
assemblage B isolate had 100% similarity with those from various
animals (seen in Results). The finding of the same gene
sequences of G. duodenalis isolates derived from humans and
animals indicated the possibility of zoonotic transmission in the
investigated areas. Due to the lack of data of G. duodenalis in
local animals, the epidemiologic role of animals in the spread of
giardiasis will be assessed.
CONCLUSION

This is the first molecular epidemiological investigation of
Cryptosporidium spp. and G. duodenalis in humans in
Myanmar. In general, G. duodenalis was more prevalent than
Cryptosporidium spp. in the investigated areas. High percentage of
non-diarrheal individuals infected with Cryptosporidium spp. and
G. duodenalis should be made aware of the importance and
epidemiological significance. Two unusual Cryptosporidium
species (C. andersoni and C. viatorum) were identified, with a
novel C. viatorum subtype XVcA2G1c being found for the first
time. DNA sequences of Cryptosporidium spp. and G. duodenalis
isolates from investigated people had high similarity or even
identity of animal-derived isolates, implying the potential of
zoonotic transmission. Due to unclear transmission patterns and
dynamics of Cryptosporidium spp. and G. duodenalis, future
research effort should focus on molecular epidemiological
investigations of the two parasites in humans and animals living
in close contact in the investigated areas, even in whole Myanmar.
These data will aid in making efficient control strategies to
intervene with and prevent occurrence of both diseases.
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Background: The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in Wuhan, China, rapidly grew into a global pandemic. How SARS-CoV-2
evolved remains unclear.

Methods: We performed a comprehensive analysis using the available genomes of
SARS-CoV-2 and its closely related coronaviruses.

Results: The ratio of nucleotide substitutions to amino acid substitutions of the spike
gene (9.07) between SARS-CoV-2 WIV04 and Bat-CoV RaTG13 was markedly higher
than that between other coronaviruses (range, 1.29–4.81); the ratio of non-synonymous
to synonymous substitution rates (dN/dS) between SARS-CoV-2 WIV04 and Bat-CoV
RaTG13 was the lowest among all the performed comparisons, suggesting evolution
under stringent selective pressure. Notably, the relative proportion of the T:C transition
was markedly higher between SARS-CoV-2 WIV04 and Bat-CoV RaTG13 than between
other compared coronaviruses. Codon usage is similar across these coronaviruses and
is unlikely to explain the increased number of synonymous mutations. Moreover, some
sites of the spike protein might be subjected to positive selection.

Conclusions: Our results showed an increased proportion of synonymous substitutions
and the T:C transition between SARS-CoV-2 and RaTG13. Further investigation of the
mutation pattern mechanism would contribute to understanding viral pathogenicity and
its adaptation to hosts.

Keywords: SARS-CoV-2, synonymous mutation, codon usage, natural selection, Bat-CoV

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), also known as 2019-nCoV, is a
novel coronavirus (CoV) isolated from patients with pneumonia in China in 2019. SARS-CoV-2
has a similar incubation period (median, 3 days) and a relatively lower fatality when compared
with SARS-CoV or MERS-CoV (Jiang et al., 2020), but the reproductive number of SARS-CoV-2
is estimated to be higher than that of SARS-CoV (Liu et al., 2020). Moreover, some laboratory-
confirmed symptomatic cases lack apparent cough, fever, or radiologic manifestations, making it
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difficult to identify all infected patients in a timely and accurate
manner (Xu et al., 2020). As of July 17, 2020, patients
infected by SARS-CoV-2 have been diagnosed in more than
200 countries, and more than 13 million confirmed cases and
560,000 deaths associated with SARS-CoV-2 infection have been
reported worldwide.

The genetic information of a virus is essential for its
classification and traceability and its pathogenicity. At the whole
genome level, the sequence identity of SARS-CoV-2 is 50% to
that of MERS-CoV; 79% to that of SARS-CoV; 88% to those
of two bat-derived SARS-like coronaviruses, Bat-SL-CoVZC45
and Bat-SL-CoVZXC21 (collected in 2018 in Zhoushan, China);
and 96% to that of Bat-CoV RaTG13 (collected in 2013 in
Yunnan, China) (Zhang L. et al., 2020; Zhou et al., 2020).
Each genome of all SARS-CoV-2 strains now submitted online
contains nearly 29,900 nucleotides (nt), which are predicted with
at least 14 open reading frames (ORFs) (5′–3′), such as ORF1ab
(P, 21,291 nt), spike (S, 3,822 nt), ORF3a (828 nt), envelope (E,
228 nt), membrane (M, 669 nt), ORF8 (366 nt), and nucleocapsid
(N, 1,260 nt) (Wu et al., 2020). Among them, the spike gene
encodes a glycoprotein that is crucial to determine host tropism
and transmission capacity and is highly divergent compared with
that of Bat-CoV RaTG13 (93.1% nucleotide identity) (Lu et al.,
2020; Wu et al., 2020).

Generally, the rates of nucleotide substitution of RNA
viruses are faster than those of their hosts, and this rapid
evolution is mainly shaped by natural selection (mostly purifying
selection) (Lin et al., 2019). Genetic mutations such as nucleotide
substitutions, deletions, and insertions have been frequently
reported when comparing SARS-CoV-2 with other viruses (Lu
et al., 2020; Wu et al., 2020; Zhou et al., 2020). In this study,
we investigated the potential mutation pattern of SARS-CoV-
2 by comprehensive comparative genomic analysis of non-
synonymous/synonymous substitutions, relative synonymous
codon usage (RSCU), and selective pressure to explore their
potential roles in virus evolution.

MATERIALS AND METHODS

Sequence Data
The SARS-CoV-2 reference genomes Wuhan-Hu-1 (NC_045512)
and WIV04 (MN996528) were downloaded from the GenBank
database. Twenty-one closely related coronavirus complete
genome sequences and their coding sequences were also
downloaded from the GenBank database (Table 1).

Phylogenetic Analysis
Genome sequences were aligned using MUSCLE v3.8.31
(Edgar, 2004), followed by manual adjustment using BioEdit
v7.2.5. Phylogenetic analyses of the complete genome were
performed using the maximum-likelihood method and general
time-reversible model of nucleotide substitution with gamma-
distributed rates among sites (GTR + G) in RAxML v8.1.21
(Stamatakis, 2014). Support for the inferred relationships was
evaluated using bootstrap analysis with 1,000 replicates, and trees
were rooted using the alpha-coronavirus lineage as an outgroup.

The coding sequences were translated and aligned using the
MEGA X program (Kumar et al., 2018), and then codon-based
sequence alignment was used for further analysis. Phylogenetic
analyses of coding sequences were performed using the MEGA
X software. The changes in amino acids or nucleotides for each
coding sequence were analyzed using in-house Perl scripts. Both
NT and AA changes were counted by comparing to the reference
strain in each CoV lineage.

Estimation of Synonymous and
Non-synonymous Substitution Rates
The number of synonymous substitutions per synonymous
site (dS) and the number of non-synonymous substitutions
per non-synonymous site (dN) for each coding region were
calculated using the Nei–Gojobori method (Jukes–Cantor) in
the PAML package.

The adaptive evolution server1 was used to identify the
eventual sites of positive selection. For this purpose, the mixed-
effects model of evolution (MEME), which allows the distribution
of dN/dS (ω) to vary from site to site and from branch to branch
at a site, was used (Murrell et al., 2012). This test allowed us to
infer episodic and pervasive positive selection at individual sites.

Synonymous Codon Usage Analysis
To investigate the potential RSCU bias of the spike protein
from SARS-CoV-2 and its closely related coronaviruses, the
coding sequence of the spike protein in these coronaviruses was
calculated with CodonW 1.4.42. The RSCU of human genes

1http://www.datamonkey.org/
2http://codonw.sourceforge.net/

TABLE 1 | Coronavirus genome sequences used in this study.

Strain name Accession number Host

WIV04 MN996528 Human

SNU01 MT039890 Human

RaTG13 MN996532 Bat

CoVZC45 MG772933 Bat

Tor2 AY274119 Human

civet007 AY572034 Civet

WIV1 KF367457 Bat

LYRa11 KF569996 Bat

HKU3-8 GQ153543 Bat

BtKY72 KY352407 Bat

Zhejiang2013 NC_025217 Bat

EMC2012 JX869059 Human

CAMEL-363 KJ713298 Camel

RSA2011 KC869678 Bat

bCoV-ENT NC_003045 Bovine

MHV-A59 NC_001846 Mouse

HKU1 NC_006577 Bat

FarmA MF094681 Pig

HKU2 NC_009988 Bat

229E NC_002645 Human

PEDV NC_003436 Pig
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was retrieved from the Codon Usage Database3. The potential
relationships among these sequences were calculated using a

squared Euclidean distance [dik =
p∑

j=1
(X2

ij − X2
kj)]. In addition to

RSCU, the effective number of codons (ENc) was used as a simple
metric to verify codon bias and explore the source of the virus.

Statistical Analysis
Statistical analyses were performed using the R statistical package
(version 3.2.2). Chi-squared test was used to compare any two
data sets, and the data were considered significantly different if
the two-tailed p value was less than 0.05.

RESULTS

The Mutation Pattern Between
SARS-CoV-2 and Its Closely Related
Coronaviruses
From December 2019 to February 2020, the genome sequences
of 108 strains of SARS-CoV-2 virus were submitted to the
global initiative on sharing avian influenza database (GISAID)
worldwide. Compared with the standard SARS-CoV-2 strain
WIV04, 98 point mutations were detected at 93 nucleotide sites
in all SARS-CoV-2 strains with genome sequences available
on February 25, 2020. However, only 58 of these nucleotide
mutations caused changes in amino acids. Among them, 15
nucleotide substitutions at 14 sites caused changes in 7 amino
acids of the spike protein.

The newly identified SARS-CoV-2 strain WIV04 genome
sequence is closely related to Bat-CoV RaTG13 and Bat-
SL-CoVZC45, which were collected from the horseshoe bat
Rhinolophus affinis (Zhou et al., 2020). Compared with the
RaTG13 genome, many nucleotide substitutions are observed,
but only five small insertion and deletion (indel) mutations.
The largest insert segment in the WIV04 genome was the
“CGGCGGGCACGT” sequence, which is located near the
boundary of the S1 and S2 regions of the spike protein.
Interestingly, only synonymous mutations are observed near
this insertion sequence (Figure 1). Compared with the Bat-SL-
CoVZC45 genome, this insert segment is detected in the SARS-
CoV-2 genome as well, but non-synonymous mutations are also
observed around this insert sequence.

Next, we compared the proportion of synonymous mutations
in the spike gene between WIV04 and RaTG13 or Bat-SL-
CoVZC45. The ratio of nucleotide substitutions (263 NT) to
amino acid substitutions (29 AA) was 9.07 from WIV04 to
RaTG13, significantly higher than the ratio (3.91, 864/221)
from WIV04 to Bat-SL-CoVZC45 (p < 0.05) (Figure 2).
Similar results were observed in comparisons using their
whole genomes. Consequently, the proportion of synonymous
mutations (∼40%) among all currently reported SARS-CoV-2
strains is similar to that between WIV04 and Bat-SL-CoVZC45

3http://www.kazusa.or.jp/codon/

(39.1%) but is dramatically lower than that between WIV04 and
RaTG13 (90.7%).

Furthermore, the proportion of T-to-C (T:C) transitions in the
whole nucleotide mutation was markedly higher between WIV04
and RaTG13 than between others (Figure 3). Interestingly, CoVs
lacking a 3′-to-5′ exoribonuclease (ExoN) accumulate 15- to 20-
fold more A:G and U:C transitions (Smith et al., 2013). Thus,
the specific T:C transition pattern between SARS-CoV-2 and
RaTG13 might have resulted from the loss function of ExoN in
the process of evolution.

The Mutation Pattern Between
SARS-CoV-2 and RaTG13 Is Unique
Across Coronavirus Species
To investigate whether the increased ratio of the nucleotide
to amino acid changes between SARS-CoV-2 and RaTG13 is
unique across all coronavirus species, we further compared
their alterations in nucleotides and amino acids with other
representative coronaviruses. Phylogenetic analysis of SARS-
CoV-2 and its 20 closely related coronaviruses formed four
well-supported clades (Figure 2). The two SARS-CoV-2
strains WIV04 (from a Wuhan patient) and SNU01 (from
a Korean patient) were clustered with SARS-CoV-related
strains to form clade 1, belonging to beta-coronavirus lineage
B. MERS-CoV (EMC2012) from humans, CAMEL-363 from
camels, and RSA2011 from bats formed clade 2, belonging
to beta-coronavirus lineage C. Beta-coronavirus lineage A is
formed by the representative bovine coronavirus (bCoV-ENT),
murine hepatitis virus (MHV-A59), and human coronavirus
HKU1. The last clade comprised four representative alpha-
coronaviruses. Notably, the sequence identities between closely
related representative viruses, such as WIV04 and RaTG13, Tor2
and WIV1, and SADS FarmA and HKU1, were nearly 95%.

Next, we compared the alterations in the nucleotides
and amino acids between these coronaviruses. As described
previously, the ratio of the number of nucleotide changes
to amino acid changes (NT/AA) was as high as 9.07 when
SARS-CoV-2 was compared with Bat-CoV RaTG13 (Figure 2).
However, this ratio was less than 5.0 when comparing other
human coronaviruses with their similar animal coronaviruses.
For example, the ratio of human SARS-CoV Tor2 to bat SARS-
like CoV LYRa11 was 4.81, the ratio of human MERS-CoV
EMC2012 to bat SARS-like CoV RSA2011 was 2.80, and the
ratio of human coronavirus 229E to bat coronavirus HKU2 was
4.55. These results indicate that the relative level of synonymous
substitutions between human SARS-CoV-2 and its possible
animal origin (RaTG13) is much higher than that between other
human coronaviruses and their related animal strains.

Codon Usage Is Similar Across
Beta-Coronavirus Lineages
Different organisms, including different protein-coding genes of
the same species, have different frequencies of codon usage (Zhou
et al., 2020). The RSCU bias of coronaviruses will reveal the
difference in their host source. We calculated the distance of
RSCU between the spike genes of 20 representative coronaviruses
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FIGURE 1 | Base mutations of the largest insertion in the spike sequence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) against the most
closely related SARS-like CoV RaTG13 and Bat-SL-CoVZC45.

FIGURE 2 | Maximum-likelihood phylogenetic tree of 21 coronavirus strains. The tree was built with the full genome and rooted against the alpha-CoV clade. NT,
number of nucleotide changes; AA, number of amino acid changes. Both NT and AA were the changes from the reference strain that had no numerical value in the
NT/AA column in each CoV lineage. RSCUdist, RSCU distance of the spike protein; ENc, effective number of codons; S ident (%), percent identity of the S protein
sequence between different coronaviruses. The NT/AA ratio between WIV04/RaTG13 was significantly higher (chi-squared test; p < 0.01) than that of other strain
pairs.
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FIGURE 3 | Frequency of point mutations observed in the spike gene. The
frequency is the number of point mutations in each category (A:C, A:G, A:T,
C:G, C:T, and G:T) divided by the total mutations. “A:C” indicates that
nucleotide A was changed to C, or C changed to A. *p < 0.05.

and SARS-CoV-2. The codon usage difference (distance of
RSCU) between SARS-CoV-2 WIV04 and Bat-CoV RaTG13 was
1.17, which was the lowest except for SNU01 (another strain
of SARS-CoV-2), indicating that their codon preference was
almost the same; the second lowest codon usage difference was
2.41, which was detected between SARS-CoV-2 WIV04 and
Bat-SL-CoVZC45 (Figure 2). The coronaviruses in the same
beta-CoV lineage (B) have a relatively close distance, except
CoV Zhejiang2013. The codon usage difference of the spike
gene between human coronavirus HKU1 and bovine bCoV-ENT
sequence had the largest difference, with a ratio of 41.41.

Codon usage bias in a gene can be effectively measured by
determining the ENc. The lower ENc values represent high codon
bias with low numbers of synonymous codons used for the amino
acids, and a gene with strong codon usage bias may have an ENc
value less than 35. The ENc value of the WIV04 spike gene was
44.38 (Figure 2), which is similar to those of RaTG13 and other
bat coronaviruses in the B, indicating that the high synonymous
mutation was unlikely to be determined by codon usage bias.

The Nucleotide Substitutions Between
SARS-CoV-2 and RaTG13 Are Affected
by Stronger Purifying Selection
To infer whether the retention of mutations is supported
or hindered by natural selection, we further studied the
non-synonymous substitution rate (dN) and synonymous
substitution rate (dS) in the spike gene (Table 2). Generally,
positive (Darwinian) selection increases, but negative (purifying)
selection decreases the ratios of non-synonymous to synonymous
substitution rates (dN/dS). Our results showed that both dN
and dS of the S gene of SARS-CoV-2 WIV04 versus Bat-SARr-
CoV RaTG13 were the lowest among all typical coronaviruses,
while those of SARS-CoV Tor2 versus bat SARS-like coronavirus
WIV1 were the second lowest. When the ratio of dN to dS
of the spike gene is compared, all the tested dN/dS values are
less than 1, indicating that these non-synonymous mutations are
harmful, and negative selection will reduce their retention speed
(Table 2). Among them, the dN/dS of the spike gene of SARS-
CoV-2 WIV04 versus that of Bat-SARr-CoV RaTG13 was 0.04,
which was the lowest among all comparisons, reconfirming that
the rate of synonymous mutation was extensively high between
WIV04 and RaTG13 strains. Moreover, the dN/dS rates of the
polyprotein (ORF1ab) and nucleocapsid (N) genes were similar
to that of the spike gene (Supplementary Table 1).

Because the receptor-binding domain (RBD) of the spike
protein is involved in interacting with human angiotensin-
converting enzyme 2 (ACE2) protein, the RBD region is thought
to be a preferential target of natural selection (Forni et al., 2016).
Consistent with this hypothesis, our results showed that both dN
and dS of the RBD region are higher than those of the whole
spike gene region across all the virus pairs used in this study
(Table 2). Notably, the dN/dS ratio of the RBD region in SARS-
CoV-2 WIV04 was dramatically increased by approximately
threefold compared with the full spike region. Consequently,
these mutations might be subjected to Darwinian selection or
relaxation of purifying selection.

Furthermore, MEME analysis was performed to detect
positive selection on the spike gene. Significant (p < 0.05)
pervasive episodic selection was detected in three sites (48th,
254th, and 330th positions using the reference sequence of
WIV04) on the common ancestor of WIV04 and RaTG13

TABLE 2 | Comparison of the evolutionary rate of the spike protein and its RBD region between different coronavirus strains.

Coronavirus strains for pair comparison Spike Receptor-binding domain (RBD)

dN/Ds dN dS dN/dS dN Ds

WIV04 RaTG13* 0.04 0.014 0.31 0.1165 0.064 0.5494

WIV04 CoVZC45 0.11 0.13 1.19 0.1067 0.2213 2.0751

RaTG13 CoVZC45 0.12 0.13 1.08 0.1067 0.2213 2.0751

WIV04 Tor2 0.11 0.17 1.50 0.095 0.028 0.2945

Tor2 WIV1* 0.17 0.05 0.32 0.1592 0.1997 1.2545

FarmA HKU2* 0.09 0.097 1.08 0.0835 0.1114 1.3342

EMC2012 RSA2011 0.21 0.29 1.38 0.4015 0.6464 1.61

*The whole genome sequence identity between these paired strains was larger than 95%.
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lineages. At the 254th position of the spike amino acid sequence,
a histidine residue is present instead of a phenylalanine residue;
at the 330th amino acidic position in the WIV04 sequence, a
glutamine residue is present instead of a valine residue. The
results described above support the action of positive selection
on some sites of the spike gene during the recent evolution of
SARS-CoV-2 and RaTG13.

DISCUSSION

In this study, we first observed that the proportion of
synonymous substitutions was similar to that of non-
synonymous substitutions within currently available
SARS-CoV-2 strains. According to the random drift hypothesis
(Castellano et al., 2018), these nucleotide differences among
different SARS-CoV-2 strains may primarily result from
neutral evolution. In short, no powerful factor exists to force
SARS-CoV-2 to evolve in a certain direction. However, strict
precautions should be taken against the strong factors that may
cause directional variation of SARS-CoV-2 both in the natural
environment and during infection treatment.

Second, our results showed that synonymous mutations
are dramatically elevated between SARS-CoV-2 and RaTG13.
The relative proportion of synonymous substitutions between
human SARS-CoV-2 and its possible animal origin (RaTG13) is
much higher than that between other human coronaviruses and
their potential animal sources. These results indicated that the
SARS-CoV-2 strains might undergo stronger purifying selection
after diverging from their common ancestor. Interestingly, the
nucleotide mutations were enriched in the T:C transition. The
specific mutation pattern may be caused by the inactivation
of RNA 3′-to-5′ ExoN (Smith et al., 2013). This increased
T:C mutation implies that the ExoN of SARS-CoV-2 may
be deactivated compared with that of RaTG13. Moreover,
RNA mutagen 5-fluorouracil (5-FU) treatment can increase
U:C and A:G transitions as well (Smith et al., 2013).
Therefore, the underlying mechanisms of such potential
mutations between SARS-CoV-2 and RaTG13 require further
investigation in the future.

Previous studies on codon usage bias between viruses and
their hosts have suggested that viruses tend to evolve codon usage
bias comparable to their hosts (Bahir et al., 2009). Generally, RNA
viruses usually comprise high codon usage bias, which helps in
replication and host adaption with preferred codons. However,
our results showed that codon usage was similar between SARS-
CoV-2 and other strains in beta-coronavirus lineage B, suggesting
that the presumptive mutation pattern was not determined by
codon usage bias.

The non-synonymous (dN) to synonymous substitutions (dS)
ratio in protein-coding genes is commonly used to detect the
selection pressure during gene evolution. A dN/dS ratio larger
than 1 indicates positive selection, while a dN/dS ratio less
than 1 indicates negative selection acting on protein-coding
genes. Our results showed that the dN/dS between SARS-
CoV-2 and RaTG13 was less than 0.1 and significantly lower
than that of other paired strain comparisons. These results

indicate that the SARS-CoV-2 virus exhibits extraordinarily
stringent negative selection pressure if it evolved from RaTG13.
By contrast, the relatively high dN/dS ratio in the RBD
region of the spike protein suggests that the selective pressure
acting on this region is relaxed, and some sites may be
undergoing positive selection. This increased evolutionary rate
can be explained by the important function of the spike
protein, which participates in host-specific recognition and
undergoes several drastic changes during virus infection. For
example, its large parts are cleaved during infection by
cellular proteases, exposing the receptors to activate viral
attachment to the host (Lu et al., 2015). However, this result
should be addressed carefully because the RBD region of
the spike gene from SARS-CoV-2 is divergent from that
of RaTG13, suggesting that it may have originated from
homologous recombination between RaTG13 and one yet-
unknown coronavirus (Zhang C. et al., 2020).

In summary, through comprehensive comparative analysis
between SARS-CoV-2 and other coronaviruses, we found
that synonymous mutations were dramatically elevated
between SARS-CoV-2 and RaTG13 compared with other
coronavirus strains, and nucleotide mutations were enriched
in the T:C transition. Because SARS-CoV-2 is supposed to
originate from Bat-CoV RaTG13, the increased synonymous
substitution between SARS-CoV-2 and the RaTG13 strain
suggests that the SARS-CoV-2 genome should be under
stringent negative (purifying) selection. Moreover, the
mechanism underpinning the increased T:C mutations requires
further investigation.
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Emerging artemisinin resistance in Southeast Asia poses a significant risk to malaria
control and eradication goals, including China’s plan to eliminate malaria nationwide by
2020. Plasmodium falciparum was endemic in China, especially in Southern China.
Parasites from this region have shown decreased susceptibility to artemisinin and
delayed parasite clearance after artemisinin treatment. Understanding the genetic basis
of artemisinin resistance and identifying specific genetic loci associated with this
phenotype is crucial for surveillance and containment of resistance. In this study,
parasites were collected from clinical patients from Yunnan province and Hainan island.
The parasites were genotyped using a P. falciparum-specific single nucleotide
polymorphism (SNP) microarray. The SNP profiles examined included a total of 27
validated and candidate molecular markers of drug resistance. The structure of the
parasite population was evaluated by principal component analysis by using the
EIGENSOFT program, and ADMIXTURE was used to calculate maximum likelihood
estimates for the substructure analysis. Parasites showed a high prevalence of
resistance haplotypes of pfdhfr and pfdhps and moderate prevalence of pfcrt. There
was no mutation identified on pfmdr1. Candidate SNPs on chromosomes 10, 13, and 14
that were associated with delayed parasite clearance showed a low prevalence of
mutants. Parasites from Southern China were clustered and separated from those from
Southeast Asia. Parasites from Yunnan province were substructured from parasites from
Hainan island. This study provides evidence for a genomic population with drug resistance
in Southern China and also illustrates the utility of SNP microarrays for large-scale parasite
molecular epidemiology.
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INTRODUCTION

Malaria remains one of the most serious infectious diseases in the
world. According to the world malaria report, an estimated 228
million cases of malaria worldwide were reported in 2018
compared with 251 million in 2010 and an estimated 405,000
deaths globally in 2018 compared with 585,000 in 2010 (WHO,
2019). Plasmodium falciparum has developed resistance to
almost all the antimalarial drugs that have been used. More
recently, multidrug resistance, including to artemisinin
derivatives and partner drugs of P. falciparum, has emerged
and spread in Southeast Asia (Ashley et al., 2014; Takala-
Harrison et al., 2015; Srimuang et al., 2016). The countries of
the Greater Mekong Subregion (GMS) are pursuing malaria
elimination with an aim to achieve regional malaria
elimination by 2030 driven by this emerging multidrug-
resistant P. falciparum (WHO, 2015). China has launched the
National Malaria Elimination Action Plan 2010–2020 with an
ultimate goal to interrupt local malaria transmission by 2020.
Southern China was historically the main P. falciparum endemic
region in China, especially Yunnan and Hainan Provinces.
Yunnan Province, which shares borders with Myanmar,
Vietnam, and Laos, is the key focus of the national malaria
elimination program. China was the first country to use
artemisinin, and its wide-scale use began in the early 1990s
(Tu, 2011). The national malaria treatment policy of China was
updated in 2016, and artemisinin-based combinations are first-
line drugs used to treat P. falciparum malaria, including
dihydroartemisinin-piperaquine, artesunate-amodiaquine, and
artemisinin-piperaquine (NHC, 2016). However, parasites in
Southern China have shown decreased in vitro susceptibility to
artemisinin by the ring stage assay and delayed parasite clearance
after artemisinin treatment (Huang et al., 2012b; Huang et al.,
2015; Wang et al., 2015).

Several molecular markers of P. falciparum resistance have
been identified. Mutations in pfcrt, which encodes a protein
located on the digestive vacuole membrane, are responsible for
chloroquine (CQ) resistance or treatment failure (Picot et al.,
2009; Lakshmanan et al., 2014), and the K76T allele in pfcrt has
been used for the surveillance of clinical CQ resistance (Djimde
et al., 2001; Picot et al., 2009). The pfmdr1 gene encodes the
plasmodial homologue of mammalian multidrug resistance
transporters linked with antimalarial drug resistance
(Holmgren et al., 2007; Dahlstrom et al., 2009; Vinayak et al.,
2010; Ferreira et al., 2011). The single nucleotide polymorphisms
(SNPs) at codons N86Y, Y184F, S1034C, N1042D, and D1246Y of
multidrug resistance gene 1 (pfmdr1) are shown to be associated
with resistance to mefloquine, lumefantrine, amodiaquine, CQ,
and artemisinin (Babiker et al., 2001; Humphreys et al., 2007;
Somé et al., 2010). Point mutations of the dihydrofolate
reductase (dhfr) and dihydropteroate synthase (dhps) genes,
two key enzymes in the folate biosynthesis pathway, mediate
resistance to the antifolate drugs sulfadoxine and pyrimethamine
(SP), respectively, and have been well described (Gregson and
Plowe, 2005). The SNPs have been identified in codons 436, 437,
540, 581, and 613 in the pfdhps gene and codons 108, 51, 59, 140,
16, and 164 in the pfdhfr gene (Kublin et al., 2002). Mutations in
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the propeller region of a kelch protein (K13) on P. falciparum
chromosome 13 (PF3D7_1343700) were identified to be
associated with artemisinin resistance (Ariey et al., 2014).
Understanding the genetic basis of antimalarial drug resistance
and identifying specific genetic loci associated with this
phenotype are crucial for effective surveillance and containment
of resistance.

Microarray-based comparative genomic hybridization, a
powerful tool for whole genome analyses and the rapid
detection of genomic variation that underlies virulence and
disease, provides a robust tool for genome-wide analysis of
malaria parasites in diverse settings (Carret et al., 2005). One
of the key challenges for microarray analysis is the small amount
of genomic DNA obtained from clinical malaria isolates, which is
insufficient to be tested in the array. A custom, high-density,
NimbleGen microarray covering 33,716 SNPs with high-quality
SNPs calls from a wide range of parasite DNA samples, was
developed for genome-wide analysis of malaria parasites in
different settings (Jacob et al., 2014).

This study addresses the genomic epidemiology of
antimalarial drug resistance in P. falciparum from the Yunnan
and Hainan Provinces in Southern China by using this custom
NimbleGen microarray.
MATERIALS AND METHODS

Sample Collection and DNA Extraction
Dried blood spots (DBS) on filter paper (Whatman™ 903, GE
Healthcare) were collected from the participants in a therapeutic
efficacy study before they received antimalarial drug treatment as
well as from the individuals with P. falciparum confirmed by
microscopy or rapid diagnostic test (RDT) through routine
surveillance. Genomic DNA was extracted from the DBS
following the manufacturer’s instructions (QIAamp 96 DNA
Blood Kit, Valencia, CA). Nested polymerase chain reaction
(PCR), amplifying the small-subunit rRNA gene of
Plasmodium spp. (Snounou et al., 1993) was used to confirm
the species prior to being tested on the array.

Ethical Considerations
The studies with human subjects were reviewed and approved by
the institutional review board of the National Institute of Parasitic
Diseases, Chinese Center for Disease Control. In addition, the
samples collected from the therapeutic efficacy study were also
approved by the WHO Western Pacific Regional Office, and the
studies were registered as clinical trials at https://www.anzctr.org.au
under the numbers ACTRN12610001008011 and ACTRN12610
001028099. Written informed consent was obtained from patients
or guardians.

Quantitative PCR and Whole
Gene Amplification (WGA)
Quantitative PCR was used to amplify the P. falciparum gene
encoding the 18s ribosomal subunit for each sample (Kamau
et al., 2011). The total reaction volume was 25 ml, including 2 ml
January 2021 | Volume 10 | Article 610985
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of sample DNA along with 10 mM probe, 10 mM of each primer,
H2O, and TaqMan universal PCR master mix (containing
AmpliTaq Gold DNA Polymerase, dNTPs, and dUTP).
The sequences for the primers and probe were Forward -
5 ′ -GTAATTGGAATGATAGGAATTTACAAGGT-3 ′ ,
Reverse - 5′-TCAACTACGAACGTTTTAACTGCAAC-3′,
Probe - 5′-FAM GAACGGGAG GTTAACAA MGB-3′. The
PCR conditions were 15 min at 95°C, 15 s at 95°C, and 45
cycles for 1 min at 60°C. The standard curve for DNA
quantification was generated and run on each plate as well as a
no-DNA control. The standard curve was derived from purified
parasite DNA (NF54 strain) and quantified using SYBR Green.
This DNA was diluted to 3, 1.5, 0.75, 0.375, 0.188, 0.094, and
0.047 ng/ml, and each standard and sample was tested in
duplicate with the final quantity expressed as the mean of both
values. The samples with original parasite DNA quantities less
than 2 ng were amplified using WGA with the Qiagen REPLI-g
mini kit, following the manufacturer’s instructions.

SNP Microarray
Parasites were genotyped using a P. falciparum SNP microarray.
This is a custom NimbleGen 4.2 million probe designed in
multiplex format, which comprises 12 identical arrays on each
slide (Jacob et al., 2014). One slide is capable of genotyping
33,716 loci within the P. falciparum genome. Dual-color labeling
was used, and two samples could be hybridized to a single array,
yielding 33,716 SNPs for 24 samples in a single experiment. In
addition, several slides could be run simultaneously, which made
this approach relatively high throughput and low cost. The SNP
profiles were examined for the prevalence of validated and
candidate molecular markers of drug resistance.

DNA Labeling
Parasite DNA was concentrated using vacuum centrifugation to
a volume of 30–50 ml and heat denatured with 1 OD of 65%
random nonamers labeled with cy3 or cy5 for 10 min at 98°C.
Denatured DNA was chilled on ice for 2 min and then incubated
for 2 h at 37°C with 50 units of Klenow fragment and a 50×
dNTP mixture. The reaction was terminated with 0.5 M
ethylenediamine tetraacetic acid (EDTA), and DNA samples
were precipitated with 5 M NaCl and iso-propanol. Labeled
DNA was washed 2–3 times with 80% ice-cold ethanol to remove
unincorporated dye. After removal of ethanol, the samples were
rehydrated in water, and cy3 and cy5 labeled samples were
combined for multiplexing. Samples were dried in a SpeedVac
on medium heat for 30 min.

Hybridization
Hybridization master mix was prepared with 45.67 µl 2×
hybridization buffer, 39.6 µl Denhardt’s solution, 18.27 µl
hybridization comp and 1.88 µl alignment oligo. It must be
mixed very well before use, and 8 µl of hybridization master mix
was added to each labeled DNA sample, vortexed well, and
quickly spun. The mixture was heat denatured at 95°C for 5 min
and stabilized at 42°C prior to loading onto the array. Loaded
samples were hybridized on the NimbleGen hybridization
station for 16–24 h at 42°C.
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Slide Washing and Scanning
Slides were disassembled in a dish containing wash buffer 1 at
42°C and then washed in wash buffer 1, wash buffer 2, and wash
buffer 3 for 2 min, 1 min, and 15 s, respectively. The slides were
washed and subsequently dried in the Slide Washer 12 Array
Processing System. Microarrays were scanned with a NimbleGen
MS 200 Microarray Scanner at 2 mm using “auto gain” to
automatically adjust the scanning parameters on an individual
array basis.

Data Analysis
Spearman’s rank correlation was used to evaluate the relationship
of DNA quantity between the original extraction and post-WGA
and the relationship between parasitemia and the original DNA
quantity by SAS software (SAS Institute Inc., Version 9.2, Cary,
NC, USA). A P value of <0.05 was used to evaluate the differences
with statistical significance. The SNP call rate and SNP call
accuracy were calculated based on the intensity of each probe
using the heuristic algorithm written in PERL (Jacob et al., 2014)
and standard outputs from the Roche NimbleScan (v2.6) software.
The samples with the missing calls of the SNPs associated with
antimalarial drug resistance are removed in the data analysis. The
structure of each parasite population was evaluated by principal
component analysis (PCA) using the EIGENSOFT program (Price
et al., 2006), and ADMIXTURE (Alexander et al., 2009) was used
to calculate maximum likelihood estimates of the most probable
number of ancestral populations (K) based on data of the SNPs for
the substructure analysis. The SNP data of Southeast Asia samples
used in PCA analysis are from the published study (Takala-
Harrison et al., 2015).
RESULTS

Sample Information
The DBS were collected from P. falciparum–infected patients
before antimalarial drug treatment. These cases were diagnosed
by microscopy or RDT before sample collection. A total of 256
DBS samples were collected from Yingjian, Menglian, and
Tengchong in Yunnan Province from 2009 to 2012 (Figure 1).
Among them, 65 isolates also had parasitemia data from a level 1
microscopist who was certificated by the WHO. Another 11 DBS
from Hainan Province collected in 2007 were only used in
subpopulation structure analysis (Table 1).

DNA Quantity
After the genomic DNA was extracted, 86.3% (221/256) were
successfully quantified of P. falciparum genomic DNA, and 35
samples that were tested failed in the quantitative PCR. The
threshold for total DNA to be tested in the microarray was 2 ng.
The highest DNA quantity in the DBS was 77.51 ng. A total of 64
samples contained more than 2 ng of genomic DNA, which
accounted for 25.0%; 25 samples contained DNA between 1 and
2 ng, 75 samples between 0.1 and 1 ng and 57 less than 0.1 ng.
The proportion in each range of DNA quantity is shown in
Figure 2.
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At the first step, a total of 48 samples with the original DNA at
0.5–2 ng underwent whole-genome amplification, and 85.6%
(43/48) had an increased amount of genomic DNA. The post-
WGA DNA amount in 39 samples was more than 2 ng, and the
highest post-WGA DNA was 186 times the original DNA
amount. Nevertheless, the DNA concentration of post-WGA
was not correlated with the original DNA concentration (Figure
3A). When the relationship between the parasitemia and DNA
quantity was analyzed, there was a significant relation between
parasitemia and DNA quantity (r=0.6701, P<0.001) (Figure 3B).
Second, another 49 samples with the original DNA < 0.5 ng
underwent WGA, and 32 samples were increasing the DNA
amount to more than 2 ng. Considering the lower of the original
DNA of these 49 samples, the relationship analysis between the
original DNA and post-WGA DNA did not include these
49 samples.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4183
SNP Call Rate
A total of 135 samples (including 64 with original DNA >2 ng
and 71 with post-WGA DNA>2ng) had an average call rate of
44.4% (Figure 4). The highest call rate was 89.1%, and the lowest
was 18.5%. The SNP call rates were not in a normal distribution
by using the Shapiro-Wilk normality test of SAS software (mean:
44.4%, standard deviation: 0.17168, P<0.01). The samples with
the highest call rate also had the highest parasite DNA level. In
addition, there was a strong correlation between DNA quantity
and call rate (data not shown), which demonstrated that DNA
quantity was a good predictor of the number of SNPs called.

Molecular Markers
A total of 27 SNPs related to antimalarial drug resistance were
tested through the SNP microarray. These SNPs were from pfcrt,
pfmdr1, pfdhfr, phdhps, and another four SNPs (MAL10:688956,
MAL13:1718319, MAL13:1719976, MAL14:718269) located on
chromosomes 10, 13, and 14, which were associated with delayed
parasite clearance time. The location of each SNP is shown in the
Supplementary File 1.

In total, eight codons of pfcrt were tested, and no mutations
were identified at codons 74, 75, and 371 (Figure 5). All 66
samples tested successfully were 100.0% mutant at pfcrt 356 (66/
66), followed by codons 326 (91.2%, 31/34), 271 (57.1%, 24/42),
76 (39.3%, 11/27), and 220 (9.7%, 3/31). All the SNP mutations
involving codons N86Y, Y184F, S1034C, N1042D, and D1246Y
of pfmdr1 were wild type.

A total of 10 SNPs of pfdhfr and pfdhps associated with
antifolate drugs, located on chromosomes 4 and 8, respectively,
FIGURE 1 | Sites for sample collection in Southern China and countries of samples collection in PCA analysis.
TABLE 1 | Sites and years of collection of dry blood samples of P. falciparum in
Southern China.

Study site Year Total

2007 2009 2010 2011 2012

Yingjiang 84 28 54 166
Ruili 16 16
Menglian 44 11 55
Tengchong 19 19
Hainan 11*
Total 144 28 11 73 256
The 11 samples from Hainan were only used in the population structure analysis.
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FIGURE 2 | Proportion of parasite genomic DNA evaluated by 18s rRNA qPCR.
A

B

FIGURE 3 | (A) Correlation between the DNA concentration of the original extraction and post-WGA; (B) Correlation between parasitemia and the original DNA quantity.
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were tested on the microarray. The highest prevalence of pfdhfr
was at codon 108 (96.7%, 29/30), followed by codons 59 (40.0%,
16/40), 51 (16.0%, 4/25), and 164 (6.3%, 3/48). No mutations
were identified at codon 51. The prevalence of pfdhps mutants
was consistent with that of pfdhfr. The prevalence of pfdhps
mutation at codons 436, 437, 540, and 581 was 98.5%, 56.3%,
55.6%, and 71.2%, respectively (Figure 5).

Candidate SNPs on chromosomes 10, 13, and 14 that were
associated with delayed parasite clearance showed low prevalence
of mutants. The SNP at MAL13:1719976 showed a 100.0%
mutation rate. Nevertheless, the other three had low mutant
prevalence or were wild type.

Population Structure
All the samples with successful SNP calls were used to evaluate
the structure of each parasite population. After the SNP data
were filtered with the threshold of missing data <50%, 686
isolates, including 135 from this study and 551 from the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6185
published data (Takala-Harrison et al., 2015), along with 570
SNP data by using the same NimbleGen microarray were used
for PCA. PCA illustrates the first PC on the horizontal axis and
the second and third PC on the vertical axis, respectively
(Figure 6). The samples are colored by geographical location
stratified by country in Southeast Asia. PCA results indicate a
clear distinction between the isolates. Parasites from Southern
China are clustered and separated from the isolates from western
Cambodia, northwest Thailand, southern Myanmar, Vietnam,
and Bangladesh in Southeast Asia (Takala-Harrison et al., 2015)
(Figure 6).

The substructure of 135 samples of different origins in
Southern China, including Yunnan and Hainan Provinces, was
evaluated by ADMIXTURE. The parasite populations were
designed on the basis of their geographic origins with K=5.
Each vertical line represents a single sample with color denoting
the origin proportion in that sample (Figure 7). Admixture
estimates were computed using the parameters over a varying
FIGURE 4 | The SNP call rates were not in a normal distribution (mean: 44.38%, standard deviation: 0.17168, P<0.01).
FIGURE 5 | Prevalence of constructed haplotypes of SNPs in pfcrt, pfdhfr, and pfdhps at different codons.
January 2021 | Volume 10 | Article 610985

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Huang et al. Genomic Epidemiology of Drug Resistance
number of clusters (K) ranging from 2 to 10 with 10 technical
replicates each. The optimal K value was determined by
maximizing the log-likelihood across replicates for a single K
value and minimizing the cross-validation error between
different K values (Supplementary File 2). In this study, the
optimal K was determined as 2, which indicates that a total of
135 samples from Southern China were mainly divided into two
subgroups. The parasites from the different sites in Yunnan
Province bordering with Myanmar belong to one group, and
the parasites from Hainan Province are slightly separated from
parasites from Yunnan Province (Figure 7).
DISCUSSION

Malaria was one of the most serious infectious diseases in the last
century and was endemic in central and Southern China (Tang
et al., 1997). However, China has made great contributions
toward global malaria control in the past 40 years, and in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7186
2010, China launched the National Malaria Elimination Action
Plan 2010–2020 with an ultimate goal to interrupt local malaria
transmission by 2020 (Feng et al., 2016; Yang and Zhou, 2016;
Feng et al., 2020). ACTs, considered to be the best therapy for
falciparum malaria in the world, have contributed to significant
decreases in case numbers and deaths and are crucial to the
success of control and elimination programs (Nosten and White,
2007; Dondorp et al., 2009). Recently, the emergence and spread
of artemisinin resistance in P. falciparum poses a threat to
malaria control and eradication goals in the GMS, where the
resistance has emerged independently and has spread
(Henriques et al., 2013; Ashley et al., 2014; Huang et al., 2015;
Takala-Harrison et al., 2015; Ménard et al., 2016). Parasites in
Southern China are reported to show decreased in vitro
sensitivity to artemisinin and delayed parasite clearance time of
artemisinin (Huang et al., 2015; Wang et al., 2015).

In this study, parasites collected from Southern China were
genotyped using an SNP microarray, including 33,716 loci within
the P. falciparum genome. This new SNPmicroarray was developed
FIGURE 6 | Parasites from Southern China were clustered with and separated from parasites from Southeast Asia by PCA. ARB/MARIB: Bangladesh; ARC/CP:
Western Cambodia; ARS: Northwest Thailand; LPC = Laos; MA: Vietnam; MKT: Southern Myanmar.
FIGURE 7 | Population structure of the sample set, analyzed on the basis of geography, using ADMIXTURE. Parasites from the different sites in Yunnan Province
along the border areas and Hainan Province were slightly separated.
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by using DBS, which did not have a sufficiently high concentration
of DNA for sequencing (Jacob et al., 2014). We chose 64 samples
with original DNA content of more than 2 ng and 71 samples of
post-WGA DNA >2 ng. The average SNP call rate was 44.4% using
the DBS in this study, and this was not as high as for venous blood
samples (Jacob et al., 2014). WGA is one way to increase the total
quantity of whole DNA, including human and parasite DNA
(Nakayama et al., 2008; Chueh et al., 2011). Interestingly, the
DNA concentration post-WGA was not correlated with the
original DNA concentration in this study. The ratio of human
DNA to parasite DNA prior to amplification may contribute to this
discrepancy as a majority of the DNA sequences were from
humans. Additionally, we observed a significant relation between
the level of parasitemia and DNA quantity.

A total of 27 validated and candidate SNPs associated with
antimalarial drug resistance were tested. Parasites in Southern
China show a moderate prevalence of pfcrt mutation with a
prevalence of 39.3%, which is much lower than that in another
study that reported 100.0% mutant haplotype of pfcrt CIETS (Bai
et al., 2018). However, the prevalence of pfcrt at Q271E, N326S, and
I356L remain high in this study. Interestingly, the mutations of
pfmdr1 involving codons N86Y, Y184F, S1034C, N1042D, and
D1246Y were all of wild type. CQ was used to treat falciparum
malaria in China in the last century until it was withdrawn and
replaced in the 1970s as a result of the CQ resistance emerging in
Southern China according to in vivo and in vitro testing (Huang
et al., 1988; Hong-Ping et al., 1998; Liu et al., 2005). This decreased
prevalence of the pfcrt K76T marker may be associated with the
cessation of CQ use against P. falciparum malaria in Southern
China (Wang et al., 2005; Laufer et al., 2010).

The prevalence of pfdhfr and pfdhps remains at a high level even
though antifolate drugs have not been used in China formany years,
which is consistent with other studies (Huang et al., 2012a; Huang
et al., 2012b; Bai et al., 2018). Pyrimethamine was used for the
radical treatment of P. vivax in combination with primaquine in
China around 40 years ago (unpublished data). Additionally,
pyrimethamine plus primaquine has always been recommended
as prophylaxis for specific populations, and pyrimethamine was
added to salt for prophylaxis in China in the 1980s (Wang, 1984).
The mechanism of action of pfdhfr and pfdhps mutations on the
resistance to SP drugs has not been well described.

When the SNP microarray was developed, the K13 gene
associated with artemisinin resistance was not identified.
Therefore, only four candidate SNPs associated with delayed
parasite clearance time were included in the microarray. Only
one locus, MAL13:1719976, showed 100.0% mutation in all the
samples, and the other three had low levels of mutation or were
wild type. These results have provided further evidence of the
decreased sensitivity to artemisinin and delayed parasite
clearance time of artemisinin in Southern China, which was
identified by our other published study (Huang et al., 2015).

According to the analysis of population structure, the
parasites from Southern China represent a clear distinct cluster
and little connection with the parasites from other countries in
the GMS, which is consistent with the findings of other studies
(Wei et al., 2015; Zhu et al., 2016; Ye et al., 2019). Although the
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population diversity of P. falciparum is high in the GMS, the
parasites from Southern China are relatively low diversity.
Human migration may be another cause for parasite
population evolution and genomic diversity. Yunnan Province
has a long border with Myanmar, but the human population
movement is relatively low because of geographical barriers and
some regions having political issues (Wang et al., 2016; Xu and
Liu, 2016; Zhou et al., 2016; Chen et al., 2018). Hainan Province,
geographically separated from the Chinese mainland, provides a
natural barrier to parasite migration and spread. The population
structure analysis is a useful tool that allows targeting of
populations with low migration and low diversity in the
malaria elimination stage and tracking of the origin of
imported parasites in the postelimination stage.
LIMITATIONS

In this study, we used samples of DBS from the field that had low
quantity genomic DNA; even though we usedWGA to increase the
DNA amount, the total DNA were still lower than venous blood
samples. In addition, the SNP call rates of DBS samples were not as
good as those of venous blood samples. The DNAmicroarray could
only test known SNPs. We did not test the SNPs of K13 using this
microarray because K13 was not identified when the chip was
developed. Although this custom array is not available now, some
new microarrays have been developed, for example, Illumina Bead
Chip microarray, protein array, or peptide array, which provide a
high throughout and a powerful platform in malaria field (Bailey
et al., 2020; Zhao et al., 2020).
CONCLUSIONS

Parasites from Southern China were clustered and separated
from those from Southeast Asia although parasites from Yunnan
Province were a substructure of those from Hainan Province.
This study provides a population-level genetic framework
for investigating the biological origins of antimalarial
drug resistance.
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Rapid, reliable, and sensitive detection of Plasmodium infection is central to malaria
control and elimination. Many Malaria Rapid Diagnostic Tests (RDTs) developed for this
purpose depend upon immunoassays that can be improved by advances in bound
antibody sensor technology. In a previous study, immuno-polymerase chain reaction
(PCR) was shown to provide highly sensitive detection of Plasmodium falciparum lactate
dehydrogenase (PfLDH) in monoclonal antibody (mAb) sandwich assays. Here, we show
comparably high immunoassay sensitivity by inductively coupled plasma mass
spectrometry (ICP-MS) detection of gold nanoparticles (AuNPs). Following capture of
PfLDH with the primary mAb and binding of the AuNP-labeled detection mAb, ICP-MS
signals from the AuNPs provided quantitative measures of recombinant PfLDH test
dilutions and P. falciparum-infected erythrocytes. A detection limit of 1.5 pg/mL was
achieved with the PfLDH protein. Parasitemia in cultures of P. falciparum-infected
erythrocytes could be detected to a lower limit of 1.6 parasite/ml (p/ml) for early ring-
stage forms and 0.3 p/ml for mixed stages including mature trophozoites and schizont-
stages. These results show that ICP-MS detection of AuNPs can support highly sensitive
and accurate detection of Plasmodium infection.

Keywords: Gold nanoparticles, malaria, diagnostic tests, antigen-based detection, ICP-MS
INTRODUCTION

Asymptomatic and submicroscopic Plasmodium infections that go undetected in endemic
populations and sustain transmission through mosquitoes are a continuing impediment to
malaria elimination (Wu et al., 2015). Rapid and reliable diagnostic tests are needed that can
detect these infections and be widely deployed for use at the primary healthcare level (Gitta and
Kilian, 2020). Microscopy of Giemsa-stained blood smears falls short of these needs, not only
because of the expertise and time it demands, but also by its detection threshold, estimated to be 50
to 500 parasites/ml (p/ml) under field conditions (Poschl et al., 2010). Highly sensitive molecular
tests based on polymerase chain reaction (PCR) (Poschl et al., 2010), real-time quantitative PCR
(qPCR) (Grignard et al., 2020), reverse transcription polymerase chain reaction (RT-PCR)
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(Bourgeois et al., 2010), loop-mediated isothermal amplification
(LAMP) (Han et al., 2007; Kongkasuriyachai et al., 2017; Mohon
et al., 2019) and a clustered, regularly-interspaced palindromic
repeat (CRISPR)-based assay (Cunningham et al., 2020) are
much more sensitive, detecting parasitemia as low as 2 to 5 p/ml.
However, the requirements of nucleic acid extraction, amplification,
and detection often limit the use of these methods in resource-poor
endemic settings.

Between the relatively low sensitivity of microscopy and the
high sensitivity of nucleotide sequence detection methods, a mid-
range of sensitivity is offered by Rapid Diagnostic Tests (RDTs),
of which some can detect as few as 10 p/ml (Hemben et al., 2018).
Overall, an estimated 1.92 billion RDTs were distributed between
2010 and 2017 (Slater et al., 2015; Wu et al., 2015). Antigens
detected by these RDTs include the P. falciparum histidine-rich
protein II and III (PfHRP-II, PfHRP-III), lactate dehydrogenase
of P. falciparum (PfLDH) as well as other Plasmodium species, or
a Plasmodium aldolase, all of which are abundantly produced by
the parasites during the erythrocytic cycle. Although the tests can
provide rapid results and require no specific training or
equipment, the performances of RDTs call for improvements
on their mid-range sensitivity (Das et al., 2018) and false-
negative results, which can result from loss of PfHRP-II/III
expression from some P. falciparum strains (Gatton et al.,
2017; Verma et al., 2018; Bosco et al., 2020) or bloodstream
parasitemias below the detection threshold (Bell et al., 2006).

To improve the performance of RDTs, research efforts in recent
years have included searches for alternative parasite antigens (Mu
et al., 2017), new detection methods for hemozoin from parasite
digestion of hemoglobin (Peng et al., 2014; Rifaie-Graham et al.,
2019), and improved biosensors and immunosensors (Krampa
et al., 2020). Electrochemical techniques, with labeled
amperometric as well as label-free impedimetric strategies, have
been applied to malaria diagnostic studies and outperformed optical
methods (Sharma et al., 2011; Low et al., 2019; Obisesan et al., 2019).
A sensitive, magnetic nanoparticle (MNP) labeled immunosensor
has been shown to detect PfHRP-II with a limit of detection (LOD)
of 360 pg/mL (Castilho Mde et al., 2011). Aptamer-based sensors
targeting PfLDH demonstrated high sensitivity and specificity with
LOD measuring 120.1 fmol/L (4 pg/ml) (Lee et al., 2012).
Dirkzwager et al. (Dirkzwager et al., 2016) used aptamer
functionalized microbeads to measure the enzymatic activity of
recombinant PfLDH and showed a LOD of 4.9 ng/ml. Further, a
portable microfluidic biosensor, integrated with the aptamer-
tethered enzyme capture (APTEC) assay, was developed for
highly specific detection of P. falciparum in cultures and clinical
samples (Fraser et al., 2018). Receptor-target binding can be
detected in label-free formats by piezoelectric immunosensors
(Sharma et al., 2011) or indicator displacement assays (Chakma
et al., 2016). Although these methods are considered to have
advantages for field applications, their sensitivity (12.0 ng/ml)
needs to be improved further.

Gold nanoparticles (AuNPs) offer highly useful physicochemical
properties including high density, good biocompatibility, stability,
and catalysis activities, which have spurred their application in
bioassays and diagnostics, particularly to meet the needs of points of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2191
care (Cordeiro et al., 2016). Indeed, for malaria parasite detection,
assays with AuNPs have been developed for rapid, simple, and cost-
effective detection of P. falciparum infections, although the
estimated LOD for these assays was poor (2.4 mg/ml for PfHsp70
and PfHSP90; ≈1,000 p/ml for PfLDH) (Castilho Mde et al., 2011;
Guirgis et al., 2012; Jeon et al., 2013). To improve on the detection
sensitivity of biosensors for AuNPs, non-optical bioassays have been
developed with piezoelectric and electrochemical biosensors (Jiang
et al., 2018). AuNP-labeled sandwich assay on the surface of a
screen-printed gold electrode provided improved sensitivity of
PfHRP2 detection to 36 pg/ml (Hemben et al., 2017) and of
PfLDH to 19.0 pg/ml (Hemben et al., 2018). AuNPs have served
for an electrochemical sensor in the detection of malaria parasites in
clinical samples (Obisesan et al., 2019).

Inductively coupled plasma mass spectrometry (ICP-MS), is a
highly sensitive technique for element and isotope analysis. The
high-temperature ionization characteristics of the inductively
coupled plasma (ICP), together with the sensitive and fast
scanning modern mass analyzer, have boosted the capability of
ICP-MS detection for biomolecules with metallic nanoparticle
(NP) labels. In biomedical diagnostics, ICP-MS measurement of
AuNP labels for HIV-1 p24 antigen achieved a detection limit of
1.49 pg/ml (He Q. et al., 2014). Detection of AuNPs has also
served as a proxy for assays of anti-erythropoietin antibodies (Lu
et al., 2009), virus-specific RNA (Hsu et al., 2011), human
vascular endothelial growth factor (Thompson et al., 2010),
and sialic acids on cancer cells (Zhang et al., 2016). Use of
AuNPs for PfHRP-II biomolecular analysis has also been
described (Wilschefski and Baxter, 2019). Because of its
unmatched sensitivity for a wide range of metals and several
non-metals, ICP-MS has increasingly been used for bioanalytic
quantifications with element-tagged immunoassays in clinical
diagnosis and single-cell analysis (Liu et al., 2014; Wilschefski
and Baxter, 2019). Here, we describe the ICP-MS detection of
AuNPs as a proxy for the sensitive immunoassay quantification
of PfLDH, both as a purified recombinant protein and as antigen
present in P. falciparum-infected erythrocytes.
METHODS

Plasmodium falciparum Parasite Cultures
and Test Sample Preparations
P. falciparum parasites (3D7 line) were propagated in vitro in O+

human red blood cells at 2% hematocrit in RPMI1640 medium
with L-Glutamine, 25 mmol/L Hepes, 50 µg/ml Hypoxanthine
(KD Medical, Columbia, MD) supplemented with 10 µg/ml
gentamycin (Gibco, ThermoFisher Scientific, Grand Island,
NY) and 0.5% Albumax I (ThermoFisher Scientific, Grand
Island, NY) (Cranmer et al., 1997). Synchronization of parasite
cultures with 5% sorbitol (Sigma) was performed as previously
described (Lambros and Vanderberg, 1979). Parasitemias were
determined from Giemsa-stained thin blood films, and
erythrocytes per unit volume were counted by hemocytometer.
The total number of parasite-infected erythrocytes was calculated
as: (% parasitemia/100) × (erythrocytes/ml) × (ml of culture).
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For sample preparations, P. falciparum infected erythrocytes
were washed three times with PBS (10 mmol/L PO3�

4 ,
137 mmol/L NaCl, 2.7 mmol/L KCl) and lysed in a
radioimmunoprecipitation assay buffer (RIPA buffer, Thermo
Fisher Scientific, CA, USA) containing 1× protease inhibitor
(Thermo Scientific Halt Protease Inhibitor Cocktail, Thermo
Fisher Scientific, CA, USA). The samples were assayed
immediately or aliquoted and stored at −20°C.

AuNP-Labeled PfLDH Antibodies
and Sample Preparations
Malaria PfLDHmouse monoclonal antibodies (mAbs)MBS498007
and MBS498008 were purchased from MyBioSource, Inc.
(San Diego, CA). Detection mAb MBS498008 was labeled with
AuNPs using a 60 nm gold conjugation kit (ab188216, Abcam,
CA), which covalently attached the ultra-stable AuNPs. Briefly,
stock mAb MBS498008 (5 mg/ml) was diluted to 0.1 mg/ml with
the gold 60 nm Antibody Diluent. For each reaction, 42 µl of the
60 nm AuNP reaction buffer was added to 12 µl of diluted
antibody and mixed thoroughly by pipetting up and down at
least 5 times. Forty-five µl of the mixture was then transferred to
a vial of 60 nm AuNPs (provided in the Abcam kit) and mixed by
gently pipetting up and down. Finally, 5 µl of quencher reagent
was added and the AuNP-labeled mAb was stored at 4°C
before use.

Immunoassay Detection of
PfLDH Antigens
The PfLDH immunoassay was performed as previously described
(Mu et al., 2017) with some modifications. Test tubes (TBS0211, Bio-
Rad) were coated with anti-PfLDH mAb MBS498007 (6 mg/ml)
overnight at 4°C. After three washes with PBS plus 0.05% Tween 20,
the plates were blocked with tris-buffered saline, 4% bovine serum
albumin (BSA), 0.05% Tween 20 (MilliporeSigma) for 2 h. Two-fold
serial dilutions of recombinant PfLDH protein (MBS5308810,
MyBioSource, Inc.) in 30 ml PBS buffer or 3D7 parasite lysate in
RIPA buffer were added and incubated for 2 h at 37°C. After six
additional washes, 30 ml of AuNP-labeled mAbMBS498008 (200 ng/
ml) was incubated with the captured antigen for 1 h at 37°C.
Unlabeled mAb was removed by five washes and samples were
stored dry in the test tubes at 4°C before the ICP-MS was performed.

Inductively Coupled Plasma
Mass Spectrometry
ICP-MS was performed as described previously (Assumpção
et al., 2013). Briefly, a 200 µl aliquot of freshly prepared aqua
regia, a mixture of one part nitric acid and three parts
hydrochloric acid by volume, was deposited into the test tube.
The tubes were capped, and the contents were allowed to react at
room temperature of 21°C on the bench overnight. The contents
in the tube were quantitatively transferred to a pre-weighed
15 ml Falcon centrifuge tube (Corning 352097, Thermo Fisher
Scientific) and diluted to 5 ml with locally purified water distilled
below the boiling point. The mass of the resulting sample was
weighed on a Mettler Toledo (Columbus, OH) model AT261
Delta Range analytical balance by difference. Procedural blanks
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3192
were prepared similarly. Samples and the blanks were analyzed
using the SemiQuant mode of Agilent Technologies (Santa Clara,
CA) Model 7500CS inductively coupled plasma mass
spectrometer. The sample introduction system of the mass
spectrometer consisted of a perfluoroalkoxy alkanes (PFA)
microflow (0.1 ml/min) concentric nebulizer, a PFA Scott-type
double-pass spray chamber, and a sapphire injector. The
SemiQuant mode is capable of quantifying elements of the
entire periodic table by using the spectral information of
the elements. The instrument was calibrated using a solution
containing 20 µg/kg each of 31 elements (lithium, beryllium,
boron, sodium, magnesium, aluminum, calcium, scandium,
vanadium, chromium, manganese, cobalt, nickel, copper, zinc,
arsenic, selenium, strontium, molybdenum, silver, cadmium,
antimony, barium, lanthanum, europium, holmium, ytterbium,
thallium, lead, thorium, and uranium) prepared by diluting
Catalog No. ICP-MSCS ICP-MS Calibration Standard (High
Purity Standards, Charleston, SC) with 1.5% volume fraction
nitric acid (Optima grade, Thermo Fisher Scientific) in water.
National Institute of Standards and Technology Standard
Reference Material (SRM) 1643f, Trace Elements in Water, was
measured with the samples, serving as the quality assurance for
the measurement.

Determinations of PfLDH-Based
Immunoassay Sensitivity Limits
PfLDH determinations of LOD were calculated from serially-
diluted samples of recombinant PfLDH protein (10 pg/ml to
0 pg/ml) by the formula: LOD = 3.3(Sy/S), where Sy and S
represent the standard deviation of the response (Sy), and slope
of the calibration curve (S), respectively (Evard et al., 2016). S and Sy
values were obtained using “SLOPE” and “STEYX” functions in MS
Excel. P. falciparum erythrocytic stage detection sensitivities were
determined by two-fold serial-dilutions of parasite-infected cultures
from 40 p/µl to 0.07 p/µl. Synchronized ring-stage and mixed stage
parasite cultures were evaluated separately. ICP-MS background
signals from uninfected control erythrocyte dilutions (0 p/µl) were
subtracted against signals from the parasite-infected cell dilutions
for analysis. One-way ANOVA and 95% confidence intervals were
calculated in Prism 8 (GraphPad Software, La Jolla, CA, USA). All
experiments were performed in duplicate.
RESULTS

Sensitive Immunoassay Detection
of PfLDH by Inductively Coupled
Plasma Mass Spectrometry of
Bound AuNP-Labeled Antibody
For the immunoassay detection of PfLDH, capture of the protein
by the primary capture mAb and binding of the detection mAb
were as previously described for high sensitivity immuno-PCR
assays (Mu et al., 2017). However, instead of the biotinylated
DNA tag used for immuno-PCR, the detection mAb was labeled
with AuNPs (Figure 1). Following disruption of the immune
complex with aqua regia solution, then vaporization and
January 2021 | Volume 10 | Article 620419
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ionization in the nebulizer and spray chamber, gold atoms were
separated according to their mass-charge ration (m/z) and
quantified by ICP-MS. The amount of PfLDH in the sample is
calculated with the following equation:

CPfLDH _ sample =
IAu _ sample*CPfLDH _ standard

IAu _PfLDH _ standard
(1)

where CPfLDH_sample and CfLDH_standard are the concentration of
PfLDH in the sample and the standard, respectively; IAu_sample

and IAu_PfLDH_standard are the instrument response to 197Au in the
PfLDH sample and the standard, respectively. To calibrate
detection sensitivity, 30 µl volumes of a dilution series of
recombinant PfLDH protein dilutions from 0.3 pg/ml to 10
pg/ml were tested by the assay protocol. ICP-MS quantification
of the bound gold atoms (Figure 2) demonstrated sensitive
detection of PfLDH protein in the pg/ml range. Note that each
point on the curve was obtained from a PfLDH sample subjected
to the AuNP tagged immunoassay procedure. The results from
the negative controls (Table 1) showed that the carry-over of
AuNP or unbound AuNP reagents had been effectively
minimized by the multiple washes with PBS. Linear fit of the
data yielded a calibration curve expressed as y = 2.370x − 0.772,
R2 = 0.9839, with a PfLDH LOD of 1.5 pg/ml.

Sensitive Detection of Plasmodium
falciparum-Infected Erythrocytes by the
Inductively Coupled Plasma Mass
Spectrometry PfLDH Immunoassay
We next evaluated the sensitivity of the ICP-MS PfLDH
immunoassay for detection of P. falciparum-infected
erythrocytes. Experiments were performed with mixed stage-
infected erythrocytes (Figure 3A) or with synchronized ring
stage-infected erythrocytes (Figure 3B). The Au signals at 0.57 to
0.60 ng from the lowest test parasitemia (0.07 p/µl) were more
than 10× higher compared to that of the control sample (0.05 ng,
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Table 1), testifying to the high sensitivity of ICP-MS based
immunoassay in detection of P. falciparum infections.
Statistical analysis with 95% confidence interval of difference
(Table 1), showed that the significant difference between the test
samples and control could be confidently detected down to a
level of 0.32 p/µl for mixed stage (Figure 3C) or 1.6 p/µl for ring
stage test samples (Figure 3D).
DISCUSSION

Recent years have seen remarkable advancement in the
application of ICP-MS technology for molecular diagnostics,
A

B D E

F

C

FIGURE 1 | Schematic of the processes involved in the immunoassay detection of PfLDH by ICP-MS. (A) The test tubes are coated with the primary anti-PfLDH
monoclonal antibody (mAb). (B) After blocking with BSA and washing, PfLDH antigens are captured by the primary mAb. (C) AuNP-labeled detection mAbs are
bound to the capture PfLDH molecules. (D) The AuNP–protein complexes are dissolved in the aqua regia for injection into the spray chamber. ICP, which is a
plasma sustained by inductively coupled radio frequency energy via a load coil after generation from a stream of argon passed through a quartz torch, serves as the
ionization source. In the vaporization and ionization phase, the droplets of the sample travel through the different heating zones, in which they are dried by the
plasma torch, vaporized, atomized, and finally ionized. (E) Ions are separated by the mass analyzer. (F) The detector displays the isotopic fingerprint and the analyte
ion count rate, which is proportional to the mass fraction of the analyte in the sample droplets.
FIGURE 2 | ICP-MS immunoassay results showing the elemental gold signal
levels from known amounts of recombinant PfLDH protein. PfLDH was
captured by the primary mAb from 30 µl volumes of the indicated
concentrations of PfLDH. After binding of AuNP-labeled detection mAb and
analysis by ICP-MS, the elemental gold levels were used to calculate the
linear best-fit calibration line (solid line) and 95% confidence intervals (dotted
lines). Average values with standard errors are shown. All experiments were
performed in duplicate.
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particularly when it is applied to molecular targets with metal
nanoparticle labels (Wilschefski and Baxter, 2019). Adding to the
growing list, the ICP-MS PfLDH immunoassay described here
detects P. falciparum-infected erythrocytes at the level of ≈1 p/µl,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5194
comparable to the detection limit of immuno-PCR in sandwich
assays with the same mAbs (Mu et al., 2017).

A mass spectrometer is an ion counter. By labeling PfLDH
with AuNP, the analyte density as defined by the number of
TABLE 1 | AuNP quantifications of parasite-infected relative to control erythrocyte samples by ICP-MS immunoassays.a

Sample
(p/ml)

AuNP
quantification

(ng)c

PfLDH amount
(pg/ml)

PfLDH Mean Difference - Parasites vs
control (pg/ml)

95% CI b

(pg/ml)
Adjusted P

Value
Significance

Mixed stage
parasitemia

0.07 0.60 0.58 0.56 −0.11 to 1.23 0.671 ns
0.32 2.21 1.26 1.24 0.56 to 1.91 0.0133 *
1.6 3.31 1.92 1.70 0.78 to 2.13 0.0046 **
8 4.72 2.32 2.30 1.62 to 2.97 0.0002 ***
40 13.3 5.92 5.90 5.22 to 6.57 <0.0001 ****

Control 0 0.05

Ring stage
parasitemia

0.07 0.57 0.57 0.55 −0.51 to 1.60 0.9562 ns
0.32 1.30 0.87 0.85 −0.20 to 1.90 0.4836 ns
1.6 2.73 1.48 1.46 0.65 to 2.75 0.0101 *
8 4.97 2.42 2.40 1.36 to 3.45 0.0004 ***
40 9.56 4.36 4.34 3.29 to 5.39 <0.0001 ****

Control 0 0.05
January 2021
 | Volume 10 |
aOne-way ANOVA analysis was used for multiple comparisons test.
b95% confidence interval of difference. Significance indications: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
cMean of two independent biological repeats.
A B

DC

FIGURE 3 | Sensitive detection of the P. falciparum parasites by ICP-MS immunoassay targeting the PfLDH antigen. The ICP-MS method is able to detect AuNPs
from different samples of (A) mixed stage and (B) ring stage P. falciparum-infected erythrocytes. Limits of detection (LOD) of the ICP-MS PfLDH immunoassay are
estimated to be (C) 0.3 p/µl for the mixed stages, and (D) 1.6 p/µl for the ring stages. The horizontal bars represent the 95% confidence interval. The averages are
from experiments repeated separately on different days.
Article 620419
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PfLDHmolecules is effectively multiplied by a factor which is the
number of Au atoms in the average number of AuNPs attached
to each PfLDHmolecule. Note that the number of Au atoms, and
hence the signal enhancement factor by ICP-MS detection, is
proportional to the third power of the diameter of attached
AuNPs. It may therefore be possible to improve detection
sensitivity further by using AuNPs of larger diameter for
labeling. With the 60 nm AuNP, ICP-MS is already capable of
detecting the amount of Au at 10× below the amount associated
with 0.07 p/µl, which is far below the detection limit of 0.32 p/µl
to 1.6 p/µl discussed above. Therefore, the limiting factor to
the LOD of the parasite is the reproducibility of the sandwich
immunoassay procedure especially at low PfLDH concentration
end rather than ICP-MS detection of Au. Strategies such as
chemically modified nucleotide-based elemental tags (Hu et al.,
2019), three-dimensional structure modifications of the AuNPs
(Wang et al., 2018), rolling circle amplification of parasite DNA
detected with AuNP-sensors (He Y. et al., 2014), and multiplex
assays of biomarker proteins with AuNP-tagged antibodies
(Terenghi et al., 2009) may also provide opportunities for
higher sensitivity detection by ICP-MS. The ultimate goal will
be to develop high-sensitivity detection of AuNPs with practical,
field-robust devices at point of care. Design and development of
the necessary equipment, the possibility of which brings to mind
the successful production of a low-cost, portable, field-
programmable nuclear magnetic resonance spectrometer (Peng
et al., 2014), will support this goal.
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A better understanding of co-evolution between pathogens and hosts holds promise
for better prevention and control strategies. This review will explore the interactions
between Burkholderia pseudomallei, an environmental and opportunistic pathogen, and
the human host immune system. B. pseudomallei causes “Melioidosis,” a rapidly fatal
tropical infectious disease predicted to affect 165,000 cases annually worldwide, of
which 89,000 are fatal. Genetic heterogeneities were reported in both B. pseudomallei
and human host population, some of which may, at least in part, contribute to inter-
individual differences in disease susceptibility. Here, we review (i) a multi-host—pathogen
characteristic of the interaction; (ii) selection pressures acting on B. pseudomallei and
human genomes with the former being driven by bacterial adaptation across ranges
of ecological niches while the latter are driven by human encounter of broad ranges
of pathogens; (iii) the mechanisms that generate genetic diversity in bacterial and host
population particularly in sequences encoding proteins functioning in host—pathogen
interaction; (iv) reported genetic and structural variations of proteins or molecules
observed in B. pseudomallei—human host interactions and their implications in infection
outcomes. Together, these predict bacterial and host evolutionary trajectory which
continues to generate genetic diversity in bacterium and operates host immune selection
at the molecular level.

Keywords: melioidosis, evolution, burkholderia, host immune sytem, genetic variants

INTRODUCTION

Melioidosis is a serious and often fatal neglected tropical infectious disease caused by Burkholderia
pseudomallei, an intracellular bacterial pathogen and also ubiquitous in the environment (Holden
et al., 2004). Human hosts can acquire the bacterium after direct environmental exposure either
through dermal puncture, ingestion of contaminated food or water supplies, or inhalation of
contaminated soil or water aerosols. Following an acquisition, B. pseudomallei can replicate in host
non-phagocytic and phagocytic cells as well as spreading intracellularly (Willcocks et al., 2016).
The bacterium can either kill the human host rapidly (acute melioidosis) or hide within the host
body for a long period (chronic melioidosis). With rare exceptions (Abbink et al., 2001; Ralph et al.,
2004; Aziz et al., 2020), B. pseudomallei is not known to transmit from person to person; indicating
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that B. pseudomallei has not evolved virulence mechanisms
through consecutive passage in human hosts. Moreover,
B. pseudomallei within-host evolution observed in chronic
infections are often linked to attenuated virulence (Price et al.,
2013; Viberg et al., 2017; Pearson et al., 2020), which is possibly
mediated by host immune evasion. While environment exposure
can lead to melioidosis, most patients are elderly or have one
or more underlying health risks. The most common health
condition is diabetes mellitus which presents in up to half
of cases (Kronsteiner et al., 2019). Therefore, it is likely that
B. pseudomallei has acquired virulence genes for human infection
before being exposed to the human hosts, and that these virulence
factors are most effective when the host has underlying health
issues. It is possible that a successful human infection is mediated
by bacterial redundant virulence mechanisms that were acquired
and maintained in the environment. In this review, we will
leverage recent pieces of genomic studies to better understand
the evolution of virulence mechanisms in B. pseudomallei and
host defense system.

A MULTI-HOST—PATHOGEN
INTERACTION

Interactions between free-living amoebae and environmental
bacteria have been proposed to provide an evolutionary training
platform for intracellular pathogen such as Legionella pnemophila
(Park et al., 2020), Listeria monocytogenes (Schuppler, 2014), and
B. pseudomallei (Inglis et al., 2000, 2003; Noinarin et al., 2016).
Many free-living amoebae including the genera Acanthamoeba,
Dictyostelium, Naegleria, and Paravahlkampfia share natural
habitats with Burkholderia bacteria, including B. pseudomallei
(Inglis et al., 2000, 2003; Noinarin et al., 2016). Amoeba-
Burkholderia interactions can range from predator-prey to
mutualistic relationships. The fate of these interactions is
subjected to the species of amoebae host and Burkholderia
(genotypes), stages of host, as well as external factors that modify
the outcomes. The social amoebae Dictyostelium discoideum life
cycle ranges from unicellular amoebae to multicellular slugs
where ten of thousands of single-celled D. discoideum aggregate
to form a fruiting body. D. discoideum can directly ingest
B. pseudomallei and other Burkholderia bacteria as their food;
thereby requiring the bacterium to resist host cell phagocytosis,
persist inside a unicellular host, and migrate between host cells
through the amoeba cytoskeleton. These processes share many
similarities with mammalian host infection and likely prime
the bacterium for an intracellular lifestyle. The sentinel cells
in D. discoideum, which make up approximately 1% of slug
cells, can use antimicrobial defense systems similar to those
employed by phagocytes in the human innate immune system
(Zhang et al., 2016). The sentinel cells are capable of releasing
reactive oxygen species to lyse the soil bacterium. Moreover,
they can also release an extracellular trap—the reticulated nets
of DNA carrying antimicrobial granules—to kill the invading
bacteria. The extracellular trap is an ancient host-defense
mechanism common among phagocytic cells across vertebrates
and invertebrates, thereby providing a training ground for

B. pseudomallei infection in mammalian hosts. External factors
such as nutrient availability were shown to determine the fate
of D. discoideum—Burkholderia relationship. The association
is beneficial to both parties when the nutrient is scarce.
Under nutrient limited conditions, Burkholderia—associated
D. discoideum produced more spores (Brock et al., 2013; DiSalvo
et al., 2015) and had an increased uptake of secondary bacteria
that can be used as food (Khojandi et al., 2019) which led to
a better survival rate than D. discoideum without Burkholderia
association. Under this condition, Burkholderia could be detected
inside D. discoideum spores, which enable the bacterium to better
disseminate. The mechanism underlining the decision to kill or
cooperate is unclear.

The species of Burkholderia and genetic variations within the
species have been shown to impact the outcomes of amoeba
internalization (Haselkorn et al., 2019). It is possible that genetic
variations in B. pseudomallei could influence the outcomes of
human melioidosis. Heritability scores (Finucane et al., 2015;
Hou et al., 2019; Speed et al., 2020) can be used to quantify
the proportion of variations in the infection outcomes that can
be explained by genetic variations in pathogens and hosts. The
technique has been successfully applied to different pathogens
(Lees et al., 2017) and human infectious diseases. However, the
concept has not been widely adopted for B. pseudomallei – host
infection. For B. pseudomallei infection in human hosts with no
comorbidity, we estimated that 8% of host mortality could be
explained by B. pseudomallei genotypes (h2

= 0.081, SE = 0.050,
p= 0.018; see Supplementary Text for method). This new result
highlights a moderate proportion of infection outcomes being
explained by the bacterial genetics, and suggests that a substantial
proportion of the outcomes could be explained by host genetics.

Interactions between pathogens and Homo sapiens have
shaped the evolution of modern humans (Karlsson et al., 2014).
Currently, less is known about how melioidosis has shaped the
human populations, particularly in melioidosis endemic areas.
The host immunity could function as a general defense against
all invading pathogen mediated by the innate immune system,
or a pathogen-specific defense facilitated through an adaptive
immune response. For innate immune response, it is possible that
interactions between human hosts and other common pathogens
may have driven selection on host defense pathways that affect
resistance. These may include human interactions with parasites
or bacteria that cause malaria (Shimizu et al., 2000; Malaria
Genomic Epidemiology Network, 2008; Timmann et al., 2012;
Kariuki et al., 2020), tuberculosis (Mahasirimongkol et al., 2012;
Thye et al., 2012), or sepsis (Southeast Asia Infectious Disease
Clinical Research Network, 2017; Sweeney et al., 2018) in many
tropical and subtropical countries, and cholangiocarcinoma (Zou
et al., 2014) in Southeast Asia. Using h2, previous works estimate
that genetic variations in human host can explain between
32 and 52% of infectious disease susceptibilities, depending
on the population studied and the infectious agents (Cooke
and Hill, 2001; Jia et al., 2019). Candidate gene approaches
have determined host risk- and protective genetic markers for
melioidosis infection (West et al., 2012, 2013; Myers et al., 2014;
Chaichana et al., 2017; Dickey et al., 2019), many of which
were previously identified as gene targets for other common

Frontiers in Microbiology | www.frontiersin.org 2 January 2021 | Volume 11 | Article 612568198

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


fmicb-11-612568 January 17, 2021 Time: 10:44 # 3

Chomkatekaew et al. Host-Pathogen Co-evolution in Melioidosis

pathogen infections. To cover melioidosis-specific, as well as
broad-pathogen host factors, systemic and reproducible genome-
wide scans are yet to be conducted.

NATURAL SELECTION IN GENES
REQUIRED FOR HOST-PATHOGEN
INTERACTION

Given an increasing availability of B. pseudomallei and host
genomes, a genome-wide scan for signatures of selection, their
directions (purifying, balancing, and positive selection) and their
magnitudes could be very useful to investigate host-pathogen
protein-protein interactions. As both host and B. pseudomallei
migrate, detection of directional selection can be challenging
after a population bottleneck. A bottleneck leads to reduced
levels of genetic variation and a subsequent loss of a selection
signal. For a soil microbe like B. pseudomallei, bacterial
migration was shown to be infrequent, with major movements
tracked and dated (Pearson et al., 2009; Price et al., 2016;
Chewapreecha et al., 2017). The bacterial genome evolution is
correlated with a strong geographical signal, with the highest
diversity observed in Australia and reduced diversity following
dissemination out of the Australian origin (Chewapreecha
et al., 2017). Nevertheless, frequent recombination observed in
B. pseudomallei can introduce new genetic variations, thereby
enabling detection of selection signatures in other contemporary
populations outside Australia (Chewapreecha et al., 2019).
Natural selection on modern humans as a result of pathogen
encounter and migration has been reviewed elsewhere (Karlsson
et al., 2014; Sironi et al., 2015; Slodkowicz and Goldman, 2020).

For bacteria, evolutionary pressures on orthologous proteins
can be quantified using the ratio between substitution rates
at non-synonymous (dN) sites, which could have experienced
selection, and synonymous (dS) sites which are presumably
neutral. The dN/dS ratio is likely to be more than 1 if pressures
favor changes in the protein sequence (positive selection). It
is likely to be less than 1 if selections suppress changes in
the protein sequence (purifying selection). Several studies (Yu
et al., 2006; Losada et al., 2010; Nandi et al., 2010; Hayden
et al., 2012; Chewapreecha et al., 2019) and this review utilized
dN/dS to estimate selection pressures on coding sequences of
the pathogenic B. pseudomallei as well as non-pathogenic but
closely related species such as B. thailandensis. Although these
studies focused on bacterial populations isolated from different
melioidosis endemic regions, performed on different sample
size and genetic diversity, they largely highlighted three similar
patterns (Figure 1). The first common pattern is an elevated
level of positive selection in Burkholderia accessory genes (genes
that are variably present across different isolates) compared to
core genes (genes that are consistently present in all isolates).
This observation highlights the role of accessory genomes
in mediating B. pseudomallei adaptation, a feature reflected
by the open pangenome and large repertoire of accessory
genes observed in B. pseudomallei and B. thailandensis (Nandi
et al., 2015; Spring-Pearson et al., 2015; Chewapreecha et al.,
2017). The second common pattern is the set of genes under

purifying selections in B. pseudomallei and B. thailandensis
involved in the bacterial replication, transcription and translation
machinery; highlighting the conservation of these genes in both
species. The third common pattern is that many genes under
positive selection in B. pseudomallei and B. thailandensis are
required for environmental survival and exchange of genetic
materials including secretion systems, response regulator, heat
shock proteins, and integration and/or restriction of horizontal
gene transfer. However, genes required for host cell invasions
such as cell adhesion, fimbriae, intracellular multiplication and
macrophage killing are only positively selected in B. pseudomallei
but not B. thailandensis. These distinct signals for positive
selection in B. pseudomallei and B. thailandensis could mark a
different pathogenic potential of the two species.

Genes under positive selection could primarily offer
B. pseudomallei advantages to survive harsh environmental
conditions. Given its tropical and sub-tropical habitats,
B. pseudomallei experiences drought and heavy rainfall on a
seasonal basis. The bacterium can be found in deeper soil layers
during the dry season and moves to the soil surface during the
rainy season following water movement (Thomas et al., 1979;
Currie and Jacups, 2003; Manivanh et al., 2017), highlighting
a spatiotemporal transition. The bacterium is also subjected
to heat stress. An in vivo study showed that B. pseudomallei
had a slower growth rate and a shift in gene expression toward
heat-shock proteins and bacterial motility when exposed
to temperature stress (Paksanont et al., 2018). Intriguingly,
B. pseudomallei is capable of persisting in a nutrient-free
distilled water (Pumpuang et al., 2011). The bacterium was
subjected to distilled water since 1994 and this experiment is still
ongoing, thereby marking an unusual ability of B. pseudomallei
to survive in low nutrient media and high osmotic pressure.
Lipopolysaccharide, a known virulence factor, was proposed to
facilitate B. pseudomallei survival in water. Statistical analysis
suggested that there is a correlation between the presence of LPS
and rainfall, in particular, LPS serotype B (Shaw et al., 2019).
An experimental study further reported that a gene of inner
core LPS biosynthesis cluster (waaE: BPSL2510) is vital for a
long-term water incubation (Moore et al., 2008). Moreover, an
adhesin BPSL1661 was identified as a hub for co-evolutionary
signals in B. pseudomallei population (Chewapreecha et al.,
2020). The gene was functionally characterized as essential
during nutrient starvation (Chewapreecha et al., 2020), thereby
highlighting nutrient limitation as a major evolutionary
pressure experienced by this microorganism. The presence of
B. pseudomallei is strongly associated with the low-nutrient soil
(Limmathurotsakul et al., 2010b; Hantrakun et al., 2016). This led
to the hypothesis that B. pseudomallei might have a competitive
advantage over benign soil microbes in nutrient-depleted soil but
is outcompeted in a nutrient-rich environment. The occurrence
of B. pseudomallei in the nutrient-poor agricultural field has
linked to crop residue burning, a common practice in the tropics
where the burning practice could deplete the soil organic matter
(Bot and Benites, 2005). An ability to persist in the hostile
environmental conditions allows the bacterium to survive before
it could seek shelters in a more protecting reservoir inside the
single or multicellular hosts.
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FIGURE 1 | Selection pressure acting on B. pseudomallei population. The histogram summarizes ranges of dN/dS calculated from predicted coding sequences
from a collection of diverse B. pseudomallei population from northeast Thailand (Chewapreecha et al., 2019), and B. thailandensis genomes from the public
database. B. pseudomallei and B. thailandensis have highly plastic genomes comprising of at least two chromosomes of approximately 7–8 Mb in size when
combined. Using a pan-genome approach, all coding sequences could be categorized as “core” (present in all genomes) or “accessory” (variably present across
studied genomes). Accessory genes display an elevated level of dN/dS which is signatures of positive selection or more relaxed purifying selection.
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Genes that facilitate bacterial transition from the environment
to hosts are also under positive selection. A genome-wide
association study (GWAS) recently identified the bacterial
genetic factors that distinguish between B. pseudomallei isolated
from the environment and those causing disease in human
(Chewapreecha et al., 2019). Genetic variants associated with cell
entry and toxin were found to be more prevalent in disease- than
environmental isolates, while variants involved in malfunctional
cell adherence were found at higher frequency in environmental-
than disease isolates. Together, this highlights significant roles
of cell adhesion and cell entry in allowing the bacterium to
switch to an intracellular lifestyle, either in an amoeba or in
a human host where it causes melioidosis. The same study
also quantified the numbers of time the variants were gained
or lost from the population phylogenetic tree and highlighted
multiple gain-and-loss events for both disease- and environment-
associated variants. This genetic evidence suggests a process into
which B. pseudomallei can adapt to colonize multiple niches by
exploiting existing variations or exchanging disadvantageous for
advantageous alleles that promote its survival in a new niche,
including the human host.

MECHANISMS THAT GENERATE
GENETIC AND MOLECULAR
VARIATIONS

Genetic information in both B. pseudomallei and human host
can be passed on vertically, although mistakes during replication
process could result in small-scale genetic variations. In
B. pseudomallei, larger-scale genetic variations can be introduced
by recombination event or horizontal gene transfer (HGT).
The former process is akin to sexual reproduction and meiotic
crossing-overs in its human hosts. Due to contrasting short-
and long- generation time of B. pseudomallei (49 min in the
log phase; Ou et al., 2005) and host (22–33 years for modern
humans; Ewbank, 2016); the host cannot solely rely on new
genetic diversity generated when the new offspring is born.
A healthy human possesses a large and dynamic repertoire of B
cell- and T cell receptors that recognize the invading pathogen
and produce a repertoire of antibody that recognizes a variety of
antigenic structure. This molecular diversity is achieved without
a change in genetic content. The mechanisms that generate the
genetic and molecular diversity of the human immune system
have been reviewed elsewhere (Nikolich-Zugich et al., 2004;
Robinson, 2015; Dendrou et al., 2018; van den Broek et al., 2018;
Adams et al., 2020).

Small-scale genetic variations in B. pseudomallei can be
introduced by point mutation which substitutes one nucleotide
with another or microindel (an insertion or deletion) that impact
1–50 bp. B. pseudomallei substitution rate was reported to be
1.7–4.9 × 10−7 substitutions per site per year (Viberg et al.,
2017; Pearson et al., 2020), which is comparable to those detected
in other Burkholderia genera (Lieberman et al., 2014). The
rates of indels have not been quantified in B. pseudomallei.
However, indels can be detected from isolates obtained
from acute and chronic host infections (Hayden et al., 2012;

Limmathurotsakul et al., 2014a; Viberg et al., 2017) as well as
from the environment (Rachlin et al., 2020), thereby highlighting
the role of indels in B. pseudomallei evolution.

Medium-scale genetic variations can be brought in by
homologous recombination, with each event contribute to a
median recombining size of 5 kb (Nandi et al., 2015) (range
3 bp to 71 kb). A single recombination event can introduce
7.2 times greater nucleotide polymorphisms than a single
substitution event (average r/m = 7.2). However, the amounts
of SNPs being introduced per recombination event is subjected
to the genetic distance between DNA donor and recipient.
Sources of imported DNA could be from the same species
donor, closely related species such as B. thailandensis and/or
other soil microbes. Different B. pseudomallei lineages have
been shown to recombine at different rates (Nandi et al.,
2015), a characteristic also observed in other recombinogenic
bacteria (Chewapreecha et al., 2014; Sanchez-Buso et al.,
2014; David et al., 2017). Interestingly, not all DNA donor-
recipient pairs are possible, suggesting a structure to the
genetic flux within B. pseudomallei population. A lineage-
specific restriction-modification system was shown to act as
a barrier that restricts gene flow (Nandi et al., 2015). These
modification control systems are based on DNA methylation
which allows the bacterium to discriminate between correctly
methylated “self ” DNA, and inappropriately methylated or
unmethylated “non-self ” DNA. Correctly methylated DNA
can be taken up and integrated into the bacterial genome,
whereas inappropriately methylated or unmethylated DNA will
be degraded. Interestingly, many recombination “hotspots” are
focused on bacterial virulence factors (Nandi et al., 2015),
highlighting the role of recombination in tuning the bacterial
ability to infect hosts.

Large-scale genetic variations can be introduced by HGT
or large-scale insertion or deletion. HGT includes the uptake
of foreign DNA that can subsequently be integrated into the
chromosomes and resulted in the regions termed genomic
islands (GIs) (Koonpaew et al., 2000; Holden et al., 2004;
Duangsonk et al., 2006). The repetitive genetic composition of
B. pseudomallei genomes such as tandem repeats and transposons
is believed to aid the integration of horizontally acquired
elements into the chromosomes (Holden et al., 2004; U’Ren
et al., 2007). Despite several plasmid elements being identified
in B. pseudomallei genomes (Holden et al., 2004), four complete
plasmids has been characterized so far (NCBI, December 2020)
(Nandi et al., 2015). With long-read sequencing technology,
the plasmid could be more reliably assembled, thereby allowing
more genetic variations to be studied. At least 16 GIs had
been identified in the K96243 genome (Holden et al., 2004).
Several studies highlight distinct geographical distribution of
GIs or their combinations (Ou et al., 2005; Duangsonk et al.,
2006; Sim et al., 2008; Tuanyok et al., 2008), leading to a
hypothesis that each GI or combination of GIs may confer
different fitness under different environments (Sim et al., 2008).
GIs carry several virulence factors, many of which are known to
interact with hosts, including filamentous hemagglutinin adhesin
(fhaB3), and a member of two-partner secretion system (bpaAB)
(Sim et al., 2008).
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GENETIC, STRUCTURAL OR
MOLECULAR VARIATIONS OBSERVED
IN HOST-PATHOGEN INTERACTION

Genetic, structural and molecular variations and their functional
impact to B. pseudomallei - host interaction have been the
center of melioidosis research over the past few decades. We
will summarize genetic and structural diversity in bacterial genes
known to mediate the infection (Figure 2 and Supplementary
Table 1). The genes discussed here are shown to be essential for
infection by a genome-wide saturation mutagenesis (Moule et al.,
2015) and also expressed during in vivo infection (Ooi et al.,
2013). When host partners are known; variations detected in host
proteins, and the host response are also described (Figure 3). It
should be noted that there are large overlaps in the host immune
system and the examples described here only represent a fraction
of the whole machinery.

Genetic Variations in B. pseudomallei
Flagella Systems and Host Toll-Like
Receptor 5 (TLR5)
Flagella systems of B. pseudomallei enable the motility of the
bacterium intracellularly as well as in the environment (Figure 2;
DeShazer et al., 1997; French et al., 2011). Flagella filaments
are constituted from thousands of flagellin protein monomers,
encoded by fliC gene, strung into protofilaments before being
braided to form a flagellum (Samatey et al., 2001). Flagellin
has been known for its extreme diversity with 113,285 unique
nucleotide sequences across the prokaryote phyla (Hu and
Reeves, 2020). Flagellin inactivation in B. thailandensis resulted
in the reduction of bacterium intracellular motility and cell-to-
cell spread (French et al., 2011). Using PCR-restriction fragment
length polymorphism analysis, four different alleles of flagellin
protein (fliC: BPSL3319) were identified from 100 Malaysian
clinical isolates (Tay et al., 2010), and more is expected if
investigated with next-generation sequencing. Proteins in the
flagella systems were reported to elicit host immune response,
highlighting them as melioidosis vaccine candidates (Brett et al.,
1994; Chua et al., 2003; Chuaygud et al., 2008; Gregory et al., 2015;
Koosakulnirand et al., 2018).

In addition to flagella, a fimbrial gene cluster which is required
for cell adherence also displays genetic variation with distinct
alleles being predominantly detected in different geographical
locations. A yersinia-like fimbrial (YLF) gene cluster, believed
to be horizontally acquired was shown to be more prevalence
in Southeast Asia and thus was used as a marker for the
introduction of B. pseudomallei from this region (Tuanyok
et al., 2007; Sarovich et al., 2014; Chewapreecha et al., 2017).
A putative type I fimbrial protein BPSL1626 was shown to
elicit an immune response and have a potential as a vaccine
candidate against melioidosis (Capelli et al., 2018). Whereas,
B. thailandensis-like flagellum and chemotaxis (BTFC) gene
cluster is believed to be an ancestral sequence in B. pseudomallei
and is most common in Australia (Tuanyok et al., 2007). The
YLF and BTFC gene clusters are mutually exclusive between
the two endemic areas where the latter may implicate in the

spread between cell-to-cell by the flagellar protein leading to the
formation of multinucleated giant cells (MNGCs) and eventually
apoptosis/cell death (French et al., 2011).

It has been established that flagellin is a ligand of
TLR5 (Figure 3). The recognition stimulates pro-inflammatory
responses including the rise in intracellular calcium ion and
upregulation of pro-inflammatory cytokine TNF-α and IL-
6 (Hayashi et al., 2001; Chen et al., 2007). TLR5 stop
codon polymorphism, TLR51174C>T or rs5744168 was strongly
associated with protection against fatality as well as organ
failure in a case-control cohort study. When challenged with
B. pseudomallei, TLR51174C could mediate the activation of NF-
κB, while TLR51174T could not; additionally, TLR51174T saw
reduced flagellin-induced cytokines levels (West et al., 2013).
Another independent investigation on the same population
also found the association between the truncated TLR51174C>T
variant and survival from acute melioidosis, as well as, a lower
rate of bacteraemia (Chaichana et al., 2017). Furthermore, both
studies also found TLR51174C>T variant with a lower level
of anti-inflammatory IL-10, which the authors suggested the
possibility in which the mortality risk may be modulated by
TLR5-driven IL-10 release. Interestingly, a recent study has
suggested that the effect of this hypofunctional TLR5 variant may
not be restricted to flagellin-driven pathway (Dickey et al., 2019).
Another polymorphic variant is TLR51846T>C which was also
associated with protection against death and blunted flagellin-
driven cytokine response; however, the authors also reported
high linkage disequilibrium of the variant with TLR51174C>T
(Chantratita et al., 2014), which might reduce the confidence of
causal relationship.

Structural Variations in B. pseudomallei
LPS and Genetic Variation in Host
Toll-Like Receptor 2 and 4 (TLR2 and
TLR4)
B. pseudomallei possesses an extensive network of
polysaccharides on its outer membrane, namely capsular
polysaccharide (CPS) and lipopolysaccharide (LPS) (Figure 2,
for a full review on CPS and LPS in Burkholderia spp.; Cloutier
et al., 2018). Both are known to play a vital role in virulence
of melioidosis and have been used as subunits for vaccine
development (Brett and Woods, 1996; Nelson et al., 2004;
Wikraiphat et al., 2009; Scott et al., 2014b). Based on a cellular
compartment, B. pseudomallei LPS can be divided into (Knirel
et al., 1992): lipid A—an endotoxic component embedded in
the phospholipid bilayer of the outer membrane; inner and
outer core oligopolysaccharide; and O-antigen (Novem et al.,
2009). Multiple in vitro studies showed LPS challenge could
mount innate and adaptive immune responses, and Nitric
Oxide (NO) production, with different LPS serotypes (A, B,
and B2) reported to mount different magnitude of responses
(Norris et al., 2017). Some genetic data of LPS biosynthesis
operons were available. However, many of these were generated
from short-read sequencing platforms, which are not ideal
to investigate LPS due to the repetitive nature of the LPS
locus. Long-read technologies, on the other hand, could
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FIGURE 2 | A summary of B. pseudomallei genes or operons that are expressed during infection and characterized genetic variations. All plotted genes or operons
are up-regulated during in vivo infections (Ooi et al., 2013), with a subset that reported genetic variations marked in red. The shape and location of each individual
gene indicate the gene function and cellular compartment, respectively. All annotated genes or operons and their functions are described. The bacterium displays a
repertoire of antigenic variations, including lipopolysaccharides (LPS), capsular polysaccharides (CPS) and surface proteins. B. pseudomallei LPS is immunologically
classified into a number of serotypes A, B, and B2; with each serotype reported to be heterogeneously distributed across distinct geographical locations. Another
highly diverse virulent protein is a fimbrial protein which displays a strong geographical distribution between Australia and Asia. Strains from Asia commonly possess
a Yersinia-like fimbrial (YLF) gene cluster that believed to be horizontally acquired. B. pseudomallei carries 4 different types of CPS: CPS I, CPS II, CPS III, and CPS
IV. A full gene description is provided in Supplementary Table 1.

Frontiers in Microbiology | www.frontiersin.org 7 January 2021 | Volume 11 | Article 612568203

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


fmicb-11-612568 January 17, 2021 Time: 10:44 # 8

Chomkatekaew et al. Host-Pathogen Co-evolution in Melioidosis

FIGURE 3 | A summary of human host immune components used in defending against B. pseudomallei. Genes or molecules that show genetic variations are
marked in red. Upon infection, the bacterial antigens are recognized by host receptors including Toll-like receptor (TLR) and HLA which also display large genetic
diversity. The latter is reported to be varied by ethnic groups (de Bakker et al., 2006; Gourraud et al., 2014). Following an entry into host, B. pseudomallei faces the
innate axis of the immune system. Macrophages and neutrophils are recruited to the site early upon the infection; these cells are reported to be essential to the early
bacterial containment and clearance (Breitbach et al., 2006; Easton et al., 2007), though excessive recruitment of neutrophils may have a negative outcome that
allows B. pseudomallei to propagate intracellularly (Ceballos-Olvera et al., 2011). These innate phagocytes possess pattern recognition receptors (PRRs), such as
surface receptors TLR2, TLR4, and TLR5, as well as, cytosolic receptors NOD2; these are reported to be vital for the fight against B. pseudomallei (West et al.,
2008; Myers et al., 2014; Weehuizen et al., 2015; Birnie et al., 2019). The signals transduced by these receptors result in mobilization of nuclear factor NF-κB which
trigger appropriate immune responses including the synthesis of pro-inflammatory cytokines and initiation of the downstream adaptive immune cascades (Pothlichet
and Quintana-Murci, 2013). It is through the antigen-presenting cells and their appropriate antigen-HLA class II complexes that enable the activation of CD4 + T
lymphocytes. The naïve CD4 + T cells sit at the central part of the adaptive axis. They can differentiate into Th1 cells which facilitate cell-mediated immune response
by CD8 + cytotoxic lymphocytes. A study has shown that strong CD4 + and CD8 + T cell response was elicited during acute melioidosis and the lower cellular
response was correlated to fatality (Jenjaroen et al., 2015). On the other hand, naïve CD4 + T cells can also mature to be Th2 cells which initiate class switching of B
cells and support humoral immune response.

overcome this assembly issue, giving complete contigs of the
bacterium genome.

To date, 4 serotypes of LPS were previously characterized.
Type A LPS is a majority serotype found in both endemic areas,
namely Southeast Asia and Australia (Anuntagool et al., 2000,
2006; Tuanyok et al., 2012). Whereas, serotype B is less common
in the endemic areas (Australia and Southeast Asia) and is
prevalent in both clinical and environmental origins (Tuanyok
et al., 2012). However, a recent analysis of clinical B. pseudomallei
isolates revealed that Serotype B was highly predominant in India
(Shaw et al., 2019). LPS serotype B2 is a variant of LPS serotype B
and more commonly found in Australia and Papua New Guinea
(Tuanyok et al., 2012). In contrast, LPS R or Rough serotype lacks
O-antigen moiety of the LPS structure. It was identified using

SDS-PAGE and silver staining techniques with no O-antigen
ladder pattern. Type R is relatively rare and found only from
the Australian clinical and environmental strains (Anuntagool
et al., 2006). Interestingly, it is frequently prevalent in the patients
with a relapse history of melioidosis, however, there is no direct
association between them (Limmathurotsakul et al., 2014b).

A comparative genomic analysis revealed that there are
distinct variations in the core compositions of the O-antigen
LPS biosynthesis gene clusters between A, B, and B2 serotypes.
However, there are several genes conserved among them. In
addition, type A LPS gene operon is also observed in both
B. thailandensis and B. mallei, closely related Burkholderia species
(Tuanyok et al., 2012). Interestingly, genomic analysis of clinical
isolates from Madagascar revealed that there is a 13.5 kb deletion
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observed in the LPS biosynthesis gene cluster of serotype B,
conserving only some genes in the cluster that are essential for
the biosynthesis of LPS B2 (Sarovich et al., 2016). The lack of
some core genes in the LPS biosynthesis cluster could lead to the
reduction of its serological properties. This is supported as some
evidence suggested that the strains with LPS type B2 become
sensitive to 30% normal human serum whereas the strains with
LPS type B remain resistant (Tuanyok et al., 2012).

On the other hand, a single nucleotide insertion of the wbiI
gene is observed in the LPS biosynthesis gene cluster of a rough
serotype in a patient with more than 16-year chronic lung
infection associated with melioidosis. This frame-shift mutation
of wbiI gene (an essential gene for the O-antigen synthesis)
disrupts the epimerase/dehydratase function of this gene and
results in the loss of O-antigen moiety, possibly switching the
serotype of B. pseudomallei isolates from type A to type R (Price
et al., 2013; Pearson et al., 2020). Pearson and colleagues also
revealed the nucleotide insertion of D512_15771 (wbiH) and
D512_06755 gene are observed in B. pseudomallei MSHR6686
of the same patient. The mutation in both genes may confer
to the reduction in LPS modification and production, assisting
in the escape from the host immune response. In addition, a
partial deletion of D512_20407, wbiA homolog is also identified
in MSHR6686 (Price et al., 2013; Pearson et al., 2020). However,
genomic analysis of the rough serotype that is naturally found
in the environment or initial infection has not been done to
determine the genetic makeup of this serotype.

Not only genetic heterogeneity exists among the serotypes
of LPS, further structural diversity is also observed at the
O-antigen of LPS serotypes (Stone et al., 2012; Norris et al.,
2017). The O-antigen is one of the LPS components with a
structure of unbranched disaccharide repeat units. Remarkably,
the structural modifications of these sugar chains were observed
where substitutions of 2-O-methylated and 4-O-acetylated at
talose residues were observed only in about 33% of the LPS
serotype A. Whereas the rest bear 2-acetyl substituents at the
same residues (Perry et al., 1995). More recently, a structural
analysis of O-antigen in the serotype A reported that the
modification of the talose residue is more complex than what
was previously reported (Heiss et al., 2013). Although multiple
gene inactivation studies revealed that wbiA and oacA genes are
essential for these modifications at the talose residues (Brett et al.,
2003, 2011), it is possible that structural diversities of the LPS
O-antigen are further modified at post-transcriptional and post-
translational levels, for instance, a length variation of O-antigen
chain observed in Escherichia coli O9a which is tightly controlled
by the biosynthetic enzymes dynamic (King et al., 2014).

The LPS is common across Gram-negative bacteria and also a
well-established pathogen-associated molecular pattern (PAMP)
that can trigger the pro-inflammatory innate immune response,
such as translocation of NF-κB and TNF-α cytokine release, via
its interaction with TLR4, CD-14 and adaptor protein MD-2
(Park and Lee, 2013). Although evidence has been inconclusive,
LPS sensing was shown to be through TLR4 in murine models,
and TLR4 as well as TLR2 (Wiersinga et al., 2007; West
et al., 2008) in human models (Figure 3; Weehuizen et al.,
2015). Polymorphisms of TLR4 were reported in humans with

TLR41196C>T allelic variant associated with protection against
melioidosis when compared to non-hospitalized controls (West
et al., 2012). In addition, TLR4 rs10828066 SNP variant was
significantly associated to be protective against melioidosis in
both adjusted non-hospitalized and hospitalized control groups,
whereas TLR4 rs960312 was associated with bacteraemic or lung
melioidosis (West et al., 2012).

Genetic Variations in B. pseudomallei
CPS and Host B Cell Repertoire
CPS is one of the key virulence determinants in B. pseudomallei
(Figure 2). To date, four different types of CPS (CPS I-IV) have
been described (Holden et al., 2004). CPS-I biosynthesis cluster
is a large 34.5 kb operon harboring on the chromosome one of
B. pseudomallei (wcbT to manC). A study in an animal model
reported that the CPS-I cluster is required for the full virulence
of B. pseudomallei (Sarkar-Tyson et al., 2007). CPS-I exhibits an
immunogenic role and the absence of this gene cluster resulted
in the attenuation of B. pseudomallei in a mouse model (Atkins
et al., 2002; Reckseidler-Zenteno et al., 2005; Parthasarathy et al.,
2006). A passive protection was observed when murine intranasal
infection models were immunized with anti-CPS monoclonal
antibodies (AuCoin et al., 2012), with the later study reported that
conjugated CPS could provide the highest degree of protection
(Scott et al., 2014a).

The structural basis of CPS-I is highly conserved (Perry
et al., 1995). Remarkably, CPS-I is believed to be horizontally
transferred between species as the GC content of this CPS-I
cluster is about 58% (Reckseidler et al., 2001). In addition, it
is possible that the horizontal acquisition of this gene cluster
was a key event in the pathogenic evolution of B. pseudomallei
compared to B. thailandensis where the cluster is absent (Yu et al.,
2006). Nevertheless, several genes involved in the biosynthesis of
CPS-I of B. pseudomallei were reported in B. thailandensis with
a relatively low sequence identity (75%). In addition, a novel
variant of B. thailandensis strains (BTCV) is found to carry a
B. pseudomallei like CPS-I (95% sequence identity) gene cluster
with an identical organization. Although the origin of the CPS-
I gene cluster in B. pseudomallei has yet been identified, several
genes involved in the sugar biosynthesis appear to be orthologs to
the genes identified in the Yersinia species (Y. pseudotuberculosis
H892/87) and some in other gram-negative bacteria (Cuccui
et al., 2012). It is possible that the CPSI gene cluster is
not entirely acquired from one bacterial species but several
organisms. Population studies also detected genetic variations
in CPS-I (Challacombe et al., 2014; Chewapreecha et al., 2017).
Whether this genetic variation has implications on virulence is
a subject of further investigation. Another CPS-I variant could
be found in B. pseudomallei isolated from a 16-year chronic
melioidosis patient. A single nucleotide insertion is observed
within wcbR, an important component involved in the fatty acid
synthesis of CPS-I, causing a frameshift mutation in the earlier
samples isolated from this patient (Price et al., 2013; Pearson
et al., 2020). A CPS-I deletion region, which includes wcbR
gene, has shown in the reduction of CPS production in hamster
model but not absence entirely (Gutierrez and Warawa, 2016).
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Price et al. (2013), suggested that this degree of CPS-I-dependent
virulence decreases and may consequently be a critical step in the
progression for melioidosis to become a chronic-carriage disease.

Unlike CPS-I, CPS-II and CPS-III have been associated with
B. pseudomallei persistence in the environment (Reckseidler-
Zenteno et al., 2009, 2010), while CPS-IV is less well-
characterized. Up to date, no reports suggest the genetic
variations of CPS-II, -III, and -IV biosynthesis clusters in
B. pseudomallei. The diversity and function of these capsules
in the pathogenesis, immunomodulation and environmental
adaptation of B. pseudomallei warrant further studies.

We next considered host partners that interact with
B. pseudomallei CPS. The CPS has been shown to elicit strong
host immune response (Reckseidler et al., 2001; Atkins et al.,
2002). CPSs from various B. pseudomallei strains were recognized
by the same group of monoclonal antibodies which suggests a
limited number of epitopes of this molecule (Zou et al., 2008).
The molecule’s monomers can cross-link to B cell receptors
and, at an appropriate density, induce a downstream humoral
response that is distinct from T cell-dependent pathway (Clarke
et al., 2013; Akkaya et al., 2020). Antigen recognition through
B-cell receptors is formed through random somatic changes of
germline DNA. This results in a repertoire of distinct sequences
that enable antigen recognition across wide ranges of pathogens.
The B-cell receptors dynamic in melioidosis has not been studied.

Genetic Variations in B. pseudomallei
Adhesins and Autotransporters
Filamentous Hemagglutinin Adhesin (FHA) of B. pseudomallei
is highly diverse (Figure 2). Early investigation of genomic
islands (GIs) from five B. pseudomallei strains identified three
different fhaB gene clusters on different GIs of the bacteria. The
bacterium could carry multiple fhaB gene clusters, many of with
carrying either a combination of cluster I (GI5a/GI5a.1/GI5a.2)
and cluster III (GI16/GI16.1), or cluster III alone (Tuanyok et al.,
2008). More genetic variations of the FHA loci were reported
from the Australian isolates (Chewapreecha et al., 2017). The
fhaB3 gene (BPSS2053) has been characterized as an important
virulence factor of B. pseudomallei; enabling bacterial binding
to the host epithelial cells (Sim et al., 2008), and an anti-
macrophage factor (Dowling et al., 2010). It was found in all
isolates from Thailand but found in only 83% of Australian
strains where the absence of this gene in Australia population
correlated with the skin abscess formation and lower mortality
rate (Sarovich et al., 2014).

Autotransporter (AT) proteins are one of the largest family
of the secretion systems in Gram-negative bacteria, allowing
the transportation across the bacterial membrane as well as
involving the virulence and immunogenicity of the pathogens
(for review Lazar Adler et al., 2011). In B. pseudomallei K96243,
a sequence analysis revealed to have at least 11 ATs located
in the genome, including putative Trimeric Autotransporter
Adhesins (TAAs), bimA (Stevens J.M. et al., 2005) and boaB, two-
partner secretion system (TPS), bpaA, bpaB, and bpaD (Campos
et al., 2013). Inactivation in some of these genes attenuated
and reduced the intracellular survival of B. pseudomallei in

the macrophage-like cells (Lazar Adler et al., 2015). ATs are
variably present in the genomes. The gene boaB (BPSL1705),
which aids bacterial binding to host respiratory cells (Balder
et al., 2010), was found to be absent in several strains in Africa,
Brazil (Sarovich et al., 2016). When ATs are present, genetic
variants can also be observed. Australian-specific and African-
specific variants have been reported in bpaA, bpaB, and bpaD
(BPSS1434, BPSL2063, and BPSS0088, respectively) (Brown et al.,
2004; Tuanyok et al., 2008).

Several experiments demonstrated the role of BimA in
actin polymerization and motility (Stevens M.P. et al., 2005;
French et al., 2011), promoting a movement of cell-to-cell
spread and within the host cells (Lazar Adler et al., 2011).
Furthermore, BimA is antigenic (Suwannasaen et al., 2011) and
seroactive (Felgner et al., 2009). Two variants of bimA (BPSS1492)
were identified: B. pseudomallei bimA (bimABP), and bimA-like
B. mallei (bimABM). The latter is an ortholog of bimA from
Burkholderia mallei (95% sequence identity) and displays the
same domain organization: a single actin monomer binding
motif (WH2), a proline-rich domain and a transmembrane
anchor domain (Sitthidet et al., 2008). Whereas the bimABP
consists of two predicted WH2 domains, a proline-rich domain,
a membrane anchor domain and an additional predicted casein
kinase II (Stevens M.P. et al., 2005). Of note, the variation
was also observed between the predicted proline-rich domain
of the bimABM and B. mallei bimA where the former has fewer
motifs (Sitthidet et al., 2008). Distinct geographical distribution
of bimABP and bimABM have been reported (Sitthidet et al.,
2008; Sarovich et al., 2014; Shaw et al., 2019). Benanti et al.
(2015) illustrated that both BimAs are functionally similar and
associated with the nucleation and elongation of actin filaments
with more plaque formation observed in bimABP variant
compared to bimABM. A subunit vaccine investigation reported
a significant increased survival rate of BALB/c mice immunized
with BimABM recombinant, when the mice were challenged with
both B. mallei and B. pseudomallei (Whitlock et al., 2010).

Genetic Variations in B. pseudomallei
Secretion Systems
Several secretion systems and secreted proteins in B. pseudomallei
are vital to combat the host immune defense and environmental
stresses. B. pseudomallei has at least three type III secretion
systems (T3SSs) (for review, Vander Broek and Stevens, 2017)and
six type VI secretion systems (T6SSs).

Among T3SSs, T3SS-3 is better characterized and believed to
be an integral part of the full B. pseudomallei virulence in mice
and hamster models, as well as associated with the intracellular
survival and dissemination. K-mer based sequence analysis has
recently demonstrated that variations in the T3SS-3 gene cluster
were detected across the global population of B. pseudomallei
(Chewapreecha et al., 2017). This included bsaU(BPSS1539),
bsaR (BPSS1542), bsaP (BPSS1544), and bsaN (BPSS1546)
(Chewapreecha et al., 2017) which are believed to be involved
in intracellular escape (Pilatz et al., 2006), predicted chaperone
protein (Panina et al., 2005), T3SS-3 secretion regulator
(Broek et al., 2015), and T3SS-3 regulator (Chen et al., 2014),
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respectively. In addition, a partial deletion of genes in the
T3SS is also observed in a patient with persisted infection of
melioidosis as a result of within-host adaptations (Pearson et al.,
2020). For T6SSs, T6SS-5 is better characterized (for review,
Lennings et al., 2019)and functionally confirmed to mediate the
translocation of effector proteins via contact-dependent manner
(Silverman et al., 2012) and MNGC formation (Burtnick et al.,
2011; Chen et al., 2011). In addition, an experimental study
suggested that T6SS-5 may involve in the intracellular survival
of B. pseudomallei in macrophages where the expression level
of T6SS-5 is dependent on virAG and bprC regulatory gene
(Chen et al., 2011). Genetic variations are also observed in several
genes clustered T6SS-5 with distinct geographical distribution
(Chewapreecha et al., 2017). Remarkably, a large deletion region
on chromosome 2 of an environmental B. pseudomallei A4 and
an isogenic strain of K96243 has been demonstrated of which
they failed to form a plaque in epithelium cells. Of those, the
deleted genes are including genes involved in T3SS-3 and T6SS-
5 systems. Interestingly, Saiprom et al. (2020) also identified an
absence of multiple T3SS-1 genes of previously described Thai
environmental strain RF80.

Genetic Variations in Human Leukocyte
Antigen (HLA)
For the rest of the bacterial factors that do not get recognized
by any specific innate pattern recognition receptors, these
antigens will be processed and presented on HLA of antigen-
presenting cells such as dendritic cells before getting recognized
by appropriate T cell receptors (TCR) of the adaptive immune
axis; this HLA-peptide-TCR interaction kicks start the adaptive
immune response. There are three different classes of HLA: class
I interacts with TCRs on CD8 + T cells while class II binds to
TCRs on CD4 + T cells, and the less well-established class III
which is not involved in antigen processing and presentation
(Dendrou et al., 2018). Acute melioidosis patients with diabetes
mellitus were reported to have lower HLA-DR expression on
plasmacytoid dendritic cells than the non-diabetic diseased group
(Kronsteiner et al., 2019). In addition, in non-diabetic patients,
fatal cases presented with significantly lower expression of HLA-
DR on monocytes and plasmacytoid dendritic cells, compared to
the survived cases (Kronsteiner et al., 2019). Similar observation
was found in murine infection models where B. pseudomallei-
infected BALB/c and C57BL/6 mice showed reduced expression
of MHC class II on plasmacytoid dendritic cells, however, this was
not statistically significant (Williams et al., 2015).

Genetic variations in HLA have been linked to the melioidosis
outcomes. A work conducted in an endemic area of Thailand
has compared HLA allele frequencies in melioidosis cases and
healthy controls. The authors reported a significant increase
of DRB1∗1602 frequency in melioidosis patients, compared to
healthy controls. Moreover, an increase in HLA-DRB1∗1602 and
a decrease in HLA-DQA1∗03 allele frequencies were associated
with septicaemic cases of melioidosis (Dharakul et al., 1998).
Another study conducted on the same Thai population screened
a panel of various HLA class I genotype frequencies in survived
and fatal cases of melioidosis. The authors found that HLA-B∗46

and HLA-C∗01 were associated with increased mortality; they
were also reported to be in linkage disequilibrium (Dunachie
et al., 2017). Interestingly, HLA has been linked with diabetes
mellitus, the prominent comorbidity of melioidosis with 12-
fold increased risk of developing the disease (Limmathurotsakul
et al., 2010a). Several recent publications using GWAS have
identified variations of HLA and their corresponding protective
or predisposing association with type 2 diabetes (Williams et al.,
2011; Scott et al., 2017; Zhao et al., 2017). These prompt further
characterization of HLA variants and their relationship with
melioidosis progression when modulated by patient diabetic
status. However, genetic studies on HLA and melioidosis have
suffered from small sample size and availability of reliable
HLA typing platform. This is largely impeded by the under-
representation of genomic data from the population from
melioidosis endemic areas. The availability of data is crucial as
this improves imputations and discovery of new causal variants
and disease association.

DISCUSSION

The advancement in omic technologies has improved our
understanding of co-evolution between B. pseudomallei and
different hosts, thereby guiding better control policy, treatment
option and vaccine design. Proteins or molecules that participate
in host—B. pseudomallei interaction are extremely variable.
Their variations have been seen at the genomic, epigenetic,
transcriptomic and proteomic levels. Although genome data for
human population from melioidois endemic areas is still scarce,
genome data for B.pseudomallei has been accumulating (Holden
et al., 2004; Hayden et al., 2012; Price et al., 2013, 2016; Sahl
et al., 2013, 2016; Daligault et al., 2014; Bugrysheva et al., 2015;
Chen et al., 2015; Hsueh et al., 2015; Johnson et al., 2015a,b;
McRobb et al., 2015; Nandi et al., 2015; Sidjabat et al., 2015;
Song et al., 2015; Spring-Pearson et al., 2015; Viberg et al., 2015;
Chapple et al., 2016; Aziz et al., 2017; Chewapreecha et al., 2017,
2019; Podnecky et al., 2017; Viberg et al., 2017; Webb et al.,
2019). When combined with spatial and temporal information,
this allows further exploration of allelic variants and a shift
in allele frequency over space and time. Moreover, a genome-
wide saturation mutagenesis can aid prediction of essential genes
required under certain conditions (Moule et al., 2015). This
can be coupled with transcriptome information to understand
variations in the expression patterns (Chieng et al., 2012; Ooi
et al., 2013; Price et al., 2018) during the course of infection, and
across different host types. A dual host-pathogen transcriptome
study has not been conducted for melioidosis but is promising to
provide valuable insight into the interaction as well as variations
that lead to different infection outcomes.

In this article, we mainly explored variations of
B. pseudomallei genes implicated in human host infections
at the genetic level. Many of these genes display a strong
geographical signal which could either be a result of a founder
effect following a migration out of Australia, or an acquisition
of new alleles required for local adaptation after an introduction
to new geographical location. For each virulence gene, we
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also noted co-existence of multiple alleles in B. pseudomallei
population isolated from the same geographical region. The
genetic polymorphism could be maintained by balancing
selection where each co-existing allele must be favored under
different condition. In the context of virulent genes, these could
involve competitions with different soil organisms. Signals for
positive selection could be detected in genes that promote
bacterial survival under hostile environment, and genes required
for cell entry and adaptation to an intracellular lifestyle. The
latter can be grouped as virulence genes although they may
primarily be used in amoeba hosts rather than mammalian
hosts. For multi-host—pathogen interaction, it is thus essential
to consider virulence in a broad host and environmental
context. The picture is far from complete at the moment, but
more incoming omic data is promising to shed light on this
complex relationship.
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Colistin is a last resort antibiotic against the critical status pathogen Pseudomonas
aeruginosa. Virulence and related traits such as biofilm formation and serum resistance
after exposure to sub-inhibitory levels of colistin have been underexplored. We cultivated
P. aeruginosa in a semi-automated morbidostat device with colistin, metronidazole
and a combination of the two antibiotics for 21 days, and completed RNA-Seq to
uncover the transcriptional changes over time. Strains became resistant to colistin
within this time period. Colistin-resistant strains show significantly increased biofilm
formation: the cell density in biofilm increases under exposure to colistin, while the
addition of metronidazole can remove this effect. After 7 days of colistin exposure,
strains develop an ability to grow in serum, suggesting that colistin drives bacterial
modifications conferring a protective effect from serum complement factors. Of note,
strains exposed to colistin showed a decrease in virulence, when measured using
the Galleria mellonella infection model. These phenotypic changes were characterized
by a series of differential gene expression changes, particularly those related to LPS
modifications, spermidine synthesis (via speH and speE) and the major stress response
regulator rpoS. Our results suggest a clinically important bacterial evolution under sub-
lethal antibiotic concentration leading to potential for significant changes in the clinical
course of infection.

Keywords: multi-drug resistance, biofilm formation, evolutionary trajectories, serum susceptibility, colistin,
combination drug therapy, bacterial fitness, automated devices
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INTRODUCTION

Pseudomonas aeruginosa is a gram-negative, opportunistic
bacterium and a frequent cause of healthcare acquired infections
(HAIs). It belongs to the group of ESKAPE pathogens, which
consist of six microorganisms, namely Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter
spp., with a high tendency for causing challenging, drug-
resistant, nosocomial infections (Rice, 2008). P. aeruginosa
accounts for up to 15.4% of bloodstream infections (BSIs) in
intensive care units (ICUs) in Western Europe [Antimicrobial
resistance and healthcare-associated infections – Annual
epidemiological report 2014 (2012 data)], causing high
mortality rates.

One of the drugs of last resort against multi drug resistant
(MDR) strains of P. aeruginosa is colistin. Colistin has a
bactericidal effect: as a cationic cyclic peptide, it is able to bind
to anionic lipopolysaccharide (LPS) modules and displace Ca2+
and Mg2+ from the outer cell membrane of P. aeruginosa,
leading to disruption in the permeability of the membrane,
leaking of cell contents, and cell death (Falagas et al., 2005).
Although the spread of colistin resistance is not critical to
date, resistance has emerged in some instances worldwide,
particularly with the increased reliance on colistin for treating
multidrug-resistant gram-negative bacterial infections (Lee et al.,
2016). It is crucial that new measures are taken to prevent
the development of resistance against this last resort drug,
including using microbial evolution experiments to uncover
the molecular basis of adaptive evolution. Antibiotics are
often given in combination in standard therapeutic regimens,
with metronidazole being a common drug partner for the
treatment of infections by obligate and facultative anaerobic
bacteria. It is effective for the management of intra-abdominal
infections, gynecological infections, septicemia, endocarditis,
bone, and joint infections, amongst several other types of
infections (Löfmark et al., 2010). Metronidazole in treatment
inhibits DNA synthesis and DNA damage by oxidation, causing
single-strand and double-strand breaks that lead to DNA
degradation and cell death. Metronidazole is activated when
reduced, with molecules binding non-specifically to bacterial
DNA, inactivating the DNA and key enzymes of the pathogen;
leading to a high level of DNA breakage (Land and Johnson,
1999). An interesting study found that despite metronidazole
having no bactericidal effect on P. aeruginosa, in vitro exposure
to a therapeutic concentration of metronidazole increased the
number of mutations through induction of the SOS response,
thus leading to emergence of antibiotic resistant bacteria
(Hocquet and Bertrand, 2014).

Advances in next-generation sequencing of RNA have
enabled the analysis of transcriptional changes that occur
in bacteria when continuously grown in vitro in presence
of sub-lethal doses of antibiotics (McPhee et al., 2003;
Hood et al., 2013). These evolutionary studies have been
extremely valuable in identifying genes and pathways that
confer antibiotic resistance, in cases where this is mediated
by chromosomal mutations. However, there is a significant

lack of mass or high throughput evolutionary studies. In
addition, how the transcriptional changes under antibiotic
pressure and combination regimens affect other clinically
relevant phenotypes remains poorly explored. Such changes
may alter the manifestation and severity of the infection as
well as the response to treatment and involve factors such as
biofilm formation, immune response evasion through serum
resistance and virulence. One study which used single drug
treatment and examined populations of P. aeruginosa evolved in
the presence of sublethal concentrations of ciprofloxacin found
significant phenotypic changes such as reduced protease activity
and swimming motility, as well as increased levels of quorum-
sensing (QS) signal molecules (Wassermann et al., 2016). Their
results suggested that evolution in the presence of sublethal
concentrations of antibiotics have pleiotropic effects on the
phenotypes of pathogens. This may promote persistence of the
resistant bacterial populations.

The ability of P. aeruginosa to form biofilms is associated
with severe infections and significant morbidity and mortality
(Mulcahy et al., 2014). Biofilms provide P. aeruginosa an
enormous advantage by promoting survival on medical devices
such as catheters, evasion from the immune system, and
tolerance to antimicrobial therapy. Increased biofilm formation
has also been found to contribute to increased virulence
(Ghadaksaz et al., 2015; Maurice et al., 2018). Other virulence
factors of P. aeruginosa include, amongst others, toxins,
exoproteases, phospholipases, the presence of type IV pili
and flagella (Ballok and O’Toole, 2013). Serum contains
more than thirty proteins of the complement system, and
is a crucial component of the host innate immune response
which can also initiate the adaptive response. The ability to
inhibit complement activation is also considered a virulence
trait. However, besides few examples of pathogenic bacteria
that carry “ad hoc” molecules to block the activity of the
complement (Kunert et al., 2007; Miajlovic and Smith, 2014),
very little is known about the molecular basis of increased
serum resistance and the clinical ramifications overall in
P. aeruginosa.

We performed the present work using a morbidostat.
A morbidostat is a semi-automated culturing device that
continuously monitors bacterial growth and adjusts antibiotic
concentration to induce bacterial resistance against the drug.
In combination with “omic” approaches, experiments using
a morbidostat can shed light on the different evolutionary
trajectories of antibiotic resistance development as well as
further phenotypic modification of clinical relevance. Our
previous work with this device concluded that selection
for colistin resistance results in a rise of mutations in
pmrB and pmrE in the clinical strain P. aeruginosa PA77
(Dößelmann et al., 2017), which are common in other
clinical isolates. Here we used the same clinical strain,
derived from bloodstream infections and cultured it in our
morbidostat for 21 days, under three experimental conditions:
no antibiotic, single drug (colistin or metronidazole), and
a combination of the two antibiotics. At four key time-
points we measured the impact of antibiotic exposure on
clinically relevant phenotypes such as antibiotic resistance,
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biofilm formation, serum resistance and virulence. We expect
that the addition of metronidazole would lead to an alternate
transcriptomic and phenotypic profile when compared to
single drug treatment isolates. This is the first study to
examine the evolution of an extensively drug resistant (XDR)
P. aeruginosa strain in a morbidostat device under strong
antibiotic pressure, and to demonstrate that the acquisition of
colistin tolerance and resistance can affect phenotypic traits
generally associated with virulence.

MATERIALS AND METHODS

Strain Selection: Characteristics of PA77
The P. aeruginosa clinical strain PA77 was isolated at the
University Hospital Tübingen, Germany (Willmann et al.,
2014). PA77 is extensively drug resistant (XDR) (Magiorakos
et al., 2012), being non-susceptible to all antibiotics except
colistin and fosfomycin. Multilocus sequence typing analysis
show PA77 belongs to the high-risk sequence type (ST) ST308
(Willmann et al., 2014).

Study Design and Experimental
Conditions
The morbidostat system was built following the detailed
instructions by Toprak et al. (2012) with the modifications
outlined in previous work (Dößelmann et al., 2017). As part of
our hygiene protocol, we ran 80% ethanol through the tubing
system and 3% sodium hypochlorite for 30 min each, and distilled
water was used to rinse the tubing after each solution. The
biological waste from the morbidostat was fed into a container
with a neutralizing solution.

Figure 1 demonstrates an overview of the study design.
Strain PA77 was continuously cultivated for 21 days in the
morbidostat in four conditions. The first condition was with
colistin as a single drug starting with 2 mg/L and with a final
concentration of 500 mg/L. The second single drug condition is
with 50 mg/L of metronidazole, and the third condition is with
a combination of increasing colistin and 50 mg/L metronidazole.
The fourth condition was completed as a control, with plain LB
medium and no antibiotics. For every condition we ran three
replicates in different vials in the morbidostat to investigate
whether evolutionary trajectories were stable in all strains. We
took samples of the culture at 7, 14, and 21 days of drug
exposure, which means collectively there were three replicates
over three time points, in four conditions. This totals 37 strains
including the baseline strain of PA77 being the original clinical
strain not evolved in the morbidostat. All strains were assessed
in phenotypic and transcriptomics assays. These samples were
processed with RNALater Stabilization Reagent (Qiagen, Hilden,
Germany) and ultimately frozen via the Microbank system
(Pro-Lab Diagnostics Inc., TX, United States) at −80◦C. All
phenotypic assays were performed with one bead taken from
these frozen stocks and grown overnight on blood agar plates
containing 2 or 16 mg/L colistin. This was to ensure a truly
resistant population, devoid of persister cells or dormant bacteria.

DNA Extraction, Library Preparation and
Genome Sequencing for Baseline Strain
PA77
The genome sequencing was performed at the NGS Competence
Center Tübingen (NCCT) using both short (Illumina) and long
Oxford Nanopore Technology (ONT) reads for the baseline
strain PA77. For ONT, genomic DNA was isolated using Qiagen
Genomic Tip G/20, the integrity and quality of the preparations
were evaluated on a Femto Pulse capillary electrophoresis device
(Agilent, Santa Clara, CA, United States). Library preparation
was performed with Ligation Sequencing Kit (SQK-LSK109) with
Native Barcoding Expansion (NBD104). The pooled libraries
were sequenced on a MinION flow cell (FLO-MIN106D) for
48 h. For short read sequencing, the DNA was extracted with the
DNeasy UltraClean Microbial Kit (Qiagen). Illumina sequencing
libraries were prepared using Nextera DNA Flex library prep
kit (Illumina), using combinatorial dual indexing. The Illumina
libraries were pooled and sequenced on a NextSeq 500 High-
Output flow cell with 2× 150 bp.

De novo Genome Assembly and
Annotation for Baseline Strain PA77
Whole genome assembly of the baseline strain was performed
using the hybrid mode of Unicycler v.048 (Wick et al., 2017).
Standard Unicycler parameters were used.

RNALater Storage
Samples were taken from the morbidostat every 2–3 days and
stored in RNALater RNA Stabilization Reagent (Qiagen, Hilden,
Germany) to preserve the integrity and genetic profile of the
isolates. Up to 108 cells were centrifuged at 12,000× g for 2 min.
The supernatant was removed and the pellet resuspended in 1 ml
of RNALater solution and incubated for 1 h at room temperature.
The pellet was centrifuged once more at 12,000 × g for 5 min,
the supernatant removed and the remaining pellet was frozen at
−80◦C.

RNA Sequencing
Total RNA was extracted with the Quick RNA Fungal/Bacterial
Kit (Zymo Research), using lysozyme for cell lysis (0.4 mg/ml).
The integrity and quality of the RNA preparations was evaluated
with agarose gel electrophoresis and Agilent Bioanalyzer 2100
assays. Total RNAseq Library Kit (Zymo Research) was used for
both ribosomal RNA depletion and RNAseq library preparation,
using 500 ng total RNA as input. We constructed three libraries
per RNA sample. The libraries were sequenced on a NextSeq 500
High-Output flow cell (75 cycles, single reads).

Colistin Susceptibility of PA77 and
Isolates Cultivated in Morbidostat
After comparison against broth microdilution (BMD) and
other commercial tests with positive results (Javed et al.,
2018), antibiotic susceptibility testing was determined using
MICRONAUT MIC-Strip (MERLIN Diagnostika Gmbh,
Bornheim, Germany): a commercial broth microdilution system
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FIGURE 1 | Experimental set up presented as a flow chart. The XDR strain PA77, ST 308, was cultivated in the morbidostat in 20 ml LB medium under four drug
conditions: 2–500 mg/L colistin only (Condition 1), a combination of 2–500 mg/L colistin and 50 mg/L metronidazole (Condition 2) and 50 mg/L metronidazole only
(Condition 3). A control condition without antibiotics was also completed (Condition 4). Samples of the isolates were taken every 2–3 days, with Day 0, 7, 14, and 21
selected as the key time-points of interest for our study. Isolates generated from the morbidostat were stored in RNALater Stabilization Reagent (Qiagen, Hilden,
Germany) to preserve the integrity and genetic profile of the bacteria. Finally, 36 isolates were generated in culture: from four different drug conditions, with three
isolates per condition and three experimental time-points. The baseline strain PA77 is considered the Day 0 isolate. XDR, extensively drug resistant; ST, sequencing
type. Blue isolates: susceptible to colistin (≤2 mg/L). Red isolates: colistin-resistant (>2 mg/L).

using the international reference methodology (ISO 20776-1)
and completed according to the manufacturer’s instructions.
Briefly, isolates were taken from −80◦C stocks and grown on
plain agar plates overnight. An inoculum of 0.5 McFarland
was prepared in 5 ml NaCl, and then further diluted 1:200 in
Mueller Hinton broth. 100 µl of this dilution was pipetted into
MIC-Strips which contained freeze dried colistin ranging from
0.0625 to 64 mg/L. The strips were incubated for 18–24 h at
37◦C, and results read visually.

Growth Assays
Isolates were grown overnight on selective colistin blood agar
plates containing 2 or 16 mg/L colistin. A subculture was
made to optical density (OD600 nm) 0.1 in LB medium. 200 µl

of this subculture was transferred to sterile, flat-bottomed,
polystyrene 96-well microtiter plates. The growth rate of
bacteria was determined by incubating the plate at 37◦C,
measuring the OD of the culture in each well at 600 nm
at 30 min intervals for 24 h using a microtiter plate reader
(SPECTRAmaxPLUS384 Molecular Devices Inc., United States),
and growth curves generated.

Biofilm Formation Assay With Peg Lid
Device
Isolates from −80◦C storage were grown overnight on sheep
blood agar plates containing 2 or 16 mg/L of colistin. After
dilution of this culture to 0.5 McFarland in LB medium, 200 µl
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was transferred to all but the negative control wells of a flat-
bottom 96-well microtiter plate (Nalgene Nunc International,
Rochester, NY, United States) Polystyrene microtiter lids were
immersed into this subculture (Nalgene Nunc International,
Rochester, NY, United States) and incubated aerobically at 37◦C
for 2 h, followed by incubation at 37◦C for 20–22 h anaerobically
with Anaerocult tabs (Merck & Co., NJ, United States). The
peg lids were dipped in 0.9% NaCl three times for 10 s
each to remove planktonic bacteria, and sonicated in an
ultrasonic bath (SonorexTM RK100) for 10 min. The peg lid
is then placed in a mixture of 75 µl CHAPS and 75 µl
EDTA solution on a rocking table (20 Hz) for 1 h, and
the number of viable CFU per ml was determined by serial
dilution plating, and counting colonies after 20–24 h incubation
at 37◦C.

Biofilm Density Quantification With
Crystal Violet Staining
Isolates from −80◦C storage were grown overnight on sheep
blood agar plates containing 2 or 16 mg/L of colistin. After
dilution of this culture to 0.5 McFarland in LB medium,
200 µl was transferred to all but the negative control wells
of a flat-bottom 96-well microtiter plate (Nalgene Nunc
International, Rochester, NY, United States) and incubated
aerobically at 37◦C for 24 h. Planktonic cells were stained
with an aqueous solution of 0.1% crystal violet for 30 min.
The excess crystal violet was discarded, and wells were rinsed
with distilled water. Stained biofilms were resuspended in
5% acetic acid for 30 min, and absorbance was measured at
590 nm by a microtiter plate reader. Assays were performed
in triplicate in three independent experiments, with standard
deviations indicated.

Serum Selection
Normal human serum (NHS) from five healthy donors
(Department of Transfusion Medicine, University Hospital
Tübingen) was stored in aliquots at −80◦C. The optimum
serum dilution was determined for the baseline strain PA77.
Normal human serum (NHS) from healthy donors (Department
of Transfusion Medicine, University Hospital Tübingen) was
stored in aliquots at −80◦C. Strain PA77 was incubated with a
percentage of serum, ranging from 10 to 90%. Serum was diluted
with PBS (Gibco, Gaithersburg, MD, United States). They were
then incubated with a luciferase compound at 37◦C for 0, 2, and
4 h and the luminescence of ATP produced in culture measured
as an indication of growth. It was determined that 50% was the
optimum concentration of serum to use for this study.

Serum Killing Assay
Serum killing assays were completed with BacTiter-GloTM

Microbial Cell Viability Assay (Promega, Madison, WI,
United States) as described (Necchi et al., 2017). Normal human
serum (NHS) from healthy donors (Department of Transfusion
Medicine, University Hospital Tübingen) was stored in aliquots
at −80◦C. Heat inactivated serum (HIS) was generated by
incubating the serum at 56◦C for 30 min.

Overnight culture of bacteria was diluted to OD 600 nm
0.1 and subcultured for 1 h. Strains were incubated at 37◦C
in 100 µl HIS- or NHS-PBS in a 96 well V-bottom microtiter
plate (Greiner bio-one, Frickenhausen, Germany) in triplicates
for 0, 2, 4, and 6 h. After incubation, plates were centrifuged at
3,500× g for 5 min and the pelleted bacteria were resuspended in
100 µl PBS. To determine the number of viable bacterial cells,
50 µl bacterial suspension and 50 µl BacTiter-GloTM reagent
were transferred to a white LUMITRACTM 96 well F-bottom
microtiter plate (Greiner bio-one, Frickenhausen, Germany) and
the adenosine triphosphate (ATP) levels produced by the bacteria
were quantified with a Tecan Infinite R© 200 PRO. Resulting
luminescence values were log transformed (natural logarithm)
and the linear regression coefficients of the resulting growth
curves in serum (log luminescence over time) were used to
calculate a coefficient difference (CD). Here, the regression
coefficient of the growth in HIS (αHIS) was subtracted from the
regression coefficient of growth in NHS (αNHS). CD = αNHS –
αHIS.

Growth in HIS was considered a growth control, hence the
coefficient needed to be positive to be considered an adequate
experimental setup. A CD value below 0 indicates either effective
killing of bacteria by the serum or growth inhibition by the serum.
Serum killing happened when the NHS coefficient was negative.
Higher negative values would generally indicate a stronger impact
of the serum on the bacteria, lower negative values indicate the
development of resistance to serum. CD values ≥ 0 indicates no
effect of the serum on growth, meaning a resistance to serum.

In vivo Virulence Assays
Galleria mellonella larvae of the same size and weight range
were purchased from Biosystems Technology (TruLarvTM).
Subcultured bacteria were serially diluted in PBS to 8–10 CFU.
Each G. mellonella larvae was injected with 10 µl of 8–10 CFU
bacterial dilution using a 30 gage syringe (BD Biosciences,
Allschwil, Switzerland). The larvae were then incubated at 37◦C
and monitored for 36 h after infection, and the death events were
recorded every 2 h. Death was defined as when the larvae stopped
responding to touch. Ten microliter aliquots of the bacterial
dilutions injected into the larvae were plated in triplicates on
LB agar plate and the CFU was determined after overnight
incubation to ensure that the injected inoculum was in the 8–
10 CFU/10 µl range. A hazard ratio (HR) was calculated with
a Cox proportional hazard model (using Stata version 12.1),
factoring in the CFU injected into each larvae.

Identification of Differentially Expressed
Genes With Geneious Prime
We used Geneious Prime (version 2020.0.5) to analyze and
visualize the transcriptomic sequencing data. Reads from
morbidostat-generated isolates were pre-processed with
Trimmomatics (Bolger et al., 2014) aligned to the reference
sequence PA77 using Bowtie2 (Langmead and Salzberg,
2012). We used six replicates per isolate, with at least 10 mio
high quality reads. Expression levels of each isolate were
compared, and volcano plots generated with the plugin DESeq2
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(Love et al., 2014). The genes of interest were filtered by selecting
the ratio of significance to 25 and a log2 fold expression of±4.

Statistical Analysis
GraphPad PRISM 5 (GraphPad Software, San Diego, CA,
United States) and Stata version 12.1 (Stat Corp., College Station,
TX, United States) were used to perform null hypothesis testing.
All error bars represent standard deviation. For each figure, the
number of replicates and other information relevant for assessing
the accuracy and precision of the measurements are included in
the corresponding legend.

RESULTS

Characteristics of PA77 and Morbidostat
Generated Isolates From NGS
Hybrid assembly of the baseline strain PA77 resulted in two
contigs with total length of 6.9 Mbp. The baseline strain was used
as the template for differential gene expression analysis.

No Changes in Growth Rates Between
Baseline, Control and Experimental
Isolates
Isolates from each condition and key time points were cultured
in plain LB medium and growth measured every 30 min via OD
reader. The results are displayed as Log-OD increase per hour
(Figure 2) and as growth curves in Supplementary Figure 1.
There was no difference in the log increase in OD between
isolates, indicating that the growth kinetics of the evolved isolates
were similar to those of the baseline strain.

FIGURE 2 | No changes in the growth rates of baseline strain and evolved
isolates. Isolates were inoculated in plain LB medium and the optical density
measured every 30 min at OD 600 nm, during incubation at 37◦C for 24 h,
with three replicates per isolate. The results are presented at Log OD increase
per hour, with error bars representing the 95% confidence intervals.

Resistance to Colistin Increases as
Exposure in Morbidostat Continues for
Up to 21 days
PA77 strains continuously exposed to colistin reached a
colistin MIC > 64 mg/L at Day 21. This is at least 16-fold
higher than the clinical EUCAST breakpoint of colistin for
P. aeruginosa at ≥2 mg/L (EUCAST, 2020; Figure 3). The
metronidazole-only and LB medium control strains did not
develop colistin resistance. The full MIC values are presented in
Supplementary Table 1.

Increase in Number of Viable Cells,
Density and Biomass in Biofilm After
Colistin Exposure
Next, we assessed whether the ability to form biofilms was altered
under antibiotic exposure.

Looking at the number of viable cells in biofilm, by far
the biggest increase in development of biofilm occurred in the
colistin only condition at Day 21, with strains producing 30-fold
more viable cells in biofilm than the baseline strain (p < 0.001)
(Figure 4A). All three time-points in this condition showed
significantly increased biofilm production relative to the baseline.
Looking deeper between drug conditions, we saw an increase
in the number of viable cells in biofilm for isolates exposed
to colistin for 7 days, with 14.5 × 107 viable cells in biofilm
compared to isolates exposed to metronidazole for the same time
period with 6.7 × 107 viable cells in biofilm (p < 0.001), and in

FIGURE 3 | Measure of colistin sensitivity in baseline strain PA77 and evolved
isolates. Distribution of the minimum inhibitory concentrations (MICs, mg/L) for
colistin (n = 37) with isolates cultivated in the morbidostat across four different
conditions and samples at three time-points: seven, 14 and 21 days of
cultivation. The results are presented as the mean of three biological replicates
and range. Blue: indicates susceptibility to colistin (MIC ≤ 2 mg/L). Red:
indicates resistance to colistin (MIC > 2 mg/L). Purple: indicates a mix of
replicates that are both susceptible and resistance to colistin.
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FIGURE 4 | Altered number of viable cells in biofilms of the evolved isolates. (A) Measure of viable cells in biofilm produced by isolates cultivated in the morbidostat
for 21 days in four different conditions: colistin only, a combination of colistin and metronidazole, metronidazole only and no antibiotic as a control condition. Six
replicates per isolate were taken from the morbidostat and grown in LB medium for 24 h and the resulting biofilm detached chemically and mechanically, serially
diluted and plated on agar. The CFU was counted and recorded as values from 107. The statistical analysis shown are averages of at least three independent
experiments ± sd. Comparison to the baseline strain PA77 is indicated by *n.s, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Comparison to LB medium
isolates is denoted using +. n.s, not significant; +p < 0.05; ++p < 0.01; +++p < 0.001. (B) The values in panel A were adjusted to a ratio relative to LB medium
isolates and displayed here as a bar chart, with a t-test used to calculate the difference between the three experimental conditions at each time point. *p < 0.05,
***p < 0.001. The dashed line represents the values for the control isolates, which is set to 100%.

the combination drug condition (6.1× 107 viable cells in biofilm)
(p < 0.05) (Figure 4B).

Within 14 days of exposure to colistin as a single drug, there
was a faster trajectory of increased biofilm formation than for
isolates exposed to metronidazole only (p < 0.05) or in the
combination of the two drugs (p < 0.05) (Figure 4B), which may
indicate that metronidazole begins to affect the biofilm forming
capabilities of the isolates. When compared to the baseline, there
were a higher number of viable cells in biofilm in metronidazole-
only isolates (17.5 × 107) (p < 0.001) at Day 14 than the
other conditions at this time-point (Figure 4A). After 21 days
of exposure, isolates from the combination drug condition
had fivefold more viable cells in biofilm than the baseline
(p < 0.01), while the biofilm formed by metronidazole only
isolates did not differ significantly. Between drug conditions, the
metronidazole-only condition isolates showed 17-fold decrease
in viable cells in biofilm after 21 days of exposure (14.7 × 107

viable cells in biofilm) compared to colistin-only isolates at Day
21 (254.1× 107) (p < 0.001) (Figure 4B). The combination drug
condition isolates also showed a slower trajectory of increased
biofilm formation, with 80.5% less biofilm produced at Day 21
compared to the colistin-only condition (p < 0.001) (Figure 4B).

The metronidazole-only isolates showed a general increase in
biomass in biofilm when compared to both the baseline strain and
the control LB medium isolates (Figure 5A). The adjusted values
showed isolates sampled at Day 7 in all three drug conditions
show a decrease in biomass produced in biofilm compared to
control isolates, with colistin-only isolates producing 76.2% of
biomass in biofilm, and combination isolates producing 66.9% of
biomass in biofilm. However, isolates cultivated in metronidazole
only show an increase in biomass in biofilm compared to
the two other drug conditions (Figure 5B). Isolates exposed

to metronidazole for 14 days produced 26% more biomass in
biofilm than isolates exposed to colistin and metronidazole at
the same time point (p < 0.05) (Figure 5B). Isolates exposed
to colistin for 14 days produced 36% less biomass in biofilm
than isolates cultivated in metronidazole only (p < 0.01),
and 10% less biomass in biofilm compared to combination
drug isolates (p < 0.05). The isolates exposed to colistin and
metronidazole for 21 days showed the highest increase in biomass
in biofilm compared to the isolates cultured in the two other drug
conditions, with 159% biomass measured, compared to 128.3%
for colistin isolates (p < 0.01), and 124.6% biomass measured for
metronidazole only isolates (p < 0.01).

Isolates Become Resistant to
Complement Factors in Serum Within
7 days of Colistin Exposure
Next, we tested resistance of the evolved isolates to complement
factors (Figure 6 and Supplementary Figures 2A–M), with
resistance being defined from the ability of these isolates to grow
in human serum. The coefficient difference (CD) for the baseline
strain is −1.01, which indicates a killing effect: the bacteria are
not able to grow in 50% serum. However, after 7 days of exposure
to colistin in the morbidostat, the isolates have a CD of −0.07,
which indicates development of resistance to complement factors
in the same serum. At Day 14 of colistin exposure, isolates
were still resistant to serum complement, but less than at Day 7
(CD = −0.129). At Day 21, we see the biggest increase in serum
resistance, with a CD of 0.108.

In the combination drug condition, there was also a notable
development to serum resistance by Day 7 with a CD of −0.01.
At Day 14 and Day 21, strains became again slightly more
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FIGURE 5 | Changes in biomass in biofilms of the evolved isolates. (A) The OD values of biofilm staining assays using six replicates per isolate and the standard
deviation are presented for strains cultivated in the morbidostat for 21 days in four different conditions: colistin only, a combination of colistin and metronidazole,
metronidazole only and in LB medium as a control. The baseline strain PA77 was used as a Day 0 comparison. A t-test was used to compare the time-points to each
other. Comparison to the baseline strain PA77 is indicated by *n.s, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Comparison to LB medium isolates is denoted
using +. n.s, not significant; +p < 0.05; ++p < 0.01; +++p < 0.001. (B) The values of the experiments in panel A have been adjusted as a ratio, relative to the values
of the LB medium isolates and displayed in a bar chart as percentages. The three experimental conditions have been compared according to the time point, and a
t-test was used to calculate the significance. *p < 0.05, **p < 0.01, ***p < 0.001. The dashed line represents the values for the control isolates, and is set to 100%.

susceptible to serum (CD −0.148 and −0.139, respectively). The
metronidazole-only and control condition do not show a strong
deviation from the baseline susceptibility to serum.

Decreased Virulence in G. mellonella
After Infection With Isolates Exposed to
Colistin for 21 days
We examined the virulence of the evolved isolates in a
G. mellonella model of infection (Tsai et al., 2016; Figures 7A–
C and Supplementary Figures 3A–C). Seven days of single
exposure to colistin did not lead to a significant change in
virulence (HR = 0.75, lower 95% CI: 0.40, upper 95% CI: 1.13,
p = 0.13). At Day 14 we still did not observe a significant deviation
from baseline. However, at Day 21 we noted a significant
attenuation of virulence potential compared to the baseline
(HR = 0.36, lower 95% CI: 0.20, upper 95% CI: 0.64, p = 0.01).
This effect was not seen in the combination drug condition,
with metronidazole seemingly having a modulatory effect on the
impact of colistin exposure on virulence. Isolates cultured with
metronidazole as a single-drug condition also demonstrated no
statistically significant changes in virulence. This was the same
for isolates in the control condition (LB medium only).

Significant Variation in the
Transcriptomic Profile of the Evolved
Isolates Compared to Control Isolates
To examine the transcriptional profile of the isolates that had
been evolved under different drug pressures, we performed
RNA-Seq analysis on P. aeruginosa PA77 at the baseline and
on strains grown for 7, 14, and 21 days in presence of single
or a combination of antibiotics. Due to the drastic changes
in the phenotype of the morbidostat-generated strains, namely

increased biofilm formation, decrease in virulence and loss of
susceptibility to serum, we wanted to investigate general changes
in the differentially expressed genes between the three time-
points and four conditions (Figures 8A,B and Supplementary
Figures 2A–J). For differential gene expression, a threshold of
log2 fold change (FC) of± 4 was applied.

Among the genes that were upregulated include the
arnBCADTEF operon (also known as pmrHFIJKLME), which has
a crucial role in colistin resistance in P. aeruginosa through the
addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid A
(Lo Sciuto et al., 2020). The arnBCADTEF operon is upregulated
in colistin within 21 days (Figure 8A), but not differentially
expressed at a significant level in isolates exposed to LB medium
(Figure 8B) and metronidazole only (Supplementary Figure 2J).

Two other gene transcripts, speH and speE, were significantly
upregulated in the colistin only and combination drug
conditions, as part of the operon speEH-pmrAB. The highest
positive log fold change for speE occurred in colistin Day
21 isolates with 7.25 (differential absolute confidence 128.25,
p < 0.001) (Figure 8A) followed by colistin and combination
isolates after 7 days of drug exposure: 6.83 (differential absolute
confidence: 59.5, p < 0.001) and 5.95 (differential absolute
confidence: 56.43, p < 0.001), respectively (Supplementary
Table 2). In contrast, speE was downregulated in the medium-
control isolates, with a log FC of −0.29 at Day 7 (differential
absolute confidence: −1.96, p value: 0.006), −0.08 at Day 14
(differential absolute confidence:−0.06, p < 0.001) and a log fold
change of 1.18 at Day 21 (differential absolute confidence: 5.9,
p < 0.001) (Supplementary Table 2).

One gene of interest that was downregulated is rpoS. The
highest fold change difference for this gene transcript in
particular occurs after 7 days of exposure to metronidazole, with
a downregulation in expression at −5.74 (differential absolute
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FIGURE 6 | Transient decrease in susceptibility to serum in strains evolved in
presence of colistin. Susceptibility to serum was measured by incubating
P. aeruginosa isolates with 50% human serum and a luciferase compound,
and measuring luminescence of ATP produced over 6 h. The results are
presented as a bar graph with coefficient difference values calculated using
log regression. Isolates with a negative αNHS value, indicating that they are
killed in serum, are marked with an asterisk (*). PA77: baseline strain. Colistin:
colistin only. Colistin + metronidazole: a combination of colistin and 50 mg/L
metronidazole. Metronidazole: 50 mg/L metronidazole. LB medium: control
condition isolates where isolates were not exposed to antibiotics and only
cultured in LB medium.

confidence −95.99, p < 0.001) (Supplementary Table 2), closely
followed by isolates cultured in colistin for 14 days (log2 FC:
−5.25, differential absolute confidence: −129.11, p < 0.001) and
isolates cultivated in a mix of colistin and metronidazole for
7 days (log2 FC: −5.22, differential absolute confidence: −156.4,
p < 0.001). Isolates in the medium-control condition fall below
the threshold of≤−4 log2 ratio FC, but are clearly downregulated
none the less, ranging from log2 FC of −0.46 (LB medium Day
14) to−2.42 (LB medium Day 21) (Supplementary Table 2).

DISCUSSION

In this work, we used one XDR clinical strain of P. aeruginosa and
cultured them in a morbidostat device with two antibiotics for
21 days, in order to discover the many ways the strain can evolve
resistance in a simulated clinical setting. The aim of this work
was to investigate the specific contribution of metronidazole
alongside the development of colistin resistance in P. aeruginosa
and evaluate the effect of antibiotic stress and on bacterial fitness,
geno- and phenotype.

A number of assays were performed to elucidate the changes
in the bacterial phenotype under distinct antibiotic pressure.
Subinhibitory exposure of colistin has a clear effect in many of
the factors that we have looked at: by the end of 21 days there was
increased biofilm formation, a loss in susceptibility to serum and
a decrease in virulence. Metronidazole seemingly contributes a
modulatory effect on two of these factors: with less viable cells

in biofilm and less susceptibility to serum complement factors
in combination and metronidazole only condition isolates, as
measured by quantifying the concentration of ATP in serum
over time. Interestingly, isolates cultured in colistin, both as a
single drug and in combination are unable to grow in either
heat-inactivated serum or active serum at 6 h, unlike isolates
cultivated in metronidazole, which continue to grow in heat-
inactivated serum. This indicates a developed sensitivity to heat-
stable factors in serum as a result of exposure to sub-inhibitory
concentrations of colistin.

Analysis of the transcriptomic profile uncovered a series of
differential gene expression patterns. One gene of interest is speE,
encoding a spermidine synthase, an enzyme that catalyzes the
irreversible transfer of a propylamine group from the amino
donor S-adenosylmethioninamine (decarboxy-AdoMet) to
putrescine (1,4-diaminobutane) to yield spermidine. Polyamines
such as spermidine are involved in several biological processes,
including binding to nucleic acids, stabilizing membranes,
and protecting against host immune responses (Chou et al.,
2008). Spermidine may be of clinical importance as a biofilm
inhibitor: catheters immersed with norspermidine were effective
in disrupting mature biofilm (Qu et al., 2016). Exogenous
spermidine also protected P. aeruginosa against polymyxin
B through stabilization of lipopolysaccharides (LPS), while
endogenously synthesized spermidine conferred a protective
effect against the host immune response to clinical strains of
P. aeruginosa that produce high amounts of it (Johnson et al.,
2012). Its upregulation as part of the operon speEH-pmrAB is
interesting, as pmrAB genes are well established as mediating
resistance to colistin and other antibiotics (Lee et al., 2005;
Bricio-Moreno et al., 2018) with one study finding that the
PmrAB regulon activates speE in the presence of antimicrobial
peptides such as colistin (Bolard et al., 2019).

Our transcriptomics results indicated that exposure to
increasing concentrations of colistin led to significant increased
expression of speH and speE (speE/H). The upregulation of
these genes may be a mechanism to confer tolerance to colistin
under antibiotic pressure in the morbidostat, particularly as
it is not highly differentially expressed in isolates exposed to
metronidazole only and is found upregulated in isolates that
are colistin-resistant. The efficacy of colistin is directly related
to the LPS structure, specifically through binding to anionic
LPS components of the outer membrane, causing increase of
cell permeability and cell death by cell lysis. P. aeruginosa
defends against colistin by the addition of l-4-aminoarabinose
(l-Ara4N) to lipid A phosphates (Nowicki et al., 2014). The
proteins for the synthesis and transfer of l-Ara4N are encoded by
the arnBCADTEF operon and are regulated by the PmrAB and
PhoPQ two-component regulatory systems. In vitro evolution
studies confirm this effect: high-level colistin resistance does
not evolve in the absence of a functional arnBCADTEF operon
(Lo Sciuto et al., 2020).

Upregulation of the arnBCADTEF operon–as we have
observed it under colistin exposure–results in decreased
polymyxins binding to the cell surface and the development of
cross-resistance to colistin and other antibiotics (Romano et al.,
2019). The LPS is also an inducer of the complement system,
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FIGURE 7 | Prolonged exposure to colistin decreases virulence of P. aeruginosa PA77 in a G. mellonella model of infection. (A–C) The virulence potential of isolates
was measured with G. mellonella larvae. The results are displayed as forest plots per time-point. The hazard ratio is calculated relative to the baseline condition strain
PA77. Colistin (N): colistin only. Colistin + metronidazole (�): a combination of colistin and 50 mg/L metronidazole. Metronidazole ( ): 50 mg/L metronidazole. LB
medium (H): control condition isolates not exposed to antibiotics and only cultured in LB medium. (A) Day 7: Compared to the baseline strain, there is no significant
change in virulence potential of these strains. (B) Day 14: There is no significant effect on virulence potential in any of these conditions overall, relative to the baseline
strain. (C) Day 21: The isolates exposed to colistin in the single-drug condition show a decrease in virulence relative to the baseline strain.

activated via its components lipid A, core, and O-antigen.
Bacteria expressing long O-antigen chains are usually more
resistant to serum than their O antigen-deficient isogenic
mutants (Hong and Payne, 1997; Burns and Hull, 1998; Bravo
et al., 2008) and are particularly necessary for serum resistance
in P. aeruginosa (Ohno et al., 1995). Naturally, there was no
resistance to colistin for isolates exposed to only metronidazole;
these isolates also did not become resistant to serum and the
gene transcripts speE/H and the arnBCADTEF operon were not
upregulated significantly (Supplementary Table 2). Resistance
to complement is strongly associated with the capability of
systemic survival, multiplication, and spread of a wide range
of Gram-negative pathogens (Short et al., 2020). Therefore we
speculate that modifications in the LPS via upregulation of the
speE/H genes and arnBCADTEF operon, regulated by pmrAB,
may contribute to colistin resistance and loss of susceptibility
to serum in our colistin-resistant isolates generated in the
morbidostat.

The results of the virulence assays completed using
G. mellonella show a significant decrease in virulence for
one type of isolate: those exposed to colistin for 21 days
(Figure 7C and Supplementary Figure 3C). The remaining
isolates over the four conditions and three time-points show

no significant difference in virulence potential when compared
to the baseline strain PA77. This effect has been found in
another recent study using Gram negative bacteria (Esposito
et al., 2018). This study that assessed the virulence profile
of 16 colistin resistant K. pneumoniae isolates with different
levels of colistin resistance, found that the colistin MIC of
K. pneumoniae isolates is predictive of their lethality (LD50
and LD90 values) in G. mellonella. High colistin MIC values
were predictive of lower virulence of the isolates, indicating
that genetic adaption to high levels of colistin resistance
could somehow impair K. pneumoniae infectivity, although
they did not observe any significant correlation between
colistin-resistance mechanisms and virulence. In other research,
P. aeruginosa with LPS deficiencies display attenuation in
virulence in G. mellonella (Jarrell’ and Kropinski, 1982; Tsai
et al., 2016) and so it is likely that isolates exposed to colistin
for 21 days may have undergone transcriptional changes related
to LPS modifications that make them lose their virulence
potential. Metronidazole alone as a single drug treatment
did not have any effect on virulence. Isolates exposed to
metronidazole in combination with colistin, tend to be relatively
virulent when compared to the single drug isolates. This
indicates that metronidazole slows down the trajectory of
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FIGURE 8 | Comparison of differentially expressed genes between conditions. (A,B) The statistical significance and magnitude of change for the differentially
expressed genes are depicted as volcano plots. Day 21 isolates are shown here, cultivated two conditions: (A) comparison between colistin only and baseline, and
(B) comparison between control isolates grown in LB medium and baseline. The log2 fold change is plotted against the significance (–Log10 adjusted p value). The
horizontal dashed line represents a ratio of significance, set at 0.05. Each point represents a gene, with genes of interest are highlighted in green and labeled. Genes
that are within the significant interest threshold but unlabelled are orange. Genes that do not meet the criteria are colored in black.

decreasing virulence for strains evolved in combination with
colistin.

The downregulation of expression of the RNA polymerase-
encoding gene rpoS in response to the drugs colistin and
metronidazole is surprising, especially considering its role as a
major stress-response regulator: it was expected that this gene
would be upregulated in isolates cultured with antibiotics in
the morbidostat. It is well documented that rpoS is expressed
mainly during the stationary growth phase (Kojic and Venturi,
2001), and it may be that the continuous changes in growth
kinetics in the morbidostat due to the addition of colistin at
regular intervals may have led to an alternative transcriptomic

profile. Alternatively, the reduced expression of rpoS in isolates
exposed to colistin and metronidazole over 21 days, relative to the
baseline strain PA77 might have been an adaptation mechanism
to increase resistance to colistin. Indeed, previous studies have
reported that rpoS mutants of P. aeruginosa produced more
biofilm, and biofilms produced were much more resistant to
being killed by tobramycin than wild-type P. aeruginosa biofilms
(Whiteley et al., 2001). They also found enhanced flagellar
motility exhibited by the rpoS mutants, which led to increase
in biomass in biofilm, similar to what we have seen in our
study. Increased and better developed biofilm protect against
penetration of colistin (Ciofu and Tolker-Nielsen, 2019) with
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extracellular polymeric substances reported to be the greatest
barrier to diffusion for drug penetration into various bacteria
(Wei and Ma, 2013). We see more biofilm produced in isolates
exposed to colistin, either as a single treatment or in combination,
than with metronidazole only. As deletion of this transcription
factor has several important downstream effects (Lombardo
et al., 2004), its reduced expression is likely to contribute
to the altered transcriptional profile observed in the evolved
isolates. RpoS controls close to 800 genes (Schuster et al.,
2004) including several virulence factors such as pyocyanin,
exotoxin A, LasA and LasB elastases, and exoenzyme S, and
affects the expression of genes related to quorum sensing.
Some of these genes are downregulated in our morbidostat-
generated isolates, such as heat shock protein dnaK, and
chaperonins groES and groEL, although not to a significant level
(Supplementary Table 2).

The semi-automated morbidostat provides several advantages
over traditional serial transfer evolution experiments. It enables
us to simulate a clinical situation, as it represents compartments
of infection within the human body that have not been fully
eradicated by antibiotic treatment. These compartments of
infection are exposed to sub-lethal concentrations of antibiotic,
contributing to general tolerance. Isolates cultured in the
morbidostat received sub-inhibitory doses of colistin, which
creates a constant level of antibiotic pressure. The addition of
metronidazole, which has no bactericidal effect on P. aeruginosa,
but is a documented trigger for mutagenesis, leads to a
significantly varied phenotype. In cases where colistin resistance
develops, virulence potential decreases. However, isolates are
able to survive and grow in human serum longer than their
colistin-sensitive counterparts. Alongside the ability to maintain
a higher number of viable cells in biofilm, the results of
our work indicate the potential of a change in the course
of infection due to significant evolutionary events under
antibiotic treatment.
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In the last two decades, multi (MDR), extensively (XDR), extremely (XXDR) and total
(TDR) drug-resistant Mycobacterium tuberculosis (M.tb) strains have emerged as a
threat to public health worldwide, stressing the need to develop new tuberculosis (TB)
prevention and treatment strategies. It is estimated that in the next 35 years, drug-
resistant TB will kill around 75 million people and cost the global economy $16.7
trillion. Indeed, the COVID-19 pandemic alone may contribute with the development
of 6.3 million new TB cases due to lack of resources and enforced confinement in
TB endemic areas. Evolution of drug-resistant M.tb depends on numerous factors,
such as bacterial fitness, strain’s genetic background and its capacity to adapt to the
surrounding environment, as well as host-specific and environmental factors. Whole-
genome transcriptomics and genome-wide association studies in recent years have
shed some insights into the complexity of M.tb drug resistance and have provided a
better understanding of its underlying molecular mechanisms. In this review, we will
discuss M.tb phenotypic and genotypic changes driving resistance, including changes
in cell envelope components, as well as recently described intrinsic and extrinsic factors
promoting resistance emergence and transmission. We will further explore how drug-
resistant M.tb adapts differently than drug-susceptible strains to the lung environment
at the cellular level, modulating M.tb–host interactions and disease outcome, and novel
next generation sequencing (NGS) strategies to study drug-resistant TB.

Keywords: Mycobacterium tuberculosis, drug resistance, evolution, bacterial–host interactions, next generation
sequencing

INTRODUCTION

Tuberculosis (TB) kills one person every 21s, with ∼10 million cases and ∼1.5 million attributed
deaths in 2018 (WHO, 2019). Caused by airborne pathogen Mycobacterium tuberculosis (M.tb),
TB is the top disease killer worldwide due to a single infectious agent. After inhalation, M.tb
reaches the alveolar space and is bathed in alveolar lining fluid (ALF), being in intimate contact
with soluble components of the lung mucosa before interacting with the cellular compartment,
including alveolar macrophages (AM) and other immune cells (Arcos et al., 2011; Torrelles and
Schlesinger, 2017). This M.tb–host interplay during the initial stages of infection will determine
TB disease outcome, driving clearance or progression to active (pulmonary or extrapulmonary
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TB) or latent TB, although the exact bacterial/host determinants
and mechanisms that promote a successful infection are still
poorly understood. The success of M.tb in establishing infection
and evading the host immune system is in part due to its
unique and dynamic cell envelope, composed mainly of lipids
and carbohydrates, which changes to adapt to the different
lung microenvironments in response to local environmental
cues, and also protects the pathogen against harsh environments
and many antimicrobial drugs due to its low permeability
(Garcia-Vilanova et al., 2019; Maitra et al., 2019). And thus,
most combined treatments for active TB work disrupting the
mycobacterial cell envelope.

Standard treatment for drug-susceptible TB consists of
administering four first-line drugs for 6 months (2 months of
isoniazid, rifampicin, ethambutol and pyrazinamide, followed
by 4 months of isoniazid and rifampicin), with a success rate
of 85% (WHO, 2019). However, the worldwide emergence of
drug-resistant strains in recent years, especially in TB endemic
areas (Ellner, 2008; Lange et al., 2019), poses a global threat and
compromises the goal of the End TB Strategy of reducing 90%
the TB cases by 2035. Different causes have led to increased
drug resistance, including insufficient healthcare infrastructure,
prescription of the wrong treatment (either wrong dose or
treatment length), poor quality drugs or drug unavailability,
poor adherence to therapy, or M.tb re-infection, among others
(Zaman, 2010). Indeed, in 2018, approximately half a million
people developed drug-resistant TB (DR-TB) and of these, 78%
were multidrug-resistant (MDR-TB), and only one in three
confirmed cases were enrolled in treatment (WHO, 2019).
Different categories of drug-resistant M.tb strains have been
defined by the WHO: multi (MDR), extensively (XDR), and
extremely (XXDR) drug-resistant TB. MDR-TB, which represent
a 3.4% of new TB cases worldwide, are resistant to at least the
two first-line drugs isoniazid and rifampicin, and require 9–
20 months of costly treatment using second-line drugs, with
decreased success rate of 56% when compared to susceptible
TB (WHO, 2019). XDR-TB are also resistant to rifampicin
and isoniazid, plus fluoroquinolone and at least one of the
three injectable second-line drugs (amikacin, kanamycin, or
capreomycin), with even a lower treatment success rate of 39%
(WHO, 2019). Lastly, XXDR strains are resistant to all first
and second-line drugs. More recently, a new category of M.tb
strains not yet recognized by the WHO have been identified
in Italy, India and Iran (Velayati et al., 2009b; Loewenberg,
2012), and named totally drug-resistant TB (TDR-TB) for being
resistant to all tested antibiotics plus some of the ones currently
in the discovery pipeline (Loewenberg, 2012; Parida et al., 2015).
The emergence of these potentially incurable strains stresses the
urgent need to develop new drug regimens and/or alternative
anti-TB strategies to combat these superbugs (Lange et al., 2018).

Only a few studies have explored the cell envelope
composition of drug-resistant M.tb strains and their metabolic
responses and adaptation to the different environmental
pressures during the course of pulmonary infection, which
makes it challenging to develop new and effective treatments
(Velayati et al., 2009b). Due to an altered cell envelope
composition of drug-resistant isolates (Velayati et al., 2013), one

can hypothesize that drug-susceptible and drug-resistant strains
will adapt differently to the lung microenvironments, driving
different infection outcomes. In recent years, new developments
in next generation sequencing (NGS) technologies have allowed
investigators to gain further insight not only in specific genetic
determinants of drug resistance but have also shed some light
on how particular M.tb strains adapt and interact with the host
during infection through genome-wide transcriptomics, which is
key in finding novel bacterial determinants that can be targeted
in the development of new anti-TB drugs or host-directed
therapies (Jeanes and O’Grady, 2016).

In this review, we will discuss different factors driving the
emergence of drug-resistant M.tb strains, as well as what is
known about the adaptation of MDR strains to the different lung
environments encountered during the course of infection, and
describe recent NGS strategies that could be used to gain a better
understanding on M.tb–host interactions and key determinants
involved in MDR evolution.

ORIGIN AND EVOLUTION OF DRUG
RESISTANCE

Mycobacterium tuberculosis is a highly specialized human
intracellular pathogen with an extremely conserved genome
driving a paradigm of a near-perfect host-pathogen relationship
(Brites and Gagneux, 2015). Currently, phylogenetic inferences
reveal that there are seven global lineages of M.tb strains that
have co-evolved with human populations under sympatric and
allopatric host-pathogen combinations (Gagneux et al., 2006a;
Al-Saeedi and Al-Hajoj, 2017). These M.tb strain lineages differ
in their geographic distribution, biological fitness, virulence and
their propensity to acquire drug resistance; specifically, lineages
2 to 4 have been associated with greater disease burden and drug
resistance compared to ancient lineages, e.g., lineages 1, 5, and 6
(Al-Saeedi and Al-Hajoj, 2017; Nguyen et al., 2018).

The emergence of drug resistance in M.tb can be divided in
two main factors and their interactions: extrinsic factors, which
are related to social determinants of TB in populations and
the quality of TB control and prevention services; and intrinsic
factors, accounting for those related to the acquisition of genetic
mutations in drug resistance-associated genes (Gygli et al., 2017;
Nguyen et al., 2018; Swain et al., 2020). Regarding the intrinsic
factors, mutations in genes coding for drug targets or drug
activating enzymes are the primary mode of drug resistance,
and they arise mainly through single nucleotide polymorphisms
(SNPs) and insertion-deletions (indels). Unlike other bacterial
pathogens, acquisition of drug resistance through horizontal gene
transfer is not consistently reported in M.tb (Namouchi et al.,
2012; Dookie et al., 2018). In addition, drug resistance in M.tb
is commonly believed to be caused by single-step chromosomal
mutations. However, there are now evidences suggesting that,
at least for certain anti-TB drugs, acquired drug resistance is
the result of a stepwise acquisition and fixation of mutations
leading to a gradual increase in resistance, initiated with the
acquisition of isoniazid resistance, subsequently followed by
rifampicin or ethambutol resistance (Cohen et al., 2015). Indeed,
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resistance to isoniazid through the KatGS315T mutation is a
common pattern that precedes rifampicin resistance and is
conserved globally regardless of the M.tb lineage, geographic
region and/or time (Manson et al., 2017). DR-TB can occur
as primary drug resistance, when a person is directly infected
by a drug-resistant M.tb strain, or as secondary or acquired
drug resistance, occurring due to the acquisition of resistance-
conferring mutations during failed treatment of drug-susceptible
TB (Dookie et al., 2018). The latter is likely associated to M.tb
metabolic adaptation to the host lung environment.

In addition to resistance caused by target mutations, several
distinctive mechanisms of anti-M.tb innate resistance have
been also described (Singh et al., 2020). These include: drug
accessibility to the target due to the low permeability of the
M.tb cell envelope, modification of drugs by M.tb enzymes,
existence of M.tb efflux pumps removing out drugs that were
able to cross the M.tb cell envelope, M.tb modulation of its gene
expression to adapt to the drug’s effects (or to its presence), and
a phenotypic drug tolerance linked to a state of slow growth
rate and metabolic shut down. In this regard, during M.tb
infection certain bacterial subpopulations, known as persisters,
can become phenotypically tolerant to antimycobacterial drugs
without acquiring genetic mutations (Kester and Fortune, 2014).
This reversible phenomenon is usually induced by external
stresses such as hypoxia or drug treatment, among others
factors (Vilcheze and Jacobs, 2019), and is associated with a
nonreplicating status of the bacilli. Several M.tb factors and
metabolic traits are linked to M.tb persistence (Keren et al.,
2011; Lee et al., 2019), although the evidence suggests that
persistence consists of an array of heterogenous physiological
states and mechanisms (Hartman et al., 2017). Mechanisms of
M.tb persistence are still being elucidated; however, different
bacterial metabolic status during early stages of the infection
might explain why some M.tb subpopulations can become
phenotypically drug-resistant.

Indeed, a novel genetically encoded mechanism that causes
reversible drug tolerance was recently described in M.tb
(Bellerose et al., 2019; Safi et al., 2019; Vargas and Farhat,
2020). This phase variation phenomenon is caused by transient
frameshift mutations in a 5’ homopolymeric region in the
glpK gene, which encodes the glycerol-3-kynase required for
M.tb glycerol catabolism. This phenomenon has been observed
in several clinical isolates which, as a consequence, generate
bacterial variants (small smooth colonies) that exhibit a drug-
tolerant phenotype easily reversible through the introduction
of additional insertions/deletions in the same glpK region.
This frameshift mutations are particularly enriched in MDR-
and XDR-M.tb strains, and suggest that variation in GlpK
might contribute to the development of drug resistance.
Thus, limited efficacy of current TB treatments suggests that
heterogeneity of both host and mycobacterial physiologies in
the different lung compartments during the different stages of
the infection can influence the emergence of persisters and
ultimately, increased drug resistance (Warner and Mizrahi, 2006;
Ben-Kahla and Al-Hajoj, 2016; Boldrin et al., 2020). Novel
antimycobacterial drugs that target persisters populations are
critical in order to shorten TB treatment and decrease the

emergence and transmission of MDR-M.tb strains (Zhang et al.,
2012; Mandal et al., 2019). Conversely, mixed clonal infections
and/or genetic heterogeneity of M.tb populations with different
drug susceptibility profiles within a patient can also lead to
disparate responses during treatment, promoting drug resistance
(Liu et al., 2015).

Factors Contributing to the Emergence
of Drug Resistance
The mechanisms and pathways that result in the emergence and
subsequent fixation of M.tb resistant strains and its dynamics
are not fully understood. However, evidence suggest an interplay
of several mechanisms involved during drug selection pressure,
including clonal interference, mutation rates, efflux pumps,
compensatory mutations, and epistasis (Al-Saeedi and Al-Hajoj,
2017). Exposure of M.tb to drugs induces a bacterial stress
response while exerting a drug selection pressure; thus, only those
M.tb strains able to adapt will prevail, initiating a competitive
selection process between M.tb clones that may acquire different
beneficial mutations to survive (clonal interference). In this
regard, M.tb strain lineages can present different mutation rates
and different capacity to acquire drug resistance (Ford et al.,
2013), where clones of the Beijing/East Asian lineage (lineage
2) are associated to an hypermutability phenotype mediated
through polymorphisms in anti-mutator genes (mut) involved
in DNA repair systems (Ebrahimi-Rad et al., 2003). Recently,
DNA methylation has been proposed as a mechanism for
phenotypic plasticity inM.tb, aiding rapid adaptation to changing
environmental pressures, with heterogeneous DNA methylation
reported in MTBC clinical isolates (Modlin et al., 2020), which
could have potential implications in the development of drug
resistance. Further, because of the drug-induced stress response
of M.tb, M.tb efflux pumps are rapidly upregulated within hours
after drug exposure, being responsible of conferring a low-level
resistance profile (described in detail below). Interestingly, efflux
pump inhibitors reduce the minimum inhibitory concentrations
(MICs) of key drugs such as isoniazid, rifampicin, linezolid
and some fluoroquinolones (Escribano et al., 2007; Machado
et al., 2012). Thus, this efflux pump mediated low-level resistance
confers a selective advantage and allows M.tb to survive and
replicate under sub-optimal drug concentrations, until further
development of classical resistance-associated mutations that
confer clinical drug-resistant phenotypes (Fonseca et al., 2015;
Dheda et al., 2017).

Although beneficial against anti-TB treatment, drug resistance
mutations may also impose a fitness cost to M.tb survival, as they
can compromise genes involved in essential mycobacterial cell
functions. This subject is a matter of debate aiming to elucidate
the mechanisms involved in impaired fitness, transmissibility and
virulence of DR-M.tb strains. The concept of reduced virulence of
MDR-M.tb strains comes from early experiments in the Guinea
pig infection model (Middlebrook and Cohn, 1953). More
recently, clinical isolates with common mutations for isoniazid,
rifampicin, and streptomycin were associated with low or absent
in vivo fitness cost (Comas et al., 2011). Thus, clinical isolates
undergo mutations to overcome fitness deficits associated to drug
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resistance, setting the basis for the compensatory evolutionary
role in the spread of DR-TB (Nguyen et al., 2018). There is a wide
diversity of resistance-conferring mutations in M.tb; however,
during selective pressure, specific mutations in clinical isolates
are associated with a high-level of resistance without losing fitness
or transmissibility (Casali et al., 2014). Different compensatory
mutations were demonstrated for rpoA and rpoC in rifampicin-
resistant rpoB mutants (Comas et al., 2011; de Vos et al., 2013),
for ahpC in isoniazid-resistant KatG mutants (Sherman et al.,
1996), and 16S RNA for aminoglycoside resistance (Shcherbakov
et al., 2010). This evidence supports the successful expansion
of MDR and XDR-M.tb strains worldwide (Merker et al., 2018;
Cohen et al., 2019a).

Epistasis, a form of interaction between genes or mutations
that influences a phenotype, is also thought to drive the
evolution of DR-TB (Borrell et al., 2013; Koch et al., 2014).
In fact, some M.tb compensatory mutations are associated with
epistatic interactions. Epistasis is conceptually linked to fitness
and is divided into negative and positive epistasis; the latter
meaning that the interaction between genes or mutations has
a smaller fitness cost compared to the genetic determinants
alone. Different positive and negative epistasis exist in M.tb
between drug-resistant mutations and between drug resistance-
associated mutations and compensatory mutations (Phillips,
2008; Nguyen et al., 2018). In this context, different lineages
of M.tb carrying identical rifampicin-associated mutations
showed different levels of fitness cost, supporting the idea
that epistasis is influenced by M.tb strain’s genetic background
(Gagneux et al., 2006b; Borrell and Gagneux, 2011; Li
et al., 2017). Epistatic interactions may also determine the
order in which drug resistance mutations and compensatory
mutations arise, playing a key role in defining the evolutionary
processes toward acquisition of MDR-TB (Salverda et al., 2011;
Muller et al., 2013).

ADAPTATION OF DRUG-RESISTANT
M.tb STRAINS TO THE HUMAN LUNG
ENVIRONMENT

Mycobacterium tuberculosis evolved from a mycobacterial
ancestor to effectively infect and persist in the human host (Brites
and Gagneux, 2015; Jia et al., 2017). Its higher hydrophobicity
compared to other mycobacterial species might have contributed
to increased transmission through aerosolization (Jankute
et al., 2017). After being inhaled and during the course of
infection, M.tb gets in contact with very different host lung
microenvironments, which can be extracellular (during the initial
stages of infection and before interacting with alveolar phagocytes
and other immune cells, after escaping necrotic cells, or after
re-activation in cavities); or intracellular (in alveolar phagocytes
such as alveolar macrophages (AMs) during primary infection, or
within AMs in granulomas during the latency stage) (Figure 1).
In these different environments, M.tb has evolved to use host
resources to its advantage and adapt its metabolism in order to
evade the host immune system, survive, and establish a successful
active or latent infection.

The M.tb cell envelope provides structural support and
protection to osmotic changes, and is composed of four
main layers: an inner plasma membrane and periplasmic
space, a cell envelope core composed of peptidoglycan (PG)
covalently linked to arabinogalactan (AG) and mycolic acids
(MAs), the peripheral lipid layer [formed by non-covalently
linked lipids and glycolipids such as trehalose dimycolate
(TDM), phthiocerol dimycocerosates (PDIMs), mannose-
capped lipoarabinomannan (ManLAM), sulfolipids (SLs),
phosphatidyl-myo-inositol mannosides (PIMs), and phenolic
glycolipids (PGLs), among others], and the outermost layer (also
named capsule) (Kalscheuer et al., 2019). Although lipids and
carbohydrates constitute ∼80% of the cell wall, proteins are also
important components of the M.tb envelope, being studied as
potential drug targets (Gu et al., 2003; Mawuenyega et al., 2005;
Niederweis et al., 2010; Chiaradia et al., 2017; Hermann et al.,
2020). Several described proteins regulate the permeability
of the M.tb cell envelope, with important implications
in drug resistance. Among many, we find mycobacterial
membrane protein Large 3 (MmpL3), Rv3143/Rv1524 axis, and
decaprenylphosphoryl-D-ribose 2′-epimerase (DprE), which
are involved in the export and synthesis of the M.tb cell wall,
regulating its permeability (Dong et al., 2020). Other M.tb
cell wall proteins act directly inactivating the drug. This is
the case of Rv2170, a putative acetyltransferase that acetylates
isoniazid (INH), inducing its breakdown into acetylhydrazine
and isonicotinic acid, thus defining a mechanism by which some
M.tb strains could bypass INH toxicity (Arun et al., 2020).

Besides providing structural support, the M.tb cell envelope
also plays a critical immunomodulatory role in the bacterium-
host crosstalk, where several cell envelope outer molecules
are known to participate in different stages of the infection
with key implications in M.tb pathogenesis and development
of drug resistance (Sonawane et al., 2012; Gago et al., 2018;
Garcia-Vilanova et al., 2019; Kalscheuer et al., 2019). Indeed,
the mycobacterial cell envelope is considered a highly dynamic
structure, tightly regulated and remodeled in response to
changing host environmental pressures. Consequently, a wide
range of cell envelope compositions in different bacterial cells can
be found during the course of infection (Kalscheuer et al., 2019).
These will determine how M.tb interacts with the host immune
system and its potential implications for antibiotic resistance
(Dulberger et al., 2020).

However, little is known about the temporal changes of
the M.tb cell envelope in response to local environmental
cues and how these can lead to different disease outcomes,
especially in DR-M.tb strains, since most of the data come
from in vitro studies and/or specific stages of infection,
not necessarily reflecting the actual temporal dynamics
of this complex and heterogeneous structure. M.tb–host
interactions and subsequent infection outcome might also
be influenced by M.tb metabolic and/or physiologic status
before and/or during infection. Below we will discuss recent
developments on MDR-M.tb adaptation to the different human
lung microenvironments, and how the dynamics of the M.tb
cell envelope might determine disease outcome during the
M.tb-host interplay.
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FIGURE 1 | Drug-resistant M.tb–host interactions within lung microenvironments at different stages of the infection. (A) After being in close contact with an
individual with active TB disease, infection can be initiated through inhalation of drug-resistant (DR) M.tb-containing droplets. DR-M.tb bacilli contain altered levels of
cell envelope lipids such as free fatty acids (FAs), trehalose dimycolate (TDM), Phthiocerol dimycocerosates (PDIMs), phenolic glycolipids (PGLs) and
glycerophospholipids, among others. Upon bypassing upper respiratory tract barriers, DR-M.tb will ultimately reach the alveoli, a sac-like structure composed of a
thin layer of alveolar epithelial cells type I (ATIs, with structural and gas exchange function) and alveolar epithelial cells type II (ATII, with secretor function) surrounded
by capillaries. Alveolar macrophages (AMs) are resident phagocytes that populate the alveolar space, while the interstitial space surrounding the alveoli contains
interstitial macrophages (IMs), dendritic cells (DCs), neutrophils (N), and T cells, among other host cells. (B) In the alveolar space, DR-M.tb bacilli first interact with
host soluble innate components present in the alveolar lining fluid (ALF), where hydrolases (represented as scissors) can cleave and modify the M.tb cell envelope,
releasing cell envelope fragments into the alveolar space. (C) Subsequently, ALF-modified DR-M.tb bacilli will interact with AMs (professional phagocytes) and/or
with ATs (non-professional phagocytes), as well as with other host innate immune cells (e.g., neutrophils, DCs). Released DR-M.tb fragments are immunogenic and
could attract neutrophils to the infection site driving local oxidative stress and inflammation, which could assist resident resting AMs to clear the infection. (D) The
outcome of these initial interactions will resolve in ALF-exposed DR-M.tb clearance, establishment of a successful infection driving primary active TB disease, or a
latent M.tb infection defined by M.tb persisters within granulomas, a niche that provide a protective environment against anti-TB drugs, thus increasing the DR-M.tb
phenotype. Surrounding mesenchymal stem cells (MSCs) can also dampen immune responses and provide a protective intracellular environment for M.tb
persistence. (E) Reactivation and subsequent progression to active TB disease can happen when granulomas fail to contain DR-M.tb, with extracellular DR-M.tb
growth that leads to lung tissue destruction and cavity formation. It has been suggested that in this scenario, DR-M.tb secretes free fatty acids, creating some kind
of extracellular matrix (EM) that further shields the DR-M.tb against TB drugs. Figure created with BioRender.com.

Initial M.tb–Host Interactions Within the
Lung Mucosa
Mycobacterium tuberculosis infection requires close contact with
an infectious individual with active TB, occurring through
airborne transmission of droplets containing viable bacteria

(Figure 1A). Infection in the lungs is initiated when the pathogen
is inhaled and bypasses bacterial clearance mechanisms present
in the first interaction points that act as barriers, including
nose and sinuses, tracheobronchial tree and bronchioles,
ultimately reaching the alveoli (Torrelles and Schlesinger, 2017)
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(Figure 1A). In the alveolar space, M.tb first comes in close
contact with soluble elements present in the lung alveolar
mucosa, which is composed of surfactant lipids and a hypophase
layer or ALF (Figure 1B). ALF contains surfactant proteins,
hydrolytic enzymes, and complement proteins, among others, all
critical components of the host soluble innate immune response.
Indeed, ALF hydrolases are known to interact and modify the
cell envelope of M.tb, significantly reducing the amount of two
major virulence factors, ManLAM and TDM on the bacterial cell
envelope surface (Arcos et al., 2011) (Figure 1B and Table 1).
This ALF-driven changes on the M.tb cell envelope are correlated
with a significantly better control of M.tb intracellular growth
by professional phagocytes in vitro by increasing phagosome-
lysosome fusion, as well as long-term effects in vivo (Arcos et al.,
2011, 2015; Moliva et al., 2019) (Table 1), suggesting a critical
role of these first interactions between M.tb and host innate
soluble proteins in determining infection and disease outcome.
In fact, M.tb exposure to ALF, besides modifying the M.tb cell
envelope, can also drive differential M.tb infection outcome in

alveolar epithelial cells (ATs). In this regard, two distinct subsets
of human ALFs are defined, the ones that upon exposure drove
M.tb to replicate faster (H-ALF), and the ones that upon exposure
slowed down M.tb replication (L-ALF) within ATs. This M.tb
differential replication within ATs is further correlated with an
altered human ALF composition and function, where people with
H-ALF could be more susceptible to M.tb infection (Scordo et al.,
2019) (Table 1).

Indeed, altered ALF composition and functionality in certain
human populations such as the elder, HIV-infected, diabetic
and/or individuals with underlying chronic lung diseases might
be a contributing factor related to increased susceptibility to M.tb
infection (Moliva et al., 2014, 2019; Bell and Noursadeghi, 2018;
Segura-Cerda et al., 2019), demonstrating the protective and
unique role of ALF in determining M.tb infection control and/or
progression to disease. In this context, the elderly population
is characterized by a pro-inflammatory lung environment, with
increased protein oxidation levels in the ALF linked to decreased
soluble innate immune function (Moliva et al., 2014, 2019).

TABLE 1 | DS-M.tb and DR-M.tb interactions with the host at different stages of the infection.

Lung environments DS-M.tb DR-M.tb

Initial M.tb–host
interactions
ALF (e.g., hydrolases,
surfactant proteins, etc.)

• Decrease of ManLAM and TDM in the cell envelope surface:
increased P-L fusion in phagocytes (better control of M.tb
intracellular growth).
• Differential M.tb infection outcome in ATs after ALF exposure:

H-ALF vs. L-ALF (based on ALF composition and functionality:
host component).
• Increased neutrophil’s capacity to eliminate ALF-exposed M.tb

(increased P-L fusion and higher levels of TNF and IL-8, but
reduced oxidative burst).

• Thicker cell envelope.
• Presumably altered levels of fatty acids, TDM, TMM,

glycerophospholipids, GLs, PDIM, PGL.
• Presumably altered protein composition.
• Presumably altered ALF-driven cell envelope modifications.

Initial stages of infection
Macrophages, Neutrophils,
ATs

• PAMPs in the M.tb cell envelope recognized by macrophages,
DCs and other immune cells through different receptors.
• Mannose-containing molecules in the cell envelope promote

recognition and survival inside phagocytic cells. Host defense
and immunomodulatory roles.
• Efflux pumps correlated with development of drug resistance.
• ManLAM, TDM, and PDIM levels associated with arrest of

phagosomal acidification.
• Virulence and pathogenesis correlated with the strain’s ability to

invade ATs (protective intracellular niche).

• Increased expression of efflux pumps.
• Reprogramming of host macrophage metabolism (bypassing

the IL-1R1 pathway and inducing INF-β).
• Remodeling of host transcriptional profiling through epigenetic

manipulation.
• Altered cytokine/chemokine production in macrophages.
• Strains with low PDIM levels associated with low virulence.
• Increased adhesion and invasion of ATs: successful

dissemination.
• Altered levels of CD3, CD4, NKT, CD4/CD8 ratio, TNF levels in

serum: immune dysfunction.

Latent M.tb infection
Granuloma

• Preference toward metabolic pathways using free fatty acids.
• Dynamic remodeling of M.tb cell proteome and lipid metabolic

networks.
• Altered exporter function.
• DS-M.tb becomes phenotypically drug-resistant (cell wall

thickening).
• Overexpression of efflux pumps.

• Transient drug-tolerance and permanent drug-resistance
associated with trehalose-catalytic shift.
• Similar phenotype as DS-M.tb in the granuloma environment.

Reactivation/active TB
disease

• Increased production of mycolic acids, PDIM, SL-1, and PATs.
• Biofilm formation in cavities (extracellular matrix of free mycolic

acids).

• Currently unknown, although expected to have similarities to
the interactions specifically described for DS-M.tb strains at this
stage of the infection. It is at this stage when DR-M.tb is in
cavities supposedly exposed to multiple drugs during DR-TB
treatment and thus, DR-M.tb could also become resistant to
these drugs (Sharma et al., 2020).

DS-M.tb, drug-susceptible Mycobacterium tuberculosis; DR-M.tb, drug-resistant Mycobacterium tuberculosis; ALF, alveolar lining fluid; TDM, trehalose dimycolate; ATs,
alveolar epithelial cells; H-ALF, high-ALF; L-ALF, low-ALF; TMM, trehalose monomycolate; GLs, glycolipids; PDIM, phthiocerol dimycocerosate; PGL, phenolic glycolipids;
PAMPs, pathogen-associated molecular patterns; DCs, dendritic cells.
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Thus, M.tb exposed to ALF obtained from elderly people and
subsequently used to infect human macrophages shows altered
trafficking (e.g., decreased phagosome-lysosome fusion) and
increased M.tb intracellular growth (Moliva et al., 2019). This
phenomenon is also observed in vivo, when elderly ALF exposed
M.tb infected mice presented significantly higher bacterial
burden and tissue damage in their lungs (Moliva et al., 2019).
This increase in virulence when M.tb is exposed to elderly ALF
is further linked to surfactant protein-D (SP-D) dysfunctionality
in the lungs of elderly individuals (Moliva et al., 2019). In this
context, polymorphisms in SP-D are linked to TB susceptibility
(Azad et al., 2012; Hsieh et al., 2018). SP-D is shown to bind
and cluster M.tb bacilli, influencing uptake by macrophages and
intracellular killing by increased phagosome-lysosome fusion
(Ferguson et al., 1999, 2006). These studies demonstrate the
importance of the first M.tb interactions with soluble host
innate immune components and the host ALF composition and
functional status in dictating infection progression and disease
outcome (Ferguson et al., 1999; Torrelles et al., 2008a). Still,
the overall contribution of human ALF as an environmental
pressure determinant in the development of DR-TB is a relatively
unexplored research area. How M.tb changes its metabolism
in response to these initial ALF interactions is still largely
unknown, as well as which are the specific mycobacterial and
host determinants that play a role in establishing a successful
infection. Outcomes of M.tb infection after interacting with some
ALF components [e.g., complement component 3 (C3), mannose
binding lectin (MBL), SP-A, SP-D, etc., are described in detail
elsewhere (reviewed in Torrelles et al., 2008a; Torrelles and
Schlesinger, 2017; Garcia-Vilanova et al., 2019)].

The M.tb cell envelope surface composition plays a key role in
defining the interactions between M.tb and its surroundings, with
differences known to exist among M.tb clinical isolates (Torrelles
et al., 2008b). Indeed, differential glycosylation patterns observed
in membrane- and cell envelope-associated M.tb proteins, lipids
and lipoglycans might contribute to virulence and phenotypic
variability across M.tb lineages, including drug resistance
development (Birhanu et al., 2019). Although little is known
about the cell envelope composition of drug-resistant M.tb,
some studies observed differences in cell envelope thickness
between susceptible and resistant strains (Table 1). A study using
electron transmission microscopy (TEM) showed differences
of almost 2 nm and up to 4.6 nm in cell envelope thickness
between MDR and XDR strains, respectively, when compared
to susceptible isolates, with a denser peptidoglycan layer in
XDR-M.tb strains (Velayati et al., 2009a) (Figure 1B). Further,
XXDR-M.tb strains in exponential phase studied by atomic force
microscopy present alterations in cell morphology (increased
roughness and striations, with tubular extensions), probably
induced by drug treatment; where a subpopulation of XXDR-
M.tb bacteria (5–7%) had extraordinarily thick cell envelopes,
independent of strain genotype (Velayati et al., 2010). Little
information is provided about the drug-resistant strains tested
in these studies, and it is still unknown if this thicker cell
envelope is a general feature of all DR-M.tb strains; however,
these microscopy studies suggest that the M.tb cell envelope
composition is altered in these strains (Table 1).

Other studies attempted to analyze differences in lipid
profiles between susceptible and DR-M.tb strains, as well as to
study the role of surface lipids remodeling contributing to the
emergence of MDR-M.tb phenotypes. Using a high-throughput
mass spectrometry-based lipidomic approach, it is shown that
MDR-M.tb strains have increased levels of free fatty acids,
TDM, glycerophospholipids, altered glycerolipids, and unique
and distinct lipid signatures when compared to drug-susceptible
isolates (Pal et al., 2017) (Figure 1A and Table 1). Indeed, a
potential link between low PDIM and PGL levels in the M.tb
cell envelope with increased drug susceptibility has been reported
using a tesA (encoding a type II thioesterase) mutant strain of
Mycobacterium marinum (Chavadi et al., 2011). On the other
hand, a recent study used two genetically distinct M.tb clonal
pairs (laboratory and clinical drug-sensitive strains and their
derived isoniazid-resistant (INHr) mutants) to determine specific
in vitro changes related to the isoniazid-resistant phenotype
through proteomic and lipidomic analyses (Nieto et al., 2018).
These INHr isolates presented 26 proteins with altered levels,
which were mainly associated with energy metabolism and
respiration, but also with lipid metabolism, virulence, adaptation,
and cell envelope remodeling. These strains presented activation
of an alternative mycolic acid biosynthesis route, which is also
observed in DR-M.tb strains from other lineages (Singh et al.,
2015; Nieto et al., 2016b). Interestingly, of the two INHr mutants
studied, only the clinical INHr isolate presented low levels of
TDM, TMM (trehalose monomycolate) and PDIM, the latter
associated with reduced virulence of this strain (Nieto et al.,
2016a). This is in contrast with previous studies, indicating
that M.tb genetic background may play and important role in
determining the remodeling of the M.tb cell envelope protein and
lipid constituents after acquisition of drug resistance (Table 1).

How differently DR-M.tb strains interact with the human
alveolar environment is still unknown, and it is an active branch
of research in our laboratory. In this context, during infection
ALF soluble components could modify and shape differently the
DR-M.tb cell envelope, as well as different DR-M.tb strains could
have different metabolic responses to the alveolar environment,
being an unexplored contributing factor in the development of
drug resistance and/or persistence within the host (Table 1).
Further investigation of a larger number of DR-M.tb isolates
with resistance to different drugs is needed to support this
hypothesis of a generally thickened and altered cell envelope and
to determine interactions with ALF components.

Active TB Disease: Interaction With
Professional and Non-professional
Phagocytes and Other Immune Cells in
the Lung
After susceptible or DR-M.tb are bathed in immune soluble
components of the ALF for an undetermined period of time,
AMs are thought to be the first host cellular line of defense
against M.tb, participating in the pathogen elimination directly
or indirectly by activating host innate and adaptive immune
responses (Figure 1C). AMs are defined as alternative activated,
highly phagocytic cells with tightly regulated balance of pro-and
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anti-inflammatory responses that avoid the destruction of lung
tissue due to excessive inflammation (Evren et al., 2020). M.tb has
evolved to exploit AM resources as a strategy for host immune
evasion and survival (Guirado et al., 2013).

Pathogen-associated molecular patterns (PAMPs) present in
the M.tb cell envelope are recognized by macrophages and other
phagocytic cells like lung submucosal and interstitial dendritic
cells (DCs) directly or after being ALF-opsonized through
an array of phagocytic receptors [e.g., C-type lectin receptors
(CLRs), the mannose receptor (MR), Fc and complement
receptors (CRs), DC-specific intercellular adhesion molecule-
3-Grabbing non-integrin (DC-SIGN)], and signaling receptors
[e.g., Toll-like receptors (TLRs)], among others (Leemans et al.,
2003; Sasindran and Torrelles, 2011; Ishikawa et al., 2017;
Rajaram et al., 2017; Lugo-Villarino et al., 2018) (Figure 1C
and Table 1). After recognition and binding by a phagocytic
receptor, the internalization of M.tb will initiate a series
of trafficking and signaling cascades and the activation of
numerous cellular processes such as M.tb-containing phagosome
maturation, oxidative and inflammatory responses, antigen
processing and presentation, autophagy, and cellular apoptosis,
all essential phagocyte killing mechanisms and innate immune
responses leading to clearance of M.tb infection (Mortaz et al.,
2015) (Figure 1D). Although there are multiple scenarios of
interaction with phagocytic cells via different receptors, it is
unclear how M.tb uptake through these different phagocytic
routes will affect disease progression, or if alternative routes lead
to different outcomes.

Nevertheless, M.tb has learned to circumvent host defenses
(Kang et al., 2005; Singh et al., 2009; Barczak et al., 2017;
Cambier et al., 2017; Liu et al., 2018; Peterson et al., 2019),
even to limit its exposure to sub-lethal concentrations of
antimicrobial drugs potentially promoting the emergence of
drug resistance (Wu et al., 2019). Indeed, it is shown that M.tb
cell envelope surface mimics mammalian mannoproteins by
having terminal mannose-containing molecules (e.g., ManLAM,
higher-order PIMs, 19 kDa and 24 kDa mannoproteins, PstS-
1, Apa, etc.). It is suggested that some strains of M.tb use
these heavily mannosylated cell surface molecules to interact
with lung surfactant proteins such as SP-A (Ragas et al., 2007),
and phagocytic receptors including MR (Kang et al., 2005;
Torrelles et al., 2006; Torrelles and Schlesinger, 2010; Esparza
et al., 2015), Dectin-2 (Decout et al., 2018), and DC-SIGN
(Pitarque et al., 2005; Tailleux et al., 2005; Driessen et al.,
2009), providing a safe portal of entry for M.tb inside alveolar
host cells without driving inflammation and limiting tissue
pathology (Ehlers, 2010) (Table 1). In addition, collectins such
as mannose-binding lectin (MBL) promote M.tb phagocytosis
through bacterial opsonization by binding to ManLAM and
PIMs, resulting in establishment of the infection (Denholm et al.,
2010; Kalscheuer et al., 2019).

To date, multiple mycobacterial mannoproteins have been
identified, with potential roles in virulence, cell invasion, evasion
of host defense, and host immunomodulation, reviewed in
Mehaffy et al. (2019), Deng et al. (2020), and Tonini et al. (2020).
Many of these antigenic glycoproteins contain acyl groups and
are defined as lipoglycoproteins (Becker and Sander, 2016). This

is the case of the 19 kDa lipoglycoprotein LpqH, which has
been shown to have multiple immunomodulatory roles such
as: promoting the activation of neutrophils and CD4+ T cells,
acting as an adhesin and promoting phagocytosis through lectin
receptors, altering macrophage antigen presentation functions, or
favoring M.tb immune evasion and dissemination by promoting
TLR2-dependent macrophage apoptosis, among others (Parra
et al., 2017). Another example is the 24 kDa lipoglycoprotein
LprG, which binds and transports PIM and ManLAM to the
cell surface of M.tb, acts as an inhibitor of MHC-II antigen
processing in human macrophages in vitro (Gehring et al.,
2004), although evidence suggests that LprG-reactive T cells are
activated through TLR2 and glycosylation of specific MHC-II
restriction molecules in vivo (Sieling et al., 2008). LprG is also
associated with regulating TAG levels, M.tb growth rate and
virulence in combination with the efflux pump Rv1410 (Martinot
et al., 2016). Also, the 38 kDa mannosylated glycoprotein PstS-
1 acts as adhesin by binding to the macrophage MR, promoting
phagocytosis and intracellular survival (Esparza et al., 2015),
and glycosylated lipoprotein SodC (Sartain and Belisle, 2009), a
superoxide dismutase produced by M.tb, is known to act as a
B-cell antigen and contribute to M.tb virulence, with a potential
role in the defense against the oxidative burst produced in vivo
inside macrophages (Piddington et al., 2001).

Other groups of glycoproteins involved in M.tb–host
interactions are the ones belonging to the MCE family, MPT64,
or Apa, among others, involved in colonization and invasion
of host cells (Sonawane et al., 2012), as well as other proteins
such as Rv0227c, HtrA-like serine protease Rv1223, TatA,
GlnA1, and the disulfide oxidase DsbA-like enzyme Rv2969c,
recently described as mannosylated (Tonini et al., 2020). In
addition, GroEL2, a chaperone-like M.tb capsule-associated
glycoprotein, is shown to contribute to the suboptimal antigen
presentation during mycobacterial infection by modulating
macrophage and DC proinflammatory responses (Georgieva
et al., 2018), supporting the immunogenic role of M.tb cell
envelope-associated glycoproteins during M.tb infection. Other
strategies used by M.tb to counteract host defense mechanisms
are the blockade of phagolysosome biogenesis and phagosomal
acidification, where cell envelope components such as ManLAM
and TDM among others, play important roles (Fratti et al.,
2003; Vergne et al., 2004; Kang et al., 2005) (Table 1). A recent
study also showed that M.tb surface protein Rv1468c binds to
ubiquitin, triggering host xenophagy and promoting a controlled
persistent intracellular infection while restricting host immune
responses (Chai et al., 2019). Increased PIM expression is also
reported during in vitro macrophage infection, although its
involvement in M.tb virulence and intracellular survival is still
unclear (Glass et al., 2017). The presence of DIM/PDIM lipids
in the cell envelope is also associated with arrest of phagosomal
acidification and macrophage death (Quigley et al., 2017).

Another important group of cell envelope glycoproteins are
the ones associated with drug efflux pumps and mycobacterial
cell wall permeability, with key implications in the development
of drug resistance and M.tb persistence, especially when no
genomic mutations are involved [reviewed in Singh et al. (2020)].
A clear example is the MmpL family, a group of inner membrane
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proteins associated with the transport of cell envelope lipids such
as TMM, PDIM, sulfolipids, and TAG, among others (Melly
and Purdy, 2019). Several MmpL proteins also act as drug
efflux pumps, e.g., overexpression of MmpL5/S5 and MmpL7
increases mycobacterial resistance to clozafimine, bedaquiline,
azole drugs, and isoniazid (Rodrigues et al., 2012; Hartkoorn
et al., 2014). Indeed, antibiotic stress induces expression of efflux
pumps in clinical M.tb strains (Gupta et al., 2010), which can
contribute to the emergence of MDR-M.tb phenotypes. This is
evidenced by the significantly increased expression of multiple
efflux pumps, including Tap, among others, in MDR- and XDR-
M.tb isolates when compared to drug-susceptible strains such
as H37Rv (Li et al., 2015; Kardan-Yamchi et al., 2019; Liu et al.,
2019) (Table 1). Conversely, the outer membrane channel protein
CpnT that mediates efficient nutrient uptake during infection,
can act as a major drug susceptibility determinant for M.tb, where
mutations in cpnT appear to be associated with increased drug
resistance in M.tb clinical isolates (Danilchanka et al., 2015).
Other transporters involved in drug susceptibility/resistance
have been identified in M.tb (da Silva et al., 2011; Singh
et al., 2020). Overall, a systematic screening of cell surface-
exposed lipids and glycoproteins and their functions is key for
a better understanding of the pathogenesis and survival strategies
adopted by DR-M.tb strains, including the development of drug-
resistance in vivo.

At the end, the balance between macrophage capacity to
control intracellular replication and M.tb ability to escape
macrophage killing may dictate the outcome of the infection.
In this delicate interplay, both macrophage phenotypic and
functional heterogeneity, as well as M.tb genotypic and
phenotypic differences displayed by the infecting strain will play
important roles in disease progression (Guirado et al., 2013).
In this regard, a distinct CD11c+ CD11b+ AM subpopulation
with a unique inflammatory signature was shown to preferentially
harbor M.tb during infection (Lafuse et al., 2019). Conversely,
infection with different M.tb genotypes and strains induce
different cytokine production and immune responses in in vitro
and in vivo models (Lopez et al., 2003; Chacon-Salinas et al.,
2005; Sousa et al., 2020). Indeed, there are more than 2,000
genes differentially expressed by macrophages during infection
with a lineage 2 MDR-M.tb Beijing strain (Leisching et al.,
2016). Thus, the biological properties and the metabolic status
of infecting M.tb bacilli, as well as the surface composition
of their cell envelope, will determine how M.tb interacts and
activates AMs to respond to the infection (Torrelles et al., 2008b;
Kalscheuer et al., 2019).

Some evidence indicate that DR-M.tb strains may have a
different cell envelope thickness and composition than their
counterparts, drug-susceptible strains (Velayati et al., 2009a,
2010; Singh et al., 2015; Nieto et al., 2016b, 2018). These
potential differences in their cell envelope composition and
thickness might be further accentuated by host ALF hydrolases
and other host innate immune soluble components, differently
impacting the interaction of these strains with AMs and
subsequent infection progression. Indeed, MDR-M.tb isolates
are described to present morphological differences in their cell
envelope, that correlate with their selective advantage over other

circulatingM.tb isolates (Silva et al., 2013) (Table 1). Several high-
throughput transcriptomic, proteomic and lipidomic approaches
focused on the cell wall of rpoB mutant strains, showing
upregulation of enzymes involved in the biosynthesis of PDIM
(Bisson et al., 2012), decreased synthesis of fatty acids (du
Preez and Loots, 2012), and altered levels of sulfoglycolipids
and mycobactin (Lahiri et al., 2016). Other studies indicate
that the rpoB mutation H526D is associated with altered
cell wall physiology and resistance to cell-wall related stresses
(Campodonico et al., 2018), and defined rpoB mutations as
drivers of altered cytokine and chemokine production in
macrophages (Ravan et al., 2019) (Table 1). Recently, MDR
W-Beijing M.tb lineage 2 strains with rifampicin-conferring
mutations in the rpoB gene were shown to overexpress cell
envelope lipids such as PDIMs, bypassing the IL-1 receptor type
I (IL-1R1) pathway associated with M.tb control and inducing
INF-β that drives less effective aerobic glycolysis, ultimately
reprogramming the metabolism of host macrophages (Howard
et al., 2018; Howard and Khader, 2020) (Figure 1C and Table 1).
Still, global effects of rpoB mutations on M.tb metabolism and
cell envelope constitution, and subsequent interactions with host
immune cells are still not well characterized, and further studies
are needed to determine if the known effects are common to
all DR-M.tb strains. Finally, there are some clinical evidences
indicating that MDR-M.tb strains could be remodeling host
transcriptional programming through epigenetic manipulation
(Marimani et al., 2018; Crimi et al., 2020) (Table 1). Indeed,
some XDR-M.tb strains seem to promote aberrant epigenetic
modifications in macrophages, showing increased methylation
levels of inflammatory genes in the TLR2 signaling pathway
(Behrouzi et al., 2019).

Neutrophils are also key players in the host immune response
against M.tb, being one of the first recruited innate effector
cells to arrive at the infection site, found in large numbers
in the lung during active TB disease (Eum et al., 2010)
(Figure 1C). Upon M.tb contact, neutrophils can activate
different intracellular and extracellular killing mechanisms to
clear the infection, such as phagocytosis, production and release
of reactive oxygen intermediates, and secretion of neutrophil
extracellular traps (NETs) and granules containing hydrolytic
enzymes and antimicrobial peptides (Kroon et al., 2018). Despite
neutrophil’s protective role against M.tb, a regulation of how
many neutrophils migrate to the infection site is important.
Indeed, increased number of neutrophils in the alveolar space
is associated with lung pathology during active TB due to
excessive inflammation and tissue destruction, reviewed in
detail elsewhere (Dallenga and Schaible, 2016; Muefong and
Sutherland, 2020). Furthermore, neutrophil’s activity during M.tb
infection is influenced by the human lung mucosa. In this regard,
M.tb exposed to ALF enhanced the neutrophil’s innate capacity to
recognize and kill M.tb intracellularly by enhancing phagosome-
lysosome fusion events and producing higher levels of TNF
and IL-8, while limiting excessive extracellular inflammatory
responses and tissue damage by reducing oxidative burst,
apoptosis, and degranulation (Arcos et al., 2015). Conversely,
released M.tb cell envelope fragments after ALF exposure activate
neutrophils, leading to an increased local oxidative response
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and the production of inflammatory cytokines, which regulate
the activity of resting macrophages and thus, contribute to the
control of M.tb infection (Arcos et al., 2017; Scordo et al., 2017)
(Figure 1C). Thus, deciphering the effects of drug resistance in
the M.tb–neutrophil interactions is a research area that needs
further investigation.

ATs also play important roles in the early recognition and
internalization of M.tb in the alveolar compartment (Scordo
et al., 2016; Olmo-Fontanez and Torrelles, 2020). Upon M.tb
recognition, ATs uptakeM.tb and secrete cytokines, antimicrobial
peptides, nitric oxide, surfactant proteins and other soluble
components into the ALF, facilitating cell-to-cell crosstalk with
other alveolar compartment cells such as AMs and neutrophils,
and thus ATs are active players initiating the innate immune
response (Garcia-Perez et al., 2003; Boggaram et al., 2013;
Chuquimia et al., 2013; Reuschl et al., 2017; Gupta et al.,
2018) (Figure 1C). Evidence supports that M.tb can replicate
within ATs type II cells (ATII), localized inside late endosomal
vesicles, and in some instances, ATs can process and present M.tb
antigens via MHC class I, which are efficiently recognized by
IFN-γ CD8+ T cells (Harriff et al., 2014), defining also ATs as
contributors of the adaptive immune response initiation during
M.tb infection and TB disease.

Mycobacterium tuberculosis–ATs interactions can occur
during: the very first initial stages of primary infection when
M.tb reaches the alveolar space or after M.tb is exposed to soluble
host factors present in the lung mucosa (Scordo et al., 2019)
(Figure 1C), following M.tb release from dying necrotic infected
cells in advanced disease stages, and/or following release from
granulomas during TB reactivation. The role of ATs might differ
based on the stage of infection, although most of the studies
are focused on initial M.tb–AT interactions and little is known
about the other potential scenarios. Still, it is postulated that
invasion of ATIIs could be beneficial for M.tb, as these cells
constitute a protective intracellular niche optimal for undetected
M.tb growth and replication, in part due to M.tb-containing late
endosomes in ATs that fail to acidify, while evading recognition
and clearance by professional alveolar phagocytes (Scordo et al.,
2016). Indeed, virulence and pathogenesis of M.tb is correlated
with their ability to infect ATs (McDonough and Kress, 1995),
and differences in the M.tb cell envelope composition, pre-
determined by the nature of host ALF, might be modulating
M.tb–ATs interactions (Table 1). Supporting this, a M.tb mce1
mutant strain accumulating mycolic acids in its cell envelope
can bypass the TLR-2-mediated pro-inflammatory response
in ATs (Sequeira et al., 2014). Studies also show that during
infection, different M.tb genotypic strains induce different
immune responses and gene expression patterns and activated
pathways in ATs (Mvubu et al., 2016, 2018). Specifically,
XDR-M.tb strains show increased adhesion and invasion of
ATs compared to other genotypes, including drug-susceptible
virulent M.tb H37Rv and attenuated H37Ra strains, suggesting
that successful dissemination of DR-M.tb strains might be related
to their interaction with the alveolar epithelium (Ashiru et al.,
2010) (Table 1). We are just beginning to understand the role
of ATs during M.tb infection and thus, it still remains unclear
the differential adaptation of DR-M.tb strains to this alveolar

cellular environment and its impact in M.tb infection and TB
disease progression.

Differences in MDR-M.tb cell envelope and physiology may
lead to different interactions with phagocytic and other immune
cells, promoting characteristic host immune responses that might
be different than the ones induced by susceptible M.tb strains.
Indeed, several studies defined an array of different immune
responses correlated to DR-M.tb strains. For example, a case-
control study showed that MDR-TB patients had higher levels
of CD3 and CD4 cells, as well as IgM, when compared to
drug-susceptible TB patients (Sun et al., 2017). Another study
showed that MDR-TB patient’s dendritic cells stimulated with
MDR-M.tb antigens can mediate a significant higher production
of IFN-γ by T cells when compared to DCs from uninfected
individuals (Hadizadeh Tasbiti et al., 2018), although this study
did not address how this MDR-M.tb induced immune responses
compare to drug-susceptible M.tb stimulation. In this regard,
another study showed that individuals infected with MDR-M.tb
Haarlem strains had higher levels of IL-17+ IFN-γ− CD4+ T
cells through an IL-23 and TGF-β-dependent mechanisms when
compared to latently TB-infected and uninfected individuals
(Basile et al., 2017). Other host immune correlates have been
associated with MDR- and XDR-TB patients when compared to
both drug-susceptible TB and uninfected individuals: decreased
levels of CD4, CD3/HLA-DR+ and Fas+ T cells, and increased
levels of NKT and γδ T cells (Kiran et al., 2010); altered
CD4/CD8 ratio and higher TNF levels in serum (Song et al.,
2018); and low plasma concentrations of human neutrophil
peptides (HNP1-3) (Zhu et al., 2011). T-regs might be also
contributing to immune dysfunction and M.tb persistence in
XDR-TB, although it is not clear whether this response is
specific to XDR-TB or if it is actually associated with treatment
failure independent of the strain’s drug resistance profile
(Davids et al., 2018).

Overall, these data suggest that DR-M.tb strains induce
different host immune responses (Table 1), and thus; there is a
need of more robust clinical studies in order to establish whether
the alteration of the host immune responses is an effect or a cause
of DR-TB development.

Latent TB: Granuloma Environment
After M.tb infection, host innate and adaptive immune responses
are mounted, resulting in bacterial clearance, active TB disease
or establishment of a latent M.tb infection (LTBI), the
latter characterized by persistent M.tb bacilli contained inside
complex structures called granulomas, a highly heterogeneous
and dynamic cellular environment in the lung (Ehlers and
Schaible, 2012; Guirado and Schlesinger, 2013) (Figure 1D).
Depending of the granuloma stage (formation, maintenance,
maturation, disruption leading to M.tb reactivation), these
can be studied in vitro (Guirado et al., 2015) and in vivo
using animal models such as mouse, Guinea pigs, rabbit and
non-human primate models (NHPs) (Bucsan et al., 2019).
Granulomas are composed of immune host cells including AMs,
interstitial macrophages, foamy macrophages, monocytes, multi-
nucleated giant cells, epithelial-like cells, DCs, NK cells, and
neutrophils, surrounded by B and T cells, which tightly control
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M.tb replication and dissemination (Torrelles and Schlesinger,
2017; Muefong and Sutherland, 2020) (Figure 1D). Host
determinants such as TNF, IL-6 and complement are important
for cellular recruitment and granuloma maintenance (Dutta and
Karakousis, 2014). Further, laser microdissection of individual
granulomas, followed by confocal microscopy and proteomics,
indicated that the granuloma’s center is a pro-inflammatory
environment constituted of antimicrobial molecules, ROS and
pro-inflammatory eicosanoids, whereas the tissue environment
surrounding the granuloma possesses an anti-inflammatory
profile (Marakalala et al., 2016).

Indeed, the granuloma environment has been characterized by
low pH, hypoxia, oxidative stress, and nutrient starvation, where
persisting bacilli are found in a metabolically adapted and non-
replicating state (Keren et al., 2011; Eoh et al., 2017; Peterson
et al., 2020). Using the in vitro granuloma model, M.tb is known
to undergo metabolic changes, including having a preference
toward using free fatty acids as energy source, in detriment of
using carbohydrates (Guirado et al., 2015) (Table 1). Induction
of the DosR regulon is also observed as a contributing factor in
response to starvation and adaptation to other environmental
stresses, suggesting a relevant role for the DosR regulon on the
adaptation and persistence of M.tb within granulomas (Mehra
et al., 2015; Zheng et al., 2020). Indeed, a proteome-wide study
shows a highly dynamic remodeling of the M.tb proteome during
exponential growth, dormancy and resuscitation (Table 1),
where the stress-induced DosR regulon contributes 20% to
cellular protein content during dormancy (Schubert et al.,
2015). Remodeling of the M.tb cell envelope composition
during dormancy seems to depend on phosphorylation by
serine/threonine protein kinases (STPKs), which modulate lipid
biosynthetic enzymes through altered exporter function (Table 1)
(described in detail in Stokas et al., 2020).

Several in vitro models of hypoxia/nutrient depletion have
also been used to study the cell wall of M.tb during forced
dormancy [e.g., using media with no detergent or exogenous
lipids, or M.tb cultured in the Hampshire model chemostat under
gradual nutrient depletion in an oxygen-controlled environment
(Galagan et al., 2013; Bacon et al., 2014)]. When compared
to exponentially growing M.tb, dormant M.tb has a thicker
cell envelope with increased content of TAGs, free mycolic
acids, and lipoglycans, in detriment of having less TDMs,
TMMs, and PDIMs, but keeping its infectivity and pathogenesis
intact in a guinea pig model (Galagan et al., 2013; Bacon
et al., 2014). Conversely, in vitro lipidomic studies using a
modified Wayne’s model comparing exponentially grown M.tb
in normoxic conditions vs. hypoxia-induced dormant M.tb
(Gopinath et al., 2015) pointed a decrease in mycolic acids
production and degradation of cell envelope-associated and
cytoplasmic lipids during dormancy, which was attributed to
a late onset of dormancy achieved in this model compared to
previous studies. This lipid depletion was reversed to normal
levels after bacterial re-aeration/resuscitation (Raghunandanan
et al., 2019). Based on this model, reduction of mycolic acid
content during dormancy could explain why M.tb is unable to
elicit an appropriate host immune response and clearance during
its dormancy state.

Granulomas also provide a protective environment for M.tb
against anti-TB drugs, and delivery of drugs inside the core
of the granuloma becomes challenging (Grobler et al., 2016).
M.tb adaptation to the granuloma environment is also related
to the thickening of the M.tb cell envelope (Cunningham
and Spreadbury, 1998), where originally drug-susceptible M.tb
bacillus become phenotypically drug-resistant (Deb et al., 2009;
Rodriguez et al., 2014) or persisters (Figure 1D and Table 1).
Further studies also showed M.tb overexpressing several efflux
pumps within granulomas, contributing to M.tb drug tolerance
during latency (Adams et al., 2011; Smith et al., 2013) (Table 1). In
addition, stresses associated to the granuloma microenvironment
(inflammation, hypoxia, starvation, among others) are correlated
with increased M.tb mutation rates and the generation of drug
resistance-conferring mutations in the M.tb genome, which have
important implications in the emergence of DR-M.tb phenotypes
in vivo. For example, host immune-mediated M.tb DNA damage
suggests a potential role of error-prone DNA repair synthesis
in the generation of chromosomally encoded drug resistance
mutations, and emergence of persister populations might be
associated to an altered metabolic state mediated by the (p)ppGpp
alarmone system (Warner and Mizrahi, 2006). Actually, a study
based on mathematical modeling estimated that the prevalence
of latent MDR-TB is increasing worldwide, where one in every
83 individuals with latent TB is harboring an MDR-M.tb strain
(Knight et al., 2019). Even though the increased cell envelope
thickness observed in DR-M.tb strains resembles the appearance
of dormant M.tb bacilli within granulomas, it is still unclear
how DR-M.tb strains adapt to the granuloma environment,
although transient drug tolerance and permanent drug resistance
is associated with the bacterial trehalose-catalytic shift using an
M.tb persister-like bacilli (PLB) model (Lee et al., 2019) (Table 1).
Further research is needed in this area in order to develop novel
anti-DR-TB strategies.

Finally, other type of host cells associated with granulomas
are the mesenchymal stem cells. These host cells are reported
to dampen the immune response to M.tb infection in tissues
surrounding granulomas and thus, can provide a protective
intracellular niche for M.tb replication during chronic stages of
the infection, sheltering M.tb bacilli from anti-TB drugs and
inflammatory cytokines, via increased PGE2 host signaling (Jain
et al., 2020) (Figure 1D).

LTBI can persist for decades and thus, it is important to
understand the balance between the host cells and M.tb creating
this immune-controlled environment, especially in the case
of DR-TB. When the host immune control is lost due to a
variety of intrinsic (e.g., TNF blockade treatments) and external
factors (e.g., malnutrition), which are still poorly understood,
granulomas fail to contain M.tb, and latent infection reactivates
and progresses to active TB disease (Figure 1E), with the
formation of necrotic granulomas, extracellular M.tb growth
and tissue destruction resulting in lung cavities and M.tb
dissemination and/or escape to the upper airways to propagate
the infection elsewhere. Decreased levels of TNF might be
associated with this process, as well as T cell exhaustion or
impaired functions (Lin et al., 2007; Garcia-Vilanova et al., 2019),
although bacterial and other host factors leading to reactivation
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TABLE 2 | Next generation sequencing (NGS) strategies for drug-resistant Mycobacterium tuberculosis.

NGS approaches and applications Advantages Limitations

WGS
• Species/strain identification.
• Epidemiological studies.
• TB diagnostics.
• Molecular determinants of DR-M.tb.

• Nucleotide-level resolution: identification of single
DR-M.tb conferring mutations.
• Sequence directly from clinical samples (e.g.,

sputum).
• Reveals M.tb genomic diversity and drug resistance

microevolution events within the host.

• Only describe the genetic basis of DR-TB.
• Limited information regarding DR-M.tb adaptation

during disease progression and/or interactions with
the host immune system.

RNA-Seq
• Study DR-M.tb responses to drug treatment.
• Study DR-M.tb metabolic/physiologic changes in

different environment/conditions.

• Unbiased whole transcriptome approach.
• High-throughput and relatively cost-effective.
• Higher sensitivity and specificity compared to other

gene expression approaches.

• Unable to distinguish DR-M.tb expression profiles
of different strains in mixed infections.
• Transcriptomic profile of either host or DR-M.tb in

infected cells/tissues.

Dual RNA-seq
• Study transcriptomic changes of both host and

DR-M.tb simultaneously in infected cells/tissues.

• Global approach to study both host and DR-M.tb.
• Establish causal host and DR-M.tb interactions:

genome-wide association studies.

• Needs previous pathogen enrichment, and/or;
• Increased sequencing depth to capture bacterial

transcriptome (higher costs)

scRNA-seq
• Study transcriptional responses of individual host

cells or DR-M.tb bacillus during different
physiological states (e.g., infection and disease
progression).
• Study DR-M.tb persister bacilli subpopulations

during drug treatment.
• Characterize individual responses in mixed

infections.

• Unprecedented level of resolution and technological
innovation (ability to barcode transcripts from a
single cell).
• Study host cell or DR-M.tb bacillus population

heterogeneity.
• Identify rare host cell or DR-M.tb bacillus

populations.
• Better understanding of tissue architecture.

• Lower throughput.
• Requires effective isolation of viable M.tb bacilli or

host cells.
• Study either the host cell or M.tb, but mostly

optimized for eukaryotes.
• Need to overcome extra challenges in M.tb

scRNA-seq [e.g., efficient lysis of the thick M.tb cell
envelope, capture non-poly(A) mRNA].
• Complex bioinformatics analyses.
• High sequencing costs.

Dual scRNA-seq
• Study simultaneously host and pathogen at a

single-cell resolution.

• Combined advantages of dual and scRNA-seq.
• Define spatial-time relationships between host and

pathogen. populations during different stages of the
infection.

• Same as dual RNA-seq and scRNA-seq.
• Difficult to extract enough bacterial information due

to the low coverage and DR-M.tb bacilli:host ratio.
• Complex interpretation of results.

Single-cell multi-Omics
• Global understanding of complex DR-M.tb and

host interactions through the integration of
different “Omics” strategies, at a single-cell
resolution.

• Systematic approach.
• Dissect complex biological networks within a

single-cell.
• Integrate information from numerous “Omics.”
• Highest level of information.

• Need for optimized and standardized protocols and
bioinformatics approaches.
• Difficult to integrate and interpret the data.
• Single-cell resolution not easily achievable for some

“Omics” approaches.

DR-M.tb, drug-resistant Mycobacterium tuberculosis; scRNA-seq, single-cell RNA sequencing; TB, tuberculosis; WGS, whole-genome sequencing.

remain to be elucidated. It is suggested that during reactivation,
M.tb increases the production of mycolic acids and other
cell envelope components such as PDIM, SL-1, and pentaacyl
trehaloses (PATs), increasing cell envelope hydrophobicity and
subsequent transmission (Garcia-Vilanova et al., 2019) (Table 1).
It is also shown that M.tb can form biofilms in vitro by creating
a type of highly hydrophobic extracellular matrix composed of
free mycolic acids (Ojha et al., 2008), which might shield the
bacterium against host immune responses and high dose of TB
drugs in necrotic areas such as cavities in the lungs (Orme,
2011, 2014), allowing bacterial persistence and transmission
(Figure 1E and Table 1).

CONCLUDING REMARKS

The emergence of DR-TB may be worsened by the current
COVID-19 pandemic, exacerbating the global health crisis
and undermining TB prevention and control strategies.
The development of NGS technologies in the past 20 years

has revolutionized our understanding of pathogen–host
interactions in the infectious disease field, providing genome-
wide information in an increasingly time- and cost-effective
manner. Thus, whole-genome sequencing (WGS) has been
used to gain better insight of M.tb biology and TB disease,
including epidemiologic investigations, strain identification, TB
transmission dynamics, pathogen–host interactions, and as a
fast point-of-care (POC) diagnostic test (Wlodarska et al., 2015;
Dookie et al., 2018; Brown et al., 2019) (Table 2). In this regard,
numerous studies demonstrate the value of WGS in predicting
DR-M.tb phenotypes from the M.tb genome sequenced directly
from clinical specimens (e.g., sputum) (Groschel et al., 2018;
Cohen et al., 2019b) (Table 2). Importantly, WGS has provided
new insights into the complex underlying molecular mechanisms
of M.tb drug resistance thanks to its nucleotide-level resolution
(Gonzalez-Escalante et al., 2015; Yu et al., 2015; Coll et al., 2018)
(Table 2). Of interest, studies of M.tb clinical isolates collected
from the same patient at a single time point (parallel isolates)
or at a different time points (serial isolates) during active TB
disease progression and/or drug treatment, revealed within-host
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M.tb genomic diversity and microevolution events (O’Neill et al.,
2015; Ley et al., 2019; Vargas et al., 2020). This observation
was associated to M.tb drug resistance genes, lipid synthesis
and regulation, and host innate immunity regulation. Thus,
studying within-host M.tb diversity may assist in identifying
novel adaptation strategies to drug and immune pressures in the
different lung microenvironments (Nimmo et al., 2020).

Importantly, during infection, DR-M.tb encounters very
different human lung microenvironments, modifying its
metabolism to adapt and persist in the human host. Evidence
suggests that the initial M.tb–host interactions in the alveolar
space, such as ALF exposure, play a decisive role in the
establishment of M.tb infection. Indeed, ALF-derived changes
in the M.tb cell envelope drive interactions with host innate
immune cells, modulating the immune response and infection
outcome. Although only a few studies have focused on the
in vitro and in vivo pathogenesis and adaptation of DR-M.tb
strains, a differential host response to DR-M.tb when compared
to drug-susceptible strains is reported, which might be due, in
part, to an altered M.tb envelope composition leading to M.tb
clearance, active TB disease or latent M.tb infection.

In order to develop new strategies to combat the emergence
of DR-M.tb clinical isolates, it is imperative to decipher
how DR-M.tb navigates through the different lung tissue
microenvironments, adapting its metabolic status to persist.
Transcriptomic approaches allow us to better understand the
mode of action of particular drugs (Table 2), as well as
mechanisms of drug tolerance and, in particular, those associated
to bacterial metabolic/physiologic changes and to the host
immune response, reviewed in detail elsewhere (Liu et al., 2016;
Singhania et al., 2018; Briffotaux et al., 2019; Li et al., 2020). In
the last decade, dual RNA sequencing has been investigated as
an unbiased and global strategy to simultaneously characterize
the transcriptional profiling of host and pathogen in infected
cells/tissues (Avraham et al., 2016; Westermann et al., 2016,
2017) (Table 2). In this regard, dual RNA-Seq of M. bovis BCG-
infected macrophages showed upregulation of mycobacterial
cholesterol degradation and iron acquisition pathways, and
recycling of mycolic acids, while host cells upregulated de novo
cholesterol biosynthesis likely to compensate for the loss of
this metabolite due to bacterial catabolism (Rienksma et al.,
2015). Further, dual RNA-seq in M.tb infected macrophages
isolated from mice show that the growth advantage of M.tb
in AMs compared to interstitial macrophages (IMs) is a direct
consequence of the metabolic interplay between M.tb and AMs
(Pisu et al., 2020). A similar strategy could be applied to
study how DR-M.tb strains adapt to the lung environment in
comparison to drug-susceptible M.tb strains, and clearly define
transcriptional profiles during infection that could be used in
DR-TB diagnostics and/or therapy.

Single-cell RNA sequencing (scRNA-seq) has also gained
popularity in recent years as a means to study individual
transcriptional responses of different host cell populations during
altered physiological states (e.g., infection) at an unprecedented
level of resolution (Hosokawa et al., 2017; Kolodziejczyk and
Lonnberg, 2018; Vegh and Haniffa, 2018; Hashimoto et al.,
2019) (Table 2). Thanks to its ability to amplify hundreds to

thousands of individual cells in a single preparation, it allows
the identification of rare cell populations that otherwise might
go undetected in bulk RNA-seq (Tirosh et al., 2016). However,
only a few studies have been conducted in the TB field (Gierahn
et al., 2017), due to numerous challenges associated with the
single-cell isolation and cell wall disruption of M.tb, capturing
M.tb non-polyadenylated mRNA, and amplifying the low amount
of prokaryotic starting material [reviewed in detail (Chen et al.,
2017; Zhang et al., 2018)] (Table 2). Several methods are being
developed in order to overcome these microbial scRNA-seq
issues (Sheng et al., 2017; Blattman et al., 2020; Imdahl et al.,
2020). In this context, scRNA-seq would be critical to study
M.tb persisters within granulomas, where a small fraction of
the total bacterial population is able to survive drug exposure
and killing, likely due to different metabolic/physiological state
leading to DR-M.tb.

Paired dual scRNA-seq, which combines the dual
transcriptional profiling of host and pathogen in infected
tissues with the high resolution of single-cell analysis, represents
the next level in the study of complex host–pathogen interactions
(reviewed in Penaranda and Hung, 2019) (Table 2). To date,
only one study has attempted to simultaneously characterize the
transcriptomes of both host and pathogen at a single-cell level
in macrophages infected with Salmonella typhimurium (Avital
et al., 2017), although it was difficult to extract meaningful
biological information due to the low bacterial coverage,
plus interpretation of results becomes increasingly complex
(Table 2). Although there is still much to accomplish in this
area, this methodology will become invaluable to study the
adaptive capabilities of M.tb to drug treatments, as well as to
study M.tb-ALF and M.tb-host cell responses during infection.
We would be able to respond questions such as why during
the same infection some M.tb bacterial subpopulations enter
drug tolerant states during treatment and others don’t, why
some M.tb bacilli but not others are cleared by the same
host cell type during infection, and/or what is the spatial-
time relationship between M.tb and the host cell defining the
infection outcome.

Ultimately, we expect that single-cell multimodal ‘Omics’
approaches will be the future for dissecting the complex biological
networks within each cell, providing a systematic and global
picture by analyzing and combining multiple modalities such as
genomics, transcriptomics, epigenomics, proteomics, lipidomics,
and glycomics, among others (Khan et al., 2019; Zhu et al.,
2020) (Table 2). Indeed, metabolomics and dual RNA-seq data
from M.tb-infected macrophages were collected using a multi-
omics approach to identify metabolic sub-networks regulated
during early M.tb infection, showing that M.tb consumes up to
33 different host-derived substrates to establish its intracellular
niche (Zimmermann et al., 2017).

These novel NGS strategies, including scRNA-seq, dual RNA-
seq, and single-cell multi-Omics could provide systematic and
global approaches to fully understand the complex DR M.tb-
host interplay and dynamics during the different stages of the
infection, and to uncover regulatory networks critical for DR-
M.tb survival in the host that could potentially be exploited as
novel anti-DR-TB strategies.
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Background: Carbapenem-resistant Enterobacterales (CRE) pose a significant global
public health threat. Resistance among CRE is particularly complex, owing to numerous
possible resistance mechanisms and broad definitions. We aimed to characterize the
clinical and molecular profiles of CRE in the South Texas region.

Materials and methods: We compared the clinical, genotypic, and phenotypic
profiles of carbapenemase producing Enterobacterales (CPE) with those of non-
carbapenemase producers (NCPE) isolated from South Texas, United States between
2011 and 2019. Molecular characteristics and resistance mechanisms were analyzed
using whole-genome sequences.

Results: The majority (59%) of the CRE isolates were NCPE while 41% of isolates
harbored carbapenemases, predmonantly blaKPC-type. The most common CPE was
Klebsiella pneumoniae while majority of Enterobacter cloacae and Escherichia coli were
NCPE Among K. pneumoniae, the clonal group 307 has emerged as a predmoninant
group and was associated with as many CRE infections as the previous common
clonal group 258. Patients with NCPE compared to CPE infections were associated
with higher antimicrobial exposure prior to culture collection (days of therapy, 795 vs.
242; p < 0.001) and emergency department visits within past 90 days (22% vs. 4%;
p = 0.011). The all cause 30-day mortality was 21%.

Conclusions: This study highlights the diversity of resistance mechanisms underlying
CRE in South Texas, with 59% not harboring a carbapenemase. Individuals with NCPE
infections were more likely to have had prior antimicrobial therapy and emergency
department visits compared to those with CPE. Identification and distinction of these
mechanisms by rapid identification of species and carbapenemase would allow for
optimal treatment and infection control efforts.
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INTRODUCTION

Carbapenem-resistant Enterobacterales(CRE), formerly known
as Enterobacteriaceae, are a group of organisms that are among
the most difficult to treat. It was given a level one priority by
the World Health Organization in 2017 (WHO, 2020), and also
remains one of the top five most urgent public health threat in
2019 by U.S. Centers of Disease Control and Prevention (Centers
for Disease Control and Prevention (U.S.), 2019).

The broad definition of “CRE” remains ambiguous. For
example, CREs can include those due to porin-deficient
Enterobacterales, Enterobacterales with intrinsic imipenem
resistance, and Enterobacterales with carbapenemase enzymes
that remain “susceptible” to carbapenems. Globally, common
carbapenemases in Enterobacterales include the Klebsiella
pneumoniae carbapenemases (KPC), oxacillinase (OXA)-48-like
β-lactamases, and metallo-β-lactamases, such as New-Delhi-
metallo-β-lactamases (NDM), the active-in-imipenem family
of carbapenemases, and Verona integron-encoded metallo-β-
lactamases (VIM). In the U.S., KPC is the most prevalent
type, however; sporadic outbreaks of class B (e.g., VIM,
NDM, IMP) or class D (e.g., OXA-48) β-lactamase infections
have also occurred (Chea et al., 2015). Importantly, emerging
reports indicate that a subset of CDC-defined CRE in the
United States do not produce carbapenemases (Duin et al.,
2020). Specifically, carbapenem resistance in K. pneumoniae can
occur from the production of extended-spectrum β-lactamases
(ESBLs) and/or AmpC enzymes in combination with decreased
antibiotic intracellular accumulation by mutations in outer
membrane proteins OmpK35 and OmpK36 or over-expression
of efflux pumps.

Treatment of CRE infections remains challenging for
clinicians since it encompasses a wide range of genera, different
resistant mechanisms requiring dissimilar treatment options,
and variable local and global epidemiology. Distinguishing
between these different mechanisms, as well as identification
of the carbapenemase type, warrants further investigation as
these have important treatment implications, particularly for
newer β-lactam/β-lactamase inhibitor combinations. Herein,
we characterized clinical, genotypic, and phenotypic profiles
of sequentially collected CRE isolates from South Texas,
United States to investigate the epidemiologic characteristics. We
compared mechanisms and implications among Enterobacterales
that are carbapenemase producers (CPE) with those that are
non-carbapenemase producers (NCPE).

RESULTS

Microbiological Characteristics
We identified 99 CRE isolates collected from 85 patients. Most
of the infections were caused by K. pneumoniae (43%), followed
by Escherichia coli (27%), Enterobacter cloacae (12%), Klebsiella
aerogenes (7%), Citrobacter freundii (3%), Serratia marcescens
(3%), Klebsiella michiganensis (2%), and Morganella morganii
(2%), and Hafnia alvei (1%). Carbapenemase genes were present
in 42 (41%) of CRE, referred to as CPE. In 58 (59%), in vitro

resistance to at least one carbapenem was confirmed in the
absence of any carbapenemase gene, referred as NCPE. There
were 17 isolates that were unconfirmed-CRE (identified initially
as carbapenem-resistant by local laboratories, but were found to
be susceptible or intermediate to all tested carbapenems upon
repeat testing) (Table 1).

The most common source of CRE isolates was urine [35
(36%)], followed by respiratory [15 (15%)], wound tissue/bone
[11 (11%)], and blood [8 (8%)]. Individuals with CRE infections
with NCPE were more likely to have respiratory infections
compared with patients with CPE (p = 0.044). There were similar
distributions of CPE and NCPE associated with urinary, blood,
and wound infections (Table 2). Distribution by species are
further described in Supplementary Table 1.

Molecular and Antimicrobial
Susceptibility Characteristics
Resistance mechanisms were evaluated for CRE isolates (Table 1).
KPC-type enzymes were the most common carbapenemases and
were identified in 30 isolates (30.3%). Observed carbapenemase
genes included blaKPC−2 [21 (21%) of 99], blaKPC−3 [8 (8%)],
blaNDM [5 (5%)], and blaOXA−232-like [2 (2%); Table 1]. One
S. marcescens isolate was found to simultaneously carry blaKPC−2
and blaSME−3. Additionally, it harbored blaSRT−2. Extended
spectrum β-lactamase genes were commonly found in CPE
including blaCTX−M [17 (42%)] and blaSHV [9 (22%) of 41].
NCPE isolates predominantly carried blaCTX−M [28 (48%) of
59]. Among NCPE, there were no differences in the rate of
blaAmpC carriage compared to CPEs [12 (20%) vs. 5 (12%);
p = 0.15] and unconfirmed CRE [4 (20%); p = 0.21]. Among
K. pneumoniae isolates, mutations in genes encoding outer
membrane porins OmpK35 and OmpK36 were present in 62%
of NCPE and 53% of unconfirmed CRE. The main mutations
included premature stop codons and Gly115-Asp116 insertion
in the gene encoding OmpK36. The majority of Klebsiella
contained several mutations in OmpK37. Specifically, I70M,
I128M, N230G, M233Q, T234H, Q235Y, N237H, R239K, E244D,
N274S, D275T, and V277I were observed, presumably slowing
the permeation of β-lactams through the channel. However, these
implications are less defined.

Antimicrobial susceptibility results are shown in Table 3.
Among the non-β-lactam-inhibitor antimicrobial agents that
serve as candidates for the treatment of CRE, tigecycline,
amikacin, and colistin showed the highest rates of susceptibility
of 97, 91, and 89% respectively. Comparatively, CPE maintained
higher susceptibility to older generation tetracyclines
(doxycycline and minocycline) compared to NCPE (69 and
89% vs 41 and 52%, respectively); whereas, NCPE isolates
maintained higher susceptibility to cefepime compared to
CPE (41% vs. 19%). Polymyxin resistance was detected in two
K. pneumoniae, one E. coli, and one H. alvei isolate in addition to
the intrinsic resistance displayed for Serratia and Morganella spp.
Upon repeat susceptibility testing, susceptibility for ertpapenem
and meropenem were 18 and 52%, respectively. All but one of
the isolates that were classified as unconfirmed-CRE were NCPE.
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TABLE 1 | Distribution of carbapenemase and non-carbapenemase producing Enterobacterales.

blaKPC blaNDM blaOXA-typeb Other CPsc CPE NCPE Unconfirmed

Number of isolatesa n = 99; n (%) 30 (30) 5 (5) 2 (2) 5 (5) 41 (41) 58 (59) 17 (17)

Bacterial species; n (%)

Klebsiella pneumoniaea (n = 41) 20 (49) 2 (5) 2 (5) 2 (5) 26 (63) 16 (39) 6 (15)

E. cloacae complex (n = 11) 1 (9) 1 (9) 0 0 2 (18) 9 (82) 1 (9)

Escherichia coli (n = 28) 5 (18) 2 (7) 0 0 7 (25) 22 (79) 7 (25)

Klebsiella aerogenes (n = 7) 2 (29) 0 0 0 2 (29) 5 (71) 1 (14)

Citrobacter freundii (n = 3) 1 (33) 0 0 0 1 (33) 2 (67) 0

Serratia marcescensa (n = 3) 1 (33) 0 0 3 (100) 3 (100) 0 0

Morganella morganii (n = 2) 0 0 0 0 0 2 (100) 1 (50)

Klebsiella michiganensis (n = 2) 0 0 0 0 0 2 (100) 1 (50)

Hafnia alvei (n = 1) 0 0 0 0 0 1 (100) 0

CP, carbapenemases; KPC, Klebsiella pneumoniae carbapenemase; NCPE, non-carbapenemase producing carbapenem-resistant Enterobacterales, NDM, New Delhi
metallo-β-lactamase; OXA, oxacillinase.
aA patient may carry more than one type of CPE.
bOXA-type includes OXA-48 and OXA-232.
cOther CP types include IMI-like, IMP-like, SME and VIM.

The distribution of resistance determinants among
CPE, NCPE and unconfirmed strains are summarized in
Supplementary Tables 2, 3. K. pneumoniae strains carried
more blaKPC, blaCTX−M-variants, blaSHV-variants, fosA-like, and
oqxA/B genes compared with other Enterobacterales including
E. coli. On the other hand, more blapAmpC were prevalent in other
Enterobacterales than those in K. pneumoniae strains. Notably,
IncHI2-ST1 plasmids harboring the mcr-9 gene was identified in
3 isolates (E. cloacae and K. michiganensis). Interestingly, these 3
isolates did not display in-vitro polymyxin non-susceptibility.

Among K. pneumoniae isolates, 62% were CPE with KPC-2
as the most prevalent enzyme. The two most common clonal
groups (CG) of K. pneumoniae were CG258 [14 (33%) of
42] and CG307 [14 (33%) of 42]. CG258 represented 43%
of the carbapenemase-producing K. pneumoniae (Figure 1).
Of the 14 CG258 K pneumoniae, 79% were carbapenemase-
producing, harboring primarily blaKPC−2 (80%) or blaKPC−3
(20%). The other predominant clonal group was CG307, which
demonstrated a lower rate of carbapenemase-producing isolates
[5 (36%)] as compared to CG258. In CG307 strains, blaKPC−2
was the most common carbapenemase. One blood isolate from
a patient who recently traveled to India harbored blaOXA−232.

TABLE 2 | Distribution of carbapenemase and non-carbapenemase producing
Enterobacterales and source of infection.

blaKPC blaNDM blaOXA-
type

Other
CPs

NCPE P (CPE vs.
NCPE)

Urine 14 1 1 0 12 0.0557

Wound swab 1 0 0 0 0 ∼

Bone and soft tissues 4 1 0 0 6 0.773

Blood 1 0 1 0 6 0.325

Hepatobiliary specimen 1 0 0 0 6 0.123

Abdominal specimen 3 0 0 0 3 0.659

Respiratory specimens 3 0 0 0 12 0.044

aSource of infection was not provided identified in 17 isolates.

In addition, all CG307 carried blaCTX−M, a common group of
extended-spectrum β-lactamases in this clonal group.

In E. coli, diverse genetic lineages were observed (Figure 2).
No carbapenemase genes were present in 75% of E. coli. Notably,
while ST131 has been reported as a common clonal type in
this species, it was not identified in this diverse set. The
carbapenemases in E. coli were blaKPC−2 (n = 4), blaKPC−3
(n = 1), and blaNDM (n = 2). Interestingly, two isolates
containing blaNDM−5 were identified in two independent cases
of patients from Mexico. Both cases were ambulatory with
minimal exposures to the healthcare system in Mexico prior
to hospitalization. One case had a bronchial alveolar lavage
performed from which an acid-fast bacilli stain was positive and
identified as Mycobacterium tuberculosis-complex by polymerase
chain reaction (PCR) in addition to E. coli. The second case was
from a urine culture with polymicrobial growth that detected
E. coli. In both cases, detection of blaNDM was made initially using
the Cepheid Xpert

R©

Carba-R PCR test.
Enterobacter cloacae isolates were the third most frequent

group of CRE. We observed diverse genetic heterogeneity
consistent with E. cloacae complex. No carbapenemase genes
were present in most isolates [9 (82%) of 11]. All but one isolate
harbored blaAmpC (blaCMY and blaACT/MIR) genes. Among these,
six were found to have mutations in ompF. Among the two
isolates with carbapenemase genes, one contained blaKPC−3 and
one harbored blaNDM−5. The blaNDM−5 was identified from a
case of a patient with recent travel from Guatemala and no other
health care exposures or significant comorbidities. No molecular
tests were used at time of clinical care; susceptibility patterns
displayed resistance to carbapenems and ceftazidime-avibactam
but susceptible to tigecycline.

Epidemiology and Clinical Features
Phylogenetic reconstructions of K. pneumoniae and E. coli
displaying types of NCPE and CPE demonstrated clonal
heterogeneity. Three potential transmission clusters involving
unique subjects were identified: one KPC-positive K. pneumoniae
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TABLE 3 | Antimicrobial susceptibilities.

Name All (%) CPE (%) NCPE (%)

AMI 91 91 91

AZT 11 9 12

CIP 19 16 21

DOX 54 69 41

ERT 18 2 28

FEP 26 19 41

FOT 11 16 9

GEN 51 44 53

MEM 52 22 69

MIN 63 81 52

TAZ 17 16 17

TGC 97 97 97

TOB 43 41 45

TZP 27 22 29

CPE, carbapenemase-producing Enterobacterales (n = 38), NCPE, non-
carbapenemase-producing Enterobacterales (n = 58); AMI, Amikacin; AZT,
Aztreonam, CIP, Ciprofloxacin; DOX, Doxyclicline; ERT, Ertapenem; FEP, Cefepime;
FOT, Cefotetan; GEN, Gentamicin; MEM, Meropenem; MIN, Minocycline; TAZ,
Ceftazidime; TGC, Tigecycline; TOB, Tobramycin; TZP, Piperacillin-tazobactam.

cluster (involving patients K702013 and K852013). Both isolates
were K. pneumoniae ST307 [replicons IncFII(K)]. Another
potential cluster of NCPE among three unique patients admitted
on the same hospital floor was identified among K. pneumoniae
ST307 (K2312011, K2542011, and K2342012).

Of the 53 individual patients with clinical data, 51% of
patients were male and the median age was 55 years (interquartile
range, 45–74 years; Table 4). Of the patients, 27 had acute care
hospitalization and 26 had an emergency department visit in the
prior 90 days. The majority of patients had antimicrobial use
90 days prior to culture. Approximately 47% (25/53) required
admission to the intensive care unit. The all-cause 30-day
mortality rate was 21% (11/53). At 30 days after culture date, 6%
of patients were still hospitalized, 32% (17/53) were readmitted
and were with lack of clinical response, 9% patients experienced
relapse of their infection, 21% (11/53) remained on anti-CRE
therapies, and 26% had developed worsening renal function.
There were no differences in demographic or chronic conditions
between patients with NCPE vs. CPE. Patients with NCPE (62%)
were more likely to have had a prior ED visits as compared
with patients with CPE (p = 0.011). The days of therapy (DOT)
prior to culture was significantly higher among NCPE vs. CPE
(795 vs. 242; p ≤ 0.001). There were no differences between
these categories as compared to unconfirmed CREs. We found
no significant difference between mortality (29% vs. 17%, CPE vs
NCPE; p = 0.142).

DISCUSSION

Carbapenem-resistant Enterobacterales presents a critical
problem worldwide due to rapidly rising resistance rates and
poor outcomes. The majority of efforts against CRE have
focused on the epidemiology and outcomes in the context

FIGURE 1 | Phylogenetic reconstruction of K. pneumoniae. Distribution of isolates using SNP-based core genome alignments. Node color indicates CPE or NCPE.
Layer 1 shows carbapenemase types. Layer 2 shows clonal groups by MLST.
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FIGURE 2 | Phylogenetic reconstruction of E. coli. Distribution of isolates using SNP-based core genome alignments. Node color indicates CPE or NCPE. Layer 1
shows carbapenemase types. Layer 2 shows clonal groups by MLST.

of CPE. However, in this cohort from South Texas, 48% of
Enterobacterales that met the CDC definitions for CRE did
not carry carbapenemase genes, and 17 were not carbapenem
resistant upon repeat susceptibility testing. This has important
implications for both clinical management as well as for
epidemiologic reasons.

A recent multistate surveillance study estimated CRE rates
of 2.93 per 100,000, with NCPE representing over 50% of
the isolates and non-carbapenemase producing K. pneumoniae
(NCPK) making up 58.6% of the total number of species (Duin
et al., 2020). The current study found local rates of NCPK
to be 27.6% of total NCPE. DOT were significantly higher
in the NCPE group, indicating recent antimicrobial exposure
as a contributing factor for the development of NCPE CRE.
Furthermore, patients with NCPE were also associated with
higher number of visits to the ED.

We report a high proportion of NCPE with varying
mechanisms. In conjunction with porin loss or mutations,
production of blaESBL and blaAmpC have been shown to confer
carbapenem-resistance, particularly in NCPK strains (Guh et al.,
2015). This work validates this as blaKPC, blaCTX−M-variants,
and blaSHV-variants were more abundant in the NCPK strains
while blapAmpCs were more prevalent in other Enterobacterales
(E. coli and E. cloacae). This work further confirms that
both porin alterations and ESBL/AMPC production must be
related responses to antimicrobial therapy in these strains.
In NCPK, ertapenem and meropenem therapy failure have
been shown to result from OmpK36 absence, with mutations
playing a theoretical role (Hamzaoui et al., 2018). Moreover,
K. pneumoniae outer membrane porin composition shifts during
carbapenem therapy, specifically, the more restrictive OmpK36
porin seems to be favored over the wider OmpK35 porin in

carbapenem-resistant strains (Findlay et al., 2012). The structure
of OmpK36 is consistent with other Enterobacterales outer
membrane proteins, consisting of 16 antiparallel β-barrel strands
connected by short and long loops at the periplasmic and
extracellular sides, respectively. However, wildtype OmpK36
extracellular loop 3 (L3) folds into the channel, partially
obstructing the channel (Hasdemir et al., 2004). A solved crystal
structure of OmpK36 from a meropenem-resistant strain has
been shown to have a Gly115-Asp116 insertion within L3,
stabilized by a salt bridge, further constricting meropenem’s
uptake compared to wildtype OmpK36 (Dutzler et al., 1999).
Additionally, a premature OmpK36 stop codon at K103stop has
been previously characterized in this phenotype, eliminating the
critical extracellular loops and resulting in a null porin (Wong
et al., 2019). K. pneumoniae strains which produce Ompk37 in
an Ompk35/36-null membrane, have been shown to significantly
select against β-lactam entry while maintaining nutrient uptake
(Ruiz et al., 2012). OmpK37 achieves this selectivity by way
of an inward-folded extracellular L3 loaded with fully or
partially charged residues and a strategically oriented Y118
residue, shielding the channel further (Supplementary Figure 1;
Ruiz et al., 2012). Consistent among β-lactam-resistant strains,
our strains maintained the Y118 residue and had mutations
within L3 and the OmpK37 channel which made for a more
hydrophobic environment. However, the single polar-aromatic to
basic nucleotide mutation at the intracellular side of the channel,
Y311H, that has been observed in a small number of meropenem-
resistant strains previously but was not discovered in our strains
(Wong et al., 2019).

Molecular analysis of this clinical collection uncovered several
emerging trends in this region. We note that since 2013, CG307
was associated with as many CRE infections as those of the
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TABLE 4 | Clinical features of carbapenemase- and non-carbapenemase
producing Enterobacterales.

CPE
(n = 17)

NCPE
(n = 36)

P

Age (mean, SD) 49 (16) 51(11) 0.421

Male sex 10 (59) 17 (47) 0.212

Travel History 4 (23) 12 (33) 0.314

Race/Ethnicity

White 12 (71) 28 (78) 0.570

Black 2 (12) 1 (3) 0.493

Hispanic 3 (18) 5 (14) 0.148

Comorbidities

Charlson Comorbidity Score (mean, SD) 3.1 (0.6) 3.9 (0.8) 0.262

Myocardial infarct 0 0 –

Congestive heart failure 2 (12) 1 (3) 0.493

Peripheral vascular disease 5 (29) 17 (47) 0.352

Cerebrovascular disease 0 2 (6) –

Dementia 0 0 –

Chronic pulmonary disease 2 (12) 2 (6) 0.809

Connective tissue disease 0 1 (3) –

Ulcer disease 2 (12) 6 (17) 0.956

Mild liver disease 2 (12) 2 (6) 0.809

Diabetes (without complications) 3 (18) 6 (17) 0.761

Diabetes with end organ damage 1 (6) 6 (17) 0.517

Hemiplegia 0 4 (11) –

Moderate or severe renal disease 6 (35) 11 (31) 0.976

Solid tumor (non metastatic) 1 (6) 5 (14) 0.693

Leukemia 1 (6) 0 –

Lymphoma, Multiple myeloma 0 0 –

Moderate or severe liver disease 2 (12) 1 (3) 0.493

Metastatic solid tumor 0 1 (3) –

AIDS 0 0 –

HSCT – autologous 0 1 (3) –

HSCT – allogenic 0 0 –

Hemodialysis 0 0 –

Setting prior to admission

Home 12 (71) 25 (69) 0.932

Nursing Home/Long-term chronic care 1 (6) 7 (19) 0.198

Hospital Transfer 2 (12) 1 (3) 0.108

Long-term acute care 0 0 –

Transfer from different region/country 0 0 –

Hospice 0 0 –

Prior hospitalization or ED visits past 90 days

Prior Hospitalization (>1) 6 (35) 21 (58) 0.146

Prior ED visits (>1) 4 (23) 22 (61) 0.011

Prior Antibiotics in last 90 days

Fluoroquinolones 4 (23) 10 (28)

3rd/4th Gen Cephalosporins 1 (6) 6 (17)

1st Gen Cephalosporins 2 (12) 5 (14)

Carbapenems 1 (6) 7 (19.4)

Penicillins 0 9 (25)

Macrolides 1 (6) 5 (14)

Vancomycin 1 (6) 4 (11)

Overall days of therapy 242 795 <0.001

CPE, carbapenemase-producing Enterobacterales; NCPE, non-carbapenemase-
producing Enterobacterales; AIDS, acquired immunodeficiency syndrome; HCST,
hematopoietic stem cell transplantation; ED, emergency department.

previous common clone, CG258. CG307 strains varied markedly
in their gene content with carriage of blaCTX−M and blaKPC
although were more likely to be NCPE compared to CG258. This
is consistent with trends from the Houston region, supporting
the regional introduction and spread of this novel high-risk
clone (Duin et al., 2020). Moreover, we identified two cases of
K. michiganensis, a relatively new identified pathogen that is
commonly mis-identified by clinical laboratories as Klebsiella
oxytoca (Pagès et al., 2008). An isolate in this study was found to
harbor the plasmid-borne gene mcr-9 associated with polymyxin
resistance. This is the first study to describe mcr-9 harboring
K. michiganensis in TX, United States.

We identified five strains expressing blaNDM that conferred
broad resistance to nearly all β-lactams. Of these, two isolates
harboring blaNDM were discovered in patients with recent travel
history from Mexico. Recent studies have described outbreaks
of blaNDM−1 harboring nosocomial strains of E. cloacae and
K. pneumoniae in Mexico City and other border cities (Founou
et al., 2018). Global spread of blaNDM-positive plasmids is
concerning as these strains are associated with extremely reduced
antimicrobial treatment options.

While the high proportion of NCPE was surprising, one
explanation of this trend might be driven by the updated CDC
definition of CRE in 2015. Other reports demonstrated an
increase in “CRE” with the application of these definitions. In
addition, we describe unconfirmed cases that met the CDC-
defined definition (Duin et al., 2020). This subgroup may reflect
some errors and differences in susceptibility testing methods.
Furthermore, the expansion of the definition to include non-
susceptible ertapenem (MIC breakpoint of 0.5 µg/mL) and
inconsistencies between state and CDC definitions may have
further contributed to discordant results. These could have
implications for clinical microbiology laboratories. For example,
all isolates that were intermediate resistant to ertapenem only
while susceptible to all other carbapenems did not have detectable
carbapenemases by the Cepheid Xpert

R©

Carba-R PCR test. For
this reason, our institutions do not routinely conduct these
rapid molecular tests if non-susceptible to ertapenem only. The
direct clinical impact of these various definitions, however, was
not within the scope of this study. We found no significant
difference between mortality between CPE vs NCPE. These
findings are consistent with a recent prospective study found
that clinical outcomes were not significantly different regardless
of infection with CPE, NCPE, or unconfirmed CRE, with an
overall mortality of 24% (Duin et al., 2020). Prior to the era
of newer β-lactam/β-lactamase inhibitor combination, mortality
rates from CRE reported to be up to 75% (Borer et al., 2009; van
Duin et al., 2018; Wunderink et al., 2018; Alcántar-Curiel et al.,
2019; Motsch et al., 2020).

There are several limitations to be noted in this study. First,
information on clinical characteristics and outcomes could not
be completely acquired for all unique patients because of the
limitations of a retrospective study and migrating electronic
health records. Second, the data herein is representative of two
urban hospitals in South Texas; therefore, the generalizability is
uncertain. However, it confers the importance of local/regional
surveillance and epidemiology that may directly impact
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diagnostic and treatment practices. The variations in detection
and antimicrobial susceptibility testing between institutions
and with the research laboratory may have introduced varying
results attributing to misattribution and overestimation of CRE.
Carbapenems are very labile and are usually the first to fail in
Vitek and disk diffusion. Therefore, procedures for automatic
repeat testing with concurrent quality control and new reagents
were performed to resolve discrepancies.

In summary, we demonstrate the wide heterogeneity
of resistance mechanisms for CRE in this region with a
predominance of NCPE. Identification and distinction of these
mechanisms by rapid species identification and subsequent
carbapenemase characterization would allow for optimal
treatment and infection control efforts.

MATERIALS AND METHODS

Bacterial Isolates
Ninety-nine CRE clinical isolates from unique patients at
Methodist Hospital System and University Health System in
San Antonio, TX, United States between 2011 and 2019 were
included. The sources of the isolates included urine, blood,
body fluid, pus, tracheal aspirate, sputum, wound swabs/tissue,
central venous and arterial line tips. CRE was defined using
the CDC definition (resistant to imipenem, meropenem,
doripenem, or ertapenem OR documentation that the isolate
possesses a carbapenemase) (Chea et al., 2015). Carbapenem
non-susceptibility was defined based on CLSI breakpoints:
meropenem MIC ≥ 2 µg/mL or ertapenem MIC ≥ 1 µg/mL
(CLSI, 2018).

Carbapenem-resistant Enterobacterales with carbapenemase
genes detected were termed CPE; those without carbapenemase
genes were termed NCPE. We evaluated another category,
termed unconfirmed-CRE, for CDC-defined CRE that although
were identified as carbapenem-resistant by local laboratories,
were found to be susceptible or intermediate to all tested
carbapenems upon repeat testing.

Antimicrobial Susceptibility Testing
Isolates tested non-susceptible by Vitek2

R©

(bioMérieux, Inc., NC,
United States) or Etest

R©

(bioMérieux, Inc., NC, United States)
per CLSI breakpoints at the time of isolation from clinical
specimens were included (i.e., ertapenem MIC ≥ 1 µg/mL
or meropenem, imipenem, doripenem MICs of ≥2 mg/L).
In vitro susceptibility for 20 antimicrobials (Table 1) was repeated
with Thermo Scientific SensititreTM GNX2F plate (Thermo
Fisher Scientific, OH, United States) using broth microdilution
method according to CLSI recommendations (M100-S28, 2018).
Likewise, susceptibility was interpreted per CLSI except for
colistin and tigecycline. CLSI epidemiological cutoff of ≥4 mg/L,
which is also consistent with EUCAST resistant breakpoint of
>2 mg/L, defined non-wild type for colistin and FDA breakpoints
were used for tigecycline (i.e., Susceptible≤2 mg/L, Intermediate
4 mg/L, Resistant ≥8 mg/L). Pseudomonas aeruginosa ATCC
27853 was used as a quality control organism.

Clinical Data Collection
Medical records were reviewed to collect clinical and
epidemiologic data, including sample date, location of culture
collection, specimen source, patient demographics, travel history,
health care exposures, underlying medical conditions, indwelling
devices and antimicrobial therapy exposures 90 days prior to
culture, infection types, clinical manifestations, and outcomes.
This study was reviewed and approved by the UT Health San
Antonio Institutional Review Board.

DNA Sequencing and Analyses
Whole genome sequencing (WGS) was conducted on all 99
isolates using a NextSeq 500 sequencing instrument (Illumina
Inc., San Diego, CA, United States) with 150-base paired-end
reads (UT Health San Antonio, San Antonio, TX, United States).
De-novo assembly and variant analyses were conducted using
CLC Genomics Workbench 20.1 (Qiagen, Redwood City, CA,
United States). The MLST database was used to identify the
sequence types (STs) of the study isolates using WGS data.
More detailed methods are provided in the Supplementary
Material. Short-read data have been deposited in the NCBI
BioProject (PRJNA688166).

Statistical Analyses
The student t-test or the nonparametric Wilcoxon rank-sum test
was used for continuous variables based on distribution. The χ2

or Fisher exact test was used to compare categorical variables.
A two-sided P-value of less than 0.05 was considered statistically
significant. All analyses were completed with SPSS 22 (IBMCorp).
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