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Introduction: Colonization of the respiratory tract by Acinetobacter baumannii has been
established as an independent risk factor for bacteremia. However, within-host evolution of
A. baumannii in bacteremia has not been extensively investigated.

Methods: We performed whole-genome sequencing to discover the evolutionary character-
istics that accompany the transition from respiratory tract carriage to bloodstream infection in
three patients with A. baumannii bacteremia.

Results: Within-host genetic diversity was identified. A total of 21 single nucleotide variants
(SNVs) were detected. Genic and intergenic evolution occurred particularly in secretion
system, DNA recombination, and cell motility genes. Intergenic SNVs occurred more
frequently compared to synonymous and non-synonymous SNVs, which indicated potential
transcription or translation regulation. Non-synonymous mutations mostly occurred during
the transition from respiratory tract carriage to bloodstream infection. Isolates of clonal
complex 208 (CC208) had lower substitution rate with approximately 10° nucleotide
substitutions per site year ', compared with non-CC208 isolates (approximately 107°). We
found evidence for the occurrence of recombination in one patient. A total of 259 genes were
found to be gained or lost during the within-host evolution, and 231 genes were only detected
in one patient. Gene function annotation results suggested that most genes (71/259) were
related to replication, recombination, and repair. Universal bloodstream specific genes were
not found in all three patients, and only one putative membrane protein related gene was lost
in two patients.

Conclusion: Our results indicated that within-host evolution of A. baumannii bacteremia
was driven by mutations, gene content changes, and limited effect of recombination. Gene
content diversity between different patients was identified, which suggested interplay of both
host and pathogen factors in within-host genetic diversity. Secretion system-related genes
showed higher frequency of genomic variations during the within-host evolution. Our
findings enhanced our understanding of within-host evolution of 4. baumannii bacteremia
and provided a framework for discovering novel genomic changes and pathogenicity genes
important for bacteremia, which will be validated in future studies.
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Introduction

Acinetobacter baumannii is an important opportunistic pathogen that causes severe
nosocomial infections worldwide.! In China, 4. baumannii is one of the predomi-
nant pathogens of bacteremia.” Bacteremia is a prevalent cause of patient mortality,
and the mortality rate in patients with A. baumannii bacteremia is 32.5% to
63.5%.>" An increasing trend in the mortality of bacteremia patients infected
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with A. baumannii has been observed in China.’
Furthermore, due to increased exposure to antibiotics,
incidence of multidrug resistant (MDR) and carbapenem-
resistant A. baumannii have been predictably increasing in
recent years. MDR A. baumannii is one of the most fre-
quently detected MDR pathogens in intensive care unit-
acquired bloodstream infections.® The incidence of imipe-
nem-resistant 4. baumannii increased from 31.0% in 2005
to 70.7% in 2017 in China. With limited treatment
options available, infections caused by MDR and carbape-
nem-resistant A. baumannii may result in higher mortality.
A meta-analysis showed that patients with carbapenem-
resistant A. baumannii infection had a significantly higher
risk of mortality compared to patients with carbapenem-
susceptible 4. baumannii infection.’

A. baumannii is widely distributed in natural and hos-
pital environments and can colonize the human skin,
mouth, and nasopharynx.® Colonization on human muco-
sal surfaces and medical devices can lead to the formation
of biofilms, increasing the risk of developing A. baumannii
respiratory infections.’'” The progression of bacteria from
colonization to infection is the result of within-host
evolution.'" A surveillance study found that MDR 4. bau-
mannii may be carried for long durations, up to 42
months.® Meanwhile, a case-control study showed that
previous respiratory tract colonization with species includ-
ing A. baumannii was an independent risk factor for
bacteremia.'> A 7-year observational study in a general
hospital found that 47 of 441 (10.7%) A. baumannii colo-
nized patients developed a bloodstream infection.'*

Several studies have demonstrated the evolution of 4.
baumannii in vivo. A study of four patients with long-term
colonization of A. baumannii found that multilocus
sequence typing remained unchanged during colonization
in three patients. The study found that A. baumannii
undergoes parallel evolution during colonization. One
efflux pump gene and two phage-related genes showed
genetic variation in all patients. Studies have shown that
antibiotic use and host environment exert selective pres-
sure on colonized A. baumannii, prompting rapid molecu-
lar evolution in vivo.'* A total of 24 4. baumannii strains
isolated successively from the blood of a single patient
were subjected to whole-genome sequencing in another
study. The strains were differentiated into three groups
based on single nucleotide variants (SNVs), indicating
that the patient suffered from re-infections or co-infections
by similar but different strains. The results also showed
that A. baumannii strains in each group were rather stable

at the genomic level.'> Another genomic analysis of long-
term infection with 4. baumannii showed that mutations
acquired during infection were over-represented in tran-
scriptional regulators, notably pmrAB and adeRS, which
could mediate resistance to the last-line therapies colistin
and tigecycline, respectively.'® A study have found that
half of the 4. baumannii isolates from the same patients’
sputum harboured different sequence types (STs). Within
some patients, the isolates evolved a more mucoid pheno-
type via genetic changes in the putative protein tyrosine
kinase gene prk.'” Mutations of pmrB and the pmrC homo-
logue eptA were identified among pairs of colistin-suscep-
tible and colistin-resistant 4. baumannii, which were
sequentially isolated from the same patients before and
after colistin treatment.'®'

However, the molecular evolution of A. baumannii
bacteremia in vivo remains unclear. Dynamic genomic
variations during respiratory tract carriage and transition
to bloodstream infection have not yet been demonstrated.
In our study, we analysed genomic variation in different
isolates isolated from the same patient in order to elucidate
the molecular mechanism of within-host evolution of A.
baumannii bacteremia.

Materials and Methods
Bacterial Strain Isolation and Phenotype

Tests

A. baumannii isolates were obtained from three A.
baumannii bacteremia patients sequentially during hos-
pitalization at Peking University People’s Hospital
(Table S1). All three patients were admitted to the
The
respiratory tract samples were collected via sputum

intensive care unit with tracheal intubation.
suction with bronchoscope when the patients had
symptoms of respiratory tract infection. The blood
samples were collected using blood culture bottle
when the patients experienced abnormal body tempera-
ture. A. baumannii was identified using the VITEK2
system (bioM¢érieux, Marcy 1’ toile, France), and con-
firmed by the presence of blapxasi-like gene through
polymerase chain reaction and sequencing. Minimal
inhibitory concentrations were determined using the
broth microdilution method. The antimicrobial break-
points were interpreted according to the Clinical and
Laboratory Standards Institute criteria M100.2° The
cefoperazone-sulbactam results

susceptibility were

interpreted following the cefoperazone breakpoint for
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Enterobacteriaceae. Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 were used as
quality-control strains.

Genome Sequencing and Bioinformatic
Analysis

Bacterial DNA was extracted using a DNA purification kit
(Qiagen, Hilden, Germany). Illumina sequencing libraries
were prepared using Nextera kits with indexed encoded
adapters from Illumina, according to the manufacturer’s
instructions. Libraries were pooled for sequencing on a
MiSeq sequencer. The resulting FASTQ files were quality-
trimmed and assembled de novo using Velvet (Ridom GmbH,
Miinster, Germany) (https:/github.com/dzerbino/velvet).?'
The assembled contigs were annotated with Prokka (https://
github.com/tseemann/prokka).”> Multiple sequence align-

ments were generated using Roary (http://sanger-pathogens.
github.io/Roary/ ).2> After recombination region removal,
RAXML was used to build a phylogenetic tree (https://
github.com/stamatak/standard-RAxML).>*  Whole-genome
sequencing data were also used to determine the STs using

the Center for Genomic Epidemiology Platform (https://cge.
cbs.dtu.dk/services/MLST/).*> Multiple sequence alignment
diagrams were generated using progressiveMAUVE (http://

www.darlinglab.org/mauve/user-guide/progressivemauve.

html).*® Homologous recombination was assessed using
Gubbins
The clusters of orthologous genes functional categories

(https://github.com/sanger-pathogens/gubbins).?’

were identified using eggNOG-Mapper (http://eggnog-map

}ger.embl.de/).28 Detailed comparative analysis of SNVs
was performed using SnpEff (http://pcingola.github.io/

SnpEff/).>> SNVs of the genomes were identified by mapping
sequence reads for each isolate against the first isolates in
each patient (A1 for patient A, C2 for patient C, and L6 for
patient L). All annotations were visualized using iTOL
(https://itol.embl.de/).*

Nucleotide Sequence Accession Numbers
This whole-genome shotgun project has been deposited at
GenBank under the accession numbers CP060732 (A1),
JACKXF000000000 (A2), JACKXGO000000000 (A3),
JACKXHO000000000 (A14), JACKXI000000000 (C2),
JACKXJ000000000 (C4), JACKXKO000000000 (C6),
JACATT000000000 (L6), JACATS000000000 (L7),
JACATRO000000000 (L8), JACATQ000000000 (L9),
JACATP000000000 (L10).

Ethics Approval

The study was reviewed and approved by the Ethical
Review Committee of Peking University People’s
Hospital (No. 2018PHB187). Individuals younger than
the age of 16 were not involved. Informed consent was
waived by the Ethical Review Committee of Peking
University People’s Hospital. The retrospective study
was considered exempt from the ethical review because
only bacterial isolates were taken from patients and the
patient confidentiality was fully guaranteed. This study
was conducted in accordance with the Declaration of
Helsinki.

Results

Description of Isolates

A. baumannii isolates were obtained from three A. bau-
mannii bacteremia patients. The number of isolates per
patient was in the range of 3—5, and there were over 8-30
days between the first respiratory tract isolate and last
bloodstream isolate (Figure 1). All isolates belonged to
the predominant clonal complex 2 (CC2). Different
Oxford STs were identified in three patients, including
ST2211 in Patient A, ST469 in Patient C, and ST195 in
Patient L. The pattern of antimicrobial susceptibility
indicated that all isolates were carbapenem-resistant A.
baumannii,
(Table S1).

and were only susceptible to colistin

Within-Host Genetic Diversity from
Respiratory Tract Carriage to

Bloodstream Infection

To facilitate detailed analysis of strain relationships, we
developed a robust phylogeny based on SNVs present in
core regions of the genome to represent ancestral relation-
ships among isolates (Figure 1). The phylogenetic tree
analysis indicated that isolates collected from different
patients were grouped into distinct clades. Isolates in
each patient showed different genomic characteristics.
Bloodstream isolates Al14, C4, C6, L9, and L10 were
clustered with isolates from the respiratory tract of each
patient.

We defined the amount of genetic diversity as the
number of SNVs between 12 isolates within the three
patients. SNVs of genomes were identified by mapping
sequence reads for each isolate against the first isolates in
each patient (A1 for patient A, C2 for patient C, and L6 for
patient L). A total of twenty-one SNVs were identified

Infection and Drug Resistance 2021:14

3555

Dove:


https://github.com/dzerbino/velvet
https://github.com/tseemann/prokka
https://github.com/tseemann/prokka
http://sanger-pathogens.github.io/Roary/
http://sanger-pathogens.github.io/Roary/
https://github.com/stamatak/standard-RAxML
https://github.com/stamatak/standard-RAxML
https://cge.cbs.dtu.dk/services/MLST/
https://cge.cbs.dtu.dk/services/MLST/
http://www.darlinglab.org/mauve/user-guide/progressivemauve.html
http://www.darlinglab.org/mauve/user-guide/progressivemauve.html
http://www.darlinglab.org/mauve/user-guide/progressivemauve.html
https://github.com/sanger-pathogens/gubbins
http://eggnog-mapper.embl.de/
http://eggnog-mapper.embl.de/
http://pcingola.github.io/SnpEff/
http://pcingola.github.io/SnpEff/
https://itol.embl.de/
https://www.dovepress.com/get_supplementary_file.php?f=320645.pdf
https://www.dovepress.com
https://www.dovepress.com

Li et al

Dove

Tree scale: 0.0001 ——

Type MLST Time/day Patients

A4 @ 30 []a
A3 (O 8 e
YR 6
At () 1 O-
[ c2 O 1 @ Bloodstream
. cé . 8 (O Respiratory tract
cs @ 4 %
s O 15 MLST (Oxford)
O 1 2211
v @ 21 u
z O 7 W <eo
Lo @ 21 [ 195

Figure | Phylogenetic analysis of A. baumannii collected from respiratory tract carriage to bloodstream infection in three patients. The phylogenetic tree was constructed
based on core single nucleotide variants. The scale bar represented the number of nucleotide substitutions per sites. The colour of the outer of the trees denoted different
patient. The red circle denoted isolates from bloodstream and the white circle denoted isolates from respiratory tract. The sampling time interval was listed on the right, and

the first isolate in each patient was set day .

(Table S2). A complete list of all the genic mutations
differing between the isolates was given in Table 1.
Except for a hypothetical protein, the SNVs were found
in srpA, gspJ, srmB, fimV, scal, transposase, pilR, pcaJ,
tniA genes, which encode for organic peroxide-dependent
peroxidase, general secretion pathway protein, DEAD box
helicase family, Tfp pilus assembly protein FimV, phage-
related minor tail protein, transposase 1S66 family, sigma-
54 interaction domain protein, 3-oxoadipate CoA-transfer-
ase, and mu transposase, respectively. Two genes encode
the same protein, Tfp pilus assembly protein FimV. The
genes encoding for 3-oxoadipate CoA-transferase PcaJ and
Tfp pilus assembly protein FimV had the highest density
of SNVs. Two missense variants (Ile91Leu, Phe90Leu)
and one synonymous variant (Arg89Arg) were detected
in Pcal. One missense variant (Thr4Lys) and two synon-
ymous variants (Asp5SAsp and Aspl8Asp) were detected
in FimV.

The mean number of SNVs between consecutively
sampled isolates ranged from 0.67 to 8 for different
patients (Figure 2A). To assess whether the accumulation
of substitutions was time-dependent, we fitted a linear
regression model of the number of accrued substitutions
against the corresponding time (Figure 2B). In general, 4.
baumannii isolates accumulated mutations over time at
different rates in three patients. With the exception of
Patient C, who’s within-host substitution rate was
4.35114x107° SNVs site ' year ', the other two patients
showed lower within-host substitution rate ranging from
6.46753x10°¢ to 7.52486x10°° SNVs site ' year '
(Table 2). Oxford STs of Patient A (ST2211) and L
(ST195) belonged to clonal complex 208 (CC208), which
is the predominant CC in China. Isolates of CC208 had

similar substitution rate, and such within-host substitution
rate resulted in introducing approximately 29 substitutions
per year. Non-CC208 isolates showed faster substitution
rate (182.5 substitutions per year).

In two of three patients, intergenic SNVs occurred
more frequently than synonymous and non-synonymous
SNVs (Figure 2C). Five intergenic SNVs were identified
in patient C, including 2 upstream gene variants and 3
intergenic variants. In Patient L, we discovered a total of 5
intergenic SNV, comprising 3 upstream gene variants and
2 intergenic variants. Non-synonymous mutations mostly
occurred during the transition from respiratory tract car-
riage to bacteremia. In Patient A and C, non-synonymous
variants were only detected during the transition. In
Patient L, we discovered a total of 3 missense variants
among the respiratory tract isolates. Functional analysis
suggested that most of the mutations were in genes asso-
ciated intracellular trafficking, secretion, and vesicular
transport, DNA replication, recombination, and repair
and cell motility (Figure 2D).

Homologous Recombination During
Within-Host Evolution

Homologous recombination is the major driver of evo-
lution in bacterial pathogens. To identify or rule out the
occurrence of recombination, we aligned genomes of the
isolates from each patient to assess whether we could
identify genomic regions with high density of SNVs, a
well-known signature for recombination. We found evi-
dence of within-host recombination in one patient
(Patient L). The range of recombination blocks was
1-3, while the average number of SNVs within each
block was 14 (8-36) per recombination block. We then
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Table | The Genic Single Nucleotide Variants (SNVs) Found from Respiratory Tract Carriage to Bloodstream Infection in Three A.
baumannii Bacteremia Patients. SNVs of the Genomes Were Identified by Mapping Sequence Reads for Each Isolate Against the First
Isolates in Each Patient

Isolates Protein Name Description SNV Type Coding Region Change
Patient A
Al4 SrpA Has an organic peroxide-dependent Stop gained GInl13 gain stop codon
peroxidase activity
Al4 Gsp) General secretion pathway protein in Disruptive inframe Phel20_LysI21 insert Asn
T2SS insertion
Patient C
c2 FimV Tfp pilus assembly protein Missense variant Thr4lys
Synonymous variant Asp5Asp
C4, Cé FimV Tfp pilus assembly protein Synonymous variant Asp|8Asp
C4, Cé6 SrmB DEAD box helicase family Conservative inframe | His458_Ala459 insert ValVal
insertion LysValValLeuLysThrValHisVal
ValAlaSerValValLyslleValHisVal
AlaSerSerThrGInThrValHisVal
VallLysValValLeulysThrValGIn
AsnValAlaSerValValLyslleVal
ArgValAlaSerSerThrGinlle
ValHis
C4, Cé Hep Hag repeat protein Putative outer membrane protein A Upstream gene
variant
Cé DUF2236 domain- Function unknown Upstream gene
containing protein variant
Patient L
L6, L8, L10 Scal Phage-related minor tail protein Upstream gene
variant
L6, L7, L9, LI10 Transposase 1S66 family Transposase Missense variant Gly184Ser
L8, L9, L10 PilR Sigma-54 interaction domain Upstream gene
variant
L7, L8, L9, LI10 Pcaj 3-oxoadipate CoA-transferase activity Missense variant lle91Leu, Phe90Leu
Synonymous variant Arg89Arg
L7, LIO TniA mu transposase Synonymous variant LeuléLeu

assessed the ratio of imported SNVs via recombination
relative to random substitutions (#/m) and total recombi-
nation blocks relative to random substitutions (p/8),
which are widely used statistics for quantifying the
contribution of recombination to genomic diversifica-
tion. The »/m and p/f averaged across all phylogenetic
branches where recombination had occurred were 3.02
(0-26) and 0.35 (0-3), respectively.

Patient Specific Gene Content During

Within-Host Evolution

Gene content showed patient specificity. Only 1.2-9.4% of
the 4. baumannii gene clusters observed in a specific
patient (ie, the subject-specific pan-genome), and 88.5—
92.9% of gene clusters observed in all isolates of a specific
patient (ie, the subject-specific core-genome) were shared
between all three patients, and 0.6-6.4% of core gene
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Figure 2 Characteristics of single nucleotide variants (SNVs) from respiratory tract carriage to bacteremia in three A. baumannii bacteremia patients. SNVs of the genomes
were identified by mapping sequence reads for each isolate against the first isolates in each patient (Al for patient A, C2 for patient C, and L6 for patient L). (A) Within-host
genetic diversity. The plots showing the number of SNVs calculated between isolates within the same patient. (B) Within-host mutation rates. Linear relationship between
the number of accrued SNVs and sampling time was assessed using linear regression. (C) The genic and intergenic SNVs identified during within-host evolution. The letters
N, S and | stand for non-synonymous, synonymous and intergenic SNVs respectively. (D) Functional classification of genes with SNVs. The genes were analysed clusters of

orthologous groups functional categories.

clusters were entirely unique to a patient (Figure 3A and
B). A total of 259 genes were found to be gained or lost
during the within-host evolution, and 231 genes were only
detected in one patient (Figure 3C, Table S3). Gene func-
tion annotation results suggested that most genes (71/259)
were related to replication, recombination, and repair. Five
genes were altered in all patients, including three putative
membrane proteins, one transcriptional regulator, and one
type I secretion C-terminal target domain-containing pro-
tein. Eighteen unique genes were found to be gained or
lost in the bloodstream isolates of three patients, but most

of the genes had unknown functions (Table S3). The
number of bloodstream specific genes varied among
three patients (2—13). Universal bloodstream specific
genes were not found in all three patients, and only one
putative membrane protein related gene was lost in two
patients (Patient A and L).

Antibiotic resistant gene and virulence gene profiling
showed that most genes were consistent in each patient
(Figure S1). Only one isolate A2 contained the fosfomycin
resistance gene fosB4. The gene armA was only absent in
isolate L7. For virulence genes, only the bap gene showed
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Table 2 Within-Host Nucleotide Substitution Rates from Respiratory Tract Carriage to Bacteremia
Patient ID CC208 R? Estimate Substitution Rate SNV Year™'
A Y 0.9944 0.08647 7.52486%10® 31.56155
C N | 0.5 4351 14x107 182.5
L Y 0.8176 0.07432 6.46753x10® 27.1268

Notes: R? denoted coefficient of determination. The estimated value for the regression coefficient was expressed as SNVs per week. The substitution rate were expressed

SNWVs site ' year .

difference within isolates with the same ST. Isolates C4
and C6 had two biofilm-associated bap genes, while C2
had only one. These findings suggested a personalization
of gene content at the population level.

Discussion

A. baumannii bacteremia is a devastating public health threat,
with high mortality in vulnerable populations. The rate of
antimicrobial resistance in A. baumannii is increasing
alarmingly.>' Previous colonization with causative microor-
ganisms is significantly associated with bacteremia.'? Several
studies have suggested that colonization of the respiratory tract
or respiratory tract infection is a risk factor for 4. baumannii
bloodstream infection.>>33 However, there are few studies on
the phylogenomic analysis of respiratory tract and blood-
stream A. baumannii isolates from the same host.

Through pulsed-field gel electrophoresis, previous studies
have shown that nasal carriage is a source of Staphylococcus
aureus bacteremia.®* In recent decades, high-throughput
sequencing has facilitated understanding of bacterial molecu-
lar evolution of bacteremia within the host. The genomic
correlation between respiratory tract isolates and bloodstream
isolates has been reported in Staphylococcus aureus. Invasive
bloodstream S. aureus has been shown to emerge from a nasal
population of methicillin-sensitive S. aureus.>> By applying

comparative genomics to S. aureus bacteremia with sequential
invasive S. aureus isolates or paired colonizing isolates, pre-
vious studies have described specific patterns of S. aureus
diversity within the host. Isolates from persistent S. aureus
bacteremia have a distinctive molecular signature, charac-
terised by a low mutation frequency and high proportion of
non-silent mutations.>® One previous research has used com-
parative and functional genomics to identify and characterise
signals of vancomycin-resistant Enterococcus faecium adapta-
tion during gastrointestinal tract colonization and bloodstream
infection in immunocompromised paediatric hosts. Variants
have been shown to be enriched in genes involved in carbohy-
drate metabolism, and phenotypic analysis has revealed asso-
ciated differences in carbohydrate utilisation among isolates.>”
Another research has utilised whole-genome sequencing to
characterise E. faecium associated with stool carriage and
bloodstream infection in patients. A comparative genomic
analysis of related isolates in stool and blood of the same
patient has failed to reveal adaptive mutations associated
with invasive disease.® However, there are very few studies
on the origin and evolution of A. baumannii bacteremia within
the host. Therefore, we conducted this study to assess the
correlation between A. baumannii isolates from the respiratory
tract and bloodstream within the host. In our study, the genome
of bloodstream isolates was highly homologous to that of
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Figure 3 Characteristics of gene content in three A. baumannii bacteremia patients. Shared versus unique patient-specific core genes (A), pan genes (B), and gained or lost
genes (C). The blue, grey, and orange colours indicated genes shared among all patients, shared between two patients, and unique to one patient, respectively.
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respiratory isolates, suggesting that A. baumannii bloodstream
infection may originate from the respiratory tract. Our results
indicated that within-host evolution in A. baumannii bactere-
mia was driven by genic and intergenic mutations, gene con-
tent changes and limited effect of recombination. Blood
stream specific genes varied among three patients in our
study, which indicated patient-specific evolution of A. bau-
mannii bacteremia. Only one putative membrane protein
related gene was lost in two of three patients’ bloodstream
isolates, and biofilm formation assay showed decreased bio-
film formation ability in bloodstream isolates (data not
shown). Functions and mechanisms of the altered genes iden-
tified in this study need to be further explored. In our study,
within host diversity was identified, which suggested interplay
of both host and pathogen factors in within-host genetic diver-
sity. We found genic mutations in twelve genes. Genic evolu-
tion occurred particularly in secretion system related genes.
Four genes were related with secretion system, including srpA,
gspJ and two fimV genes. Besides, one type I secretion
C-terminal target domain-containing protein changed in all
three patients and was absent in two bloodstream isolates.
Protein secretion is a key virulence mechanism of pathogenic
bacteria. Secretion systems are required to transport proteins
across the cell membrane and play a role in virulence and
fitness.**** SrpA plays versatile regulatory functions by bind-
ing directly to the promoter region of the type III secretion
system and type VI secretion system.*' Gspl is general secre-
tion pathway protein of type II secretion system (T2SS). In the
bacteria Burkholderia cenocepacia, gspl is required for multi-
host pathogenicity in nematode Caenorhabditis elegans and
onions.*” There were few studies that have been conducted on
gspJ in A. baumannii. However, another T2SS gene gspD has
been found to play an important role in multihost pathogeni-
city. GspD is required for optimal virulence of A. baumannii in
Galleria mellonella larvae. Percent survival of larvae infected
with gspD deleted strain was significantly higher than that in
gspD wild type group.** In another study, mice were infected
intranasally with the wild type and gspD mutant to generate a
murine pneumonia infection model, and the mice infected
with gspD mutant showed lower lung colonization and pro-
liferation advantage.** FimV has been shown to interact with
T2SS protein Vir by a mechanism that acts as a modulator of
the Vfr level.” Recent studies have shown that the T2SS
supported survival of A. baumannii in a bacteremia mouse
model through extracellular secretion of a variety of enzymes,
including the glycan-specific metalloprotease CpaA. CpaA
interferes with blood coagulation through cleavage of factor
XII of the contact activation system. Preventing factor XII-

mediated generation of fibrin may allow A. baumannii to
escape containment by intravascular clots and to disseminate.-
46 T4SSs was involved in Helicobacter pylori adaptation to the
hostile environment in the human stomach.*’ Further research
is needed to clarify functions and mechanisms of secretion
system in A. baumannii during within-host evolution.

We have some limitations in this study. Since patients were
recruited after blood cultures were found to be positive for 4.
baumannii, colonizing A. baumannii isolates were available
only for a very small proportion of patients. Additionally,
because this study was retrospective study, sample collection
interval varied among different patients, which might miss
some information about genomic evolution from respiratory
tract carriage to bacteremia. A larger dataset and more com-
prehensive screening are required to determine whether the
findings described here can be more widely generalized.
Considering that we predominantly sequenced single colonies,
these might have failed to capture temporal dynamics of co-
colonizing strains, especially those present at low frequency.
Therefore, future prospective studies sequencing either multi-
ple colonies or better yet the entire culture will be required to
fully unravel within-sample genetic diversity and temporal
dynamics of the wild-type and recombinant variants.
Intergenic mutations and replication, recombination and repair
related gene content variations occupied a large proportion at
all stages, which indicated potential transcription or translation
regulation during within-host evolution of A4. baumannii.
Transcription level research should be carried out in future
work, since regulatory networks are important for survival of
A. baumannii within the host.*® Our study found genomic
variation characteristics in the evolution of the host, which
provided a theoretical basis for elucidating the occurrence of
A. baumannii bacteremia. However, in the process of interac-
tion between bacteria and host, the evolution of bacteria within
the host exhibited patient specificity. This showed that only
focusing on bacteria was not sufficient. The role of the host in
the evolution of bacteria cannot be ignored. This also requires
an in-depth research in the future.

Conclusion

Our findings showed within-host evolution of A. baumannii
from respiratory tract carriage to bacteremia with evidence of
adaptations through mutations in intergenic and genic regions
association with secretion system, DNA recombination, and
cell motility proteins. Gene content diversity between different
patients was identified, which suggested interplay of both the
host and pathogen factors on within-host genetic diversity.
Replication, recombination, and repair related genes were
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found to be gained or lost more frequently. Our findings
enhanced our understanding of within-host evolution of A.
baumannii bacteremia and provided a framework for disco-
vering novel genomic changes and pathogenicity genes impor-
tant for bacteremia that will be validated in future studies. We
hope that these findings can ultimately be leveraged to develop
more effective strategies for the treatment and control of 4.
baumannii bacteremia in vulnerable patient populations.
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