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Editorial on the Research Topic
Insights in Evolutionary and Genomic Microbiology: 2021

Recent advances in DNA sequencing and bioinformatics have shaped and accelerated recent
advances in all fields of microbiology (Gao, 2019; Kobras et al., 2021). Next-generation sequencing
(NGS) together with large-scale genomic comparisons allows, among others, identifying the extent
of genetic variability among related isolates and strains, and a more comprehensive analysis of
the evolution of adaptation, antibiotic resistance, and pathogenicity factors in clinically relevant
pathogens. In line with this, one study by Whaley et al. characterizes the capsule polysaccharide
synthesis genes in 1,514 isolates of Neisseria meningitidis by whole-genome sequencing (WGS).
This study shows that among meningococcal carriage isolates collected from student populations
at three US universities, several mutations allow the bacteria to switch between an encapsulated
and non-encapsulated state. The importance of this study lies in the fact that variations in capsule
polysaccharide synthesis may potentially result in polysaccharide-based meningococcal vaccine
escape. A second study by Manoharan-Basil et al. provides a current comprehensive overview of the
role that horizontal gene transfer (HGT) plays in the evolution of antibiotic resistance in Neisseria
gonorrhoeae by using WGS data comprising 20,047 isolates. This study focuses on the global spread
and emergence of fluoroquinolone resistance in gonococci and highlights the significant role that
HGT plays in transferring resistance from commensal Neisseria species to pathogenic Neisseria.

In a multinational and multicenter study by Topaz et al., authors present the phylogenetic
structure and comparative genomics of 410 invasive Haemophilus influenzae serotype a (Hia)
isolates. In addition to identifying genetic differences in virulence and antimicrobial resistance
genes and describing the phylogenetic structure of Hia, a genome-wide association study was
conducted in order to detect associations with clinical and epidemiological traits. They show that
very little of the phenotypic variation was due to the genetic variability present in the studied
population, at least for the variables analyzed. Another study by Yuan et al. presents a pan-genome
analysis of Laribacter hongkongensis, a potential emerging pathogen, which leads to the study of
the distribution of virulence and antimicrobial resistance genes among strains of different sources.
Authors assess the influence of the source and lineage of strains on pathogenicity risk, suggesting
that strains isolated from frogs may have a higher potential to become human pathogens.
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The increase in genomic information for some bacterial
species has allowed molecular taxonomy and environmental
adaptation to be studied in depth. For instance, the complete
genome of Acidiferrobacter thiooxydans is presented for the first
time in a work by Ma et al. (only a partial genome at NCBI
at the time of this publication). Analysis of this sequence and
comparative genomic studies reveal a unique phylogenetic
position and a genomic plasticity that contributes to the
environmental adaptation of these bacteria in extremely acidic
niches with high metal concentrations. In another study by
Kong et al.,, the complete genome of a new strain of Rahnella
victoriana also reveals new insights into its molecular and
genetic mechanism for promoting plant growth. Among the
beneficial features, the new genome carries genetic information
for indole-3-acetic acid production, volatile organic compound
biosynthesis, nitrogen fixation, phosphate solubilization,
siderophores, acetoin, l-aminocyclopropane-1-carboxylate
deaminase, and gamma-aminobutyric acid production.

In this Research Topic some studies use long-read WGS, a
third-generation sequencing technology, to generate genomic
data. Long-read techniques offer advantages over short-read
sequencing because they are well suited to the detection of
larger sequence changes such as structural variants and phased
variations, and they have the ability to span repetitive regions
(Amarasinghe et al., 2020). A study by Thibau et al. shows a
conserved genome sequence among eight Bartonella henselae
isolates and identifies a variable genomic island by using PacBio
single molecule real-time (SMRT) sequencing. In a second study
by Abdel-Glil et al., genome sequencing using the PacBio SMRT
method was used to establish phylogenetic relatedness and
the genome structure of Yersinia ruckeri isolates. Comparative
genomics shows that Y. ruckeri has unique genomic regions
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probably related to the pathogenesis of enteric redmouth disease
in fish.

Recent advances in the sequencing and analysis of bacterial
genomes have also shed light on the adaptive evolution
mechanisms. One study by Kurokawa et al. presents works
on experimental evolution in Escherichia coli strains with
different genome sizes with the aim to determine a connection
between genome reduction with adaptation to environmental
gradients and the contribution of mutations to bacterial fitness.
The results reveal a quantitative relationship among genome
reduction, adaptation, and niche expansion. A second study by
Zhao et al. focuses on genomic island evolution as important
adaptive traits in pathogenic or environmental bacteria. By using
comparative genomics, a new composite island was identified and
characterized in Shewanella putrefaciens carrying a functional
HipAB toxin-antitoxin system. Finally, another study by Garzén
et al. explored a novel in silico approach based on bacterial
genomic data to propose a minimal translational machinery
needed for protein synthesis. This information could contribute
to the design of synthetic cells for biotechnological purposes.
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infection that affects global aquaculture with high economic impact. The present study
used whole genome sequences to perform a comparative analysis on 10 Y. ruckeri
strains and to explore their genetic relatedness to other members of the genus.
Y. ruckeri, Yersinia entomophaga, and Yersinia nurmii formed a species complex
that constitutes the most basal lineage of the genus. The results showed that the
taxonomy of Y. ruckeri strains is better defined by using a core genome alignment
and phylogenetic analysis. The distribution of accessory genes in all Yersinia species
revealed the presence of 303 distinctive genes in Y. ruckeri. Of these, 169 genes were
distributed in 17 genomic islands potentially involved in the pathogenesis of ERM via
(1) encoding virulence factors such as Afp18, Yrp1, phage proteins and (2) improving
the metabolic capabilities by enhancing utilization and metabolism of iron, amino acids
(specifically, arginine and histidine), and carbohydrates. The genome of Y. ruckeri is
highly conserved regarding gene structure, gene layout and functional categorization
of genes. It contains various components of mobile genetic elements but lacks the
CRISPR-Cas system and possesses a stable set of virulence genes possibly playing
a critical role in pathogenicity. Distinct virulence plasmids were exclusively restricted to
a specific clonal group of Y. ruckeri (CG4), possibly indicating a selective advantage.
Phylogenetic analysis of Y. ruckeri genomes revealed the co-presence of multiple
genetically distant lineages of Y. ruckeri strains circulating in Germany. Our results also
suggest a possible dissemination of a specific group of strains in the United States,
Peru, Germany, and Denmark. In conclusion, this study provides new insights into the
taxonomy and evolution of Y. ruckeri and contributes to a better understanding of the
pathogenicity of ERM in aquaculture. The genomic analysis presented here offers a
framework for the development of more efficient control strategies for this pathogen.

Keywords: Yersinia ruckeri, genome, taxonomy, evolution, fish, enteric redmouth disease, phylogeny, cgMLST
and SNPs
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Genome Analysis of Yersinia ruckeri

INTRODUCTION

The genus Yersinia currently comprises 26 species with different
ecological habitats and pathogenicity. Yersinia ruckeri is a Gram
negative, rod shaped, facultative intracellular enterobacterium
and the causative agent of enteric redmouth disease (ERM),
a serious septicaemic bacterial disease of salmonids. Fish in
all stages of development are susceptible, resulting in a high
degree of mortality (Guijarro et al., 2018). The clinical picture
is characterized by hemorrhages in the skin and mucosa, as
well as exophthalmia, darkening of the skin, inflammation of
the lower intestine and splenomegaly (Kumar et al, 2015).
Phenotypically, strains can be distinguished according to their
biotypes (biotype 1 and biotype 2), serotypes (Ola, b; O2 a,
b, ¢; O3; and O4) as well as their outer membrane protein
(OMP) profiles (Romalde and Toranzo, 1993; Kumar et al,
2015; Wrobel et al., 2020). OMPs contribute significantly to
the composition of the outer membrane of Gram-negative
bacteria and play a major role in virulence. Studies on the
composition of the outer membrane proteome of Y. ruckeri
isolates from rainbow trout and Atlantic salmon revealed a
high degree of variation between strains (Ormsby et al., 2019;
Ormsby and Davies, 2021). Several pathogenicity factors have
been implicated in the virulence of Y. ruckeri strains, including
toxins, secretion systems, iron and amino acid utilization
systems, lipopolysaccharides, flagella and plasmids. The current
knowledge on virulence factors and infection pathways of
Y. ruckeri is outlined in recently published reviews (Guijarro
et al., 2018; Wrobel et al., 2019).

Yersinia ruckeri poses a serious threat to the global
aquaculture industry and infection can result in significant
economic losses. Disease management is currently based on
vaccination and antibiotic treatment. The first commercial
fish vaccine for ERM was a bacterin prepared from formalin
inactivated whole cells of Y. ruckeri and licensed in 1976.
However, outbreaks are being increasingly reported throughout
the world (Kumar et al, 2015; Wrobel et al, 2019). This
development of “vaccine breakthrough” strains necessitates
the design of new and more effective vaccines based on
data obtained from comparative genome studies. Moreover,
these studies can elucidate how fish pathogens spread and
evolve with aquaculture, help to create management strategies
to improve biosecurity and ultimately significantly reduce
financial losses (Ormsby and Davies, 2021; Yang et al,
2021).

Genome comparison studies enable detailed insights into
understanding pathogenicity and evolution of bacteria and help
to clarify transmission routes as well as the geographic spread of
pathogens. In this study, (1) we describe the genomic features of
ten circularized genomes of Y. ruckeri strains of mostly clinical
origin; (2) explore the genetic relatedness of Y. ruckeri within the
genus Yersinia by comparing our data with the genomic data of
90 representative strains of all validly published Yersinia species;
(3) describe the comparative phylogenetic analysis and in silico
virulence profiling of the ten sequenced strains with published
genomes of 67 Y. ruckeri strains.

RESULTS

Yersinia ruckeri Strains and Genome

Sequencing
Ten Y. ruckeri strains of predominantly clinical origin, i.e.,
diseased fish were characterized by traditional bacteriological
methods and sequenced using Pacific Bioscience and Illumina
MiSeq platforms. These included seven strains from Germany
isolated between 2005 and 2011, two strains isolated in
Scotland in 1999 and 2007, and the Y. ruckeri type strain
(DSM18506/ATCC 29473; here: 16Y0180) (Tables 1, 2).
Genome sequencing using the Pacific Bioscience SMRT®
method produced on average 80,586 reads (70592-92078) and
900,928,849 bases (632,133,554-1.276,956,896) per strain with
a mean sequencing depth of 178-fold (129 to 248-fold). The
mean read length was 9,065.3 bp (1007-14225 bp) and the
mean N50 value of the reads was 14929.9 bp (10855-19303 bp)
(Supplementary Table 1). Sequencing using Illumina MiSeq
generated on average 1,371,836 paired-end reads (664,572-
2.680,262) and 364,034,507 bases (180,017,799-686,936,084)
accounting for a mean theoretical sequencing depth of 98.4-
fold (48.6 to 185.6-fold) based on the length of the reference
Y. ruckeri genome, Big Creek 74 (accession GCF000964565.1)
(Supplementary Table 1).

Overview of Features of Circularized

Y. ruckeri Genomes

Genome Description

Sequenced genomes were assembled de novo and the resulting
circularized genomes were iteratively polished with Illumina
reads to obtain finished genomes with high fidelity (see
section “Materials and Methods”). The complete genome of
Y. ruckeri revealed a single circular chromosome with several
distinct features (Supplementary Figure 1). The structure of the
chromosomes was characterized by a high level of conservation
between the strains with regard to genome length, GC content,
RNA genes and coding capacity. The size of the chromosome
ranged between 3.67 and 3.81 mega bases (Mb) with an average
GC content of 47.5% (Supplementary Table 1). The density of
coding DNA sequences (CDS) averaged 84.2% (84.02-84.46%)
with total annotated CDS features averaging 3374 (3267-3460)
per genome and average gene size of 939 bases (90-12,159 bp).
The chromosome of Y. ruckeri contained 81-84 tRNA genes
and seven ribosomal RNA operons comprising 16S, 23S,
and 5S rRNA genes (Supplementary Table 1). The genome
of the Y. ruckeri strains exhibited a comparatively high
number of pseudogene candidates, which comprised on average
5.7% (4.4-7.1%) of the total number of coding sequences
(Supplementary Table 1). Of the predicted pseudogenes, 40-50%
of the pseudogenes represented fragmented CDS while 17-24%
represented truncated genes.

Gene Layout
A comparison of the gene layout in the chromosome of the ten
strains revealed a collinear genome with a limited frequency of
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TABLE 1 | List of Yersinia ruckeri strains sequenced in this study.

Strain number Alias Host Isolation Origin
Year
16Y0180 Type strain (DSM18506/ATCC 29473) Rainbow trout - Idaho, United States
17Y0153 G181 Rainbow trout 2008 North Rhine-Westphalia, Germany
17Y0155 L T13-1/0811 Rainbow trout 2011 North Rhine-Westphalia, Germany
17Y0157 178-1/05 Brown trout 2005 Lower Saxony, Germany
17Y0159 285-1/05 Pike 2005 Lower Saxony, Germany
17Y0161 111-1/05 2005 Lower Saxony, Germany
17Y0163 1521/11 Rainbow trout 2011 Hesse, Germany
17Y0189 KP6 Rainbow trout 2011 North Rhine-Westphalia, Germany
17Y0412 MT2209 Atlantic salmon 1999 Highlands, Scotland, United Kingdom
17Y0414 MT3187 Atlantic salmon 2007 Western Isles, Scotland, United Kingdom
TABLE 2 | Phenotypic characterization of the ten Yersinia ruckeri strains.
2 - @
£ =d U] [

g 8 3 w s 8 R 8 5

s 2 £ 2 =] 3 c c o o £ 9 2 S

s § § 3 s s § § 8 E 8 B e £ 9
Strain number Biochemical 8 S & = = E 0] g 2 X 2 &§ 56 & = 3 o g

identification

16Y0180 Y. ruckeri - + - rods + 1105100 + nd nd - nd - + nd - nd nd
17Y0153 Y. ruckeri — 4+ — shortrods — 530710017  +/— - - - + 4+ + + + - +/+4+ nd
17Y0155 Y. ruckeri - 4+ — shortrods 4+ 530710057 +/— + + - + + - + 4+ - 44 nd
17Y0157 Y. ruckeri - + — shortrods + 530750057 +/— @+ + - - 4+ 4+ 4+ - 4+ ++ o+
17Y0159 Y. ruckeri - 4+ - rods +  B30570057 +/— + + — + - 4+ + - + nd nd
17Y0161 Y. ruckeri - 4+ — shortrods 4+ 530750047 +/— + + - + 4+ + + - + 44 nd
17Y0163 Y. ruckeri - + — shortrods + 530750057 +/— @+ + - + + + + - + +/+4 nd
17Y0189 Y. ruckeri -+ - rods — 5107100 + nd nd - nd 4+ - + nd - nd nd
17Y0412 Y. ruckeri -+ - rods + 5107100 + nd nd - nd 4+ - + nd - nd nd
17Y0414 Y. ruckeri -+ - rods + 5107100 + nd nd - nd 4+ - + nd - nd nd

CO: cytochrome oxidase reaction; VVP: Vioges-Proskauer test; MR: methyl red test; OF-F/O: Oxidation-Fermentation; nd: not determined.

gene rearrangements in the majority of strains. In two strains,
17Y0161 and 17Y0163, a large segment of the chromosome
(~3 Mb) was symmetrically inverted relative to the replication
fork (Figure 1) and was flanked by rRNA operons.

Functional Annotation of Genes

Functional annotation of the chromosomal genes using the
Clusters of Orthologous Groups (COGs) classification scheme
showed no significant variation between the distribution
patterns of the COG groups among the genomes (standard
deviation per COG group between genomes ranged from 0.8
to 12 genes; Supplementary Table 2). More than 90% of
the genes were assigned to a specific COG group including
the 18% of genes belonging to the COG category “S;
function unknown.” Of the genes annotated with known
functions, the majority (45-47%) belonged to the “metabolism”
group followed by the “cellular processes and signaling” (29-
30%) and the “information storage and processing” (23-
24%) groups (Supplementary Table 2). Some COG groups
occurred with higher frequency such as the “amino acid
transport and metabolism; group E” (20%), the “transcription,
cell wall/membrane/envelope biogenesis; group M” (17%) and
the “intracellular trafficking, secretion, and vesicular transport;

group U” (15-17%). Contrariwise, only a few genes (~2%)
were assigned to the COG group “defense mechanisms”
(Supplementary Table 2).

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and Mobile Genetic Elements

No CRISPR-Cas regions were detected in any of the sequenced
genomes. Therefore, the mobile element structures in the
genomes i.e., plasmids, phages and insertion sequences were
analyzed in depth. Seven of the ten genomes contained
plasmids; six genomes contained a single plasmid and one
genome three plasmids (Supplementary Table 1). By applying
the Hadamard matrix, which combines values of percentage
identity and alignment length between plasmid genome pairs,
the nine plasmids could be allocated to six plasmid types.
A 103 kb plasmid was present in four genomes while
the other three genomes carried distinct plasmids of 23.8,
28.7, 59.4, 83.7, and 85.1 kb, respectively. The number
of coding sequences varied between 25 and 101 CDS per
plasmid. Most of the plasmid genes encoded hypothetical
proteins. The COG annotation revealed that the function of
30% of the well-characterized plasmid genes was related to
“replication, recombination and repair.” Functions related to
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metabolism were poorly represented in the plasmid genes
(Supplementary Table 3).

Integrated and complete phages were predicted in the
chromosome of nine strains based on PHASTER classification
with a phage completeness score between 100 and 150 (Arndt
et al, 2016); six strains were predicted to contain two
phages, two strains to contain three phages and one strain
to contain four phages (Table 3). Nine phage types were
predicted in total. Each analyzed Y. ruckeri strain displayed

a unique combination of prophages (Table 3). However, the
phage “Salmon 118970 sal3” (NC_031940) from the Myoviridae
family was present in eight strains (Table 3). Salmon 118970
sal3 has been reported in different bacterial species such as
Salmonella Typhimurium and Escherichia coli, and was found to
exhibit lytic activity against Salmonella strains (Paradiso et al.,
2016). The GC content of the predicted phages was generally
different to that of the Y. ruckeri genome, ranging between
45.1 and 49.8%.

TABLE 3 | Summary of mobile genetic elements in the complete genomes of the ten Yersinia ruckeri strains.

Insertion sequences*

Intact phages in the chromosome (number, GC content%)**

3
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= © [+ < > [8) - (=] 8
0 2 o o [ ] | = =] Lo | 8
3 2 o S, & S %) ! S S ?) |
8 £ ] o) S S =z - Q oo z [¢)
(7] S = | | | = 12
S e = = § = ¢ ¢ &8 8 3 g8 3 i
S 1B o o 3 ® ° N z 2 < s @S S by
- 8 & o § 1 g 3 5 5 w = 2 z - S o i >
Strain @ @ @ 9@ @ 9@ 0 [= o 5} 17 17 w B 7] -2 »n o Length of
number predicted phages
16Y0180 3 121 25 0.94 1 1 33.4- and 35.4-kb
(49.8%) (46.2%)
17Y0153 3 1 18 1 23 0.84 1 1(47.1%) 383.3- and 66.5-kb
(49.8%)
17Y01565 3 18 21 0.79 1 1(47.8%) 33.4- and 51-kb
(49.8%)
17Y0157 1 3 111 16 0.56
17Y0159 1 5 12 1 5 24 0.85 1 1(49.2%) 1 (47.2%) 53. 5-, 43. 4-, and
(45.1%) 38.9-kb
17Y0161 2 9 1 12 0.46 1 1(47.8%) 47.9- and 46.4-kb
(49.2%)
17Y0163 3 6 9 0.35 1(48.8%) 1 45.9- and 30.8-kb
(48.7%)
17Y0189 3 18 21 0.79 2474 51- and 33.3-kb
and
49.8%)
17Y0412 3 1 14 A1 19 0.7 1 1(48.9%) 1 (48.5%) 1 35.6-,41.9-,44. 9-,
(47.3%) (48.5%) and 50.1-kb
17Y0414 3 1 14 18 0.64 1 1(48.5%) 1 34.1-,44.9-, and
(47.4%) (48.5%) 50.1-kb
*Only complete insertion sequences are reported. *PHASTER completeness score 100-150.
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FIGURE 1 | Multiple genome alignment with progressiveMauve for the 10 Yersinia ruckeri strains relative to the type strain (16Y0180; DSM 18506); Syntenic
homologous regions between strains are shown as colored blocks with a similarity profile corresponding to the average conservation of sequences within the blocks.
Homologous blocks are displayed in matching colors and connected by vertical lines. Blocks placed below the center line are in inverse orientation. Regions outside
the blocks represent unique DNA regions in the genomes. The scale is in base pairs.
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Nine to twenty-five insertion sequences (IS) between 13 and
34 kb in size were predicted for each chromosome (Table 3),
representing a variety of IS families, i.e., IS1, 1S200/1S605, 15256,
1S3, 1S481, IS5, and ISL3. Most of the observed IS elements
belonged to the IS3 family accounting for 50 to 85% of the total
number of insertion sequences per genome (Table 3).

Comparative Analysis of Y. ruckeri to the

Genus Yersinia

In order to explore the genetic relationship of the Y. ruckeri
strains with the genus Yersinia, we additionally downloaded
the genome sequence data of 90 strains representing the 26
currently validated Yersinia species (Savin et al., 2019; Le Guern
et al., 2020; Nguyen et al, 2021). Reference genomes in the
RefSeq database and the genomes of the species type strains
were prioritized during data retrieval from NCBI. The genomic
features of the downloaded WGS data are summarized in
Supplementary Table 4.

16S rRNA Gene Analysis

The rRNA genes were extracted from the ten sequenced Y. ruckeri
genomes. The rRNA genes were present in seven almost identical
copies across the genome with a sequence similarity of 99-100%.
Phylogenetic analyses of the 16S rRNA region of the 10 Y. ruckeri
strains and the representative Yersinia species (n = 88) showed a
clear separation of Y. ruckeri from the other Yersinia species of
the genus, with all Y. ruckeri strains clustering in a monophyletic
lineage (Supplementary Figure 2). The 16S rRNA genes of
Y. ruckeri were highly conserved and showed more than 99.1%
sequence identity (Supplementary Table 5). Based on 16S
rRNA gene analysis, the closest related species to Y. ruckeri is
Yersinia kristensenii with an average nucleotide similarity of 99%
(Supplementary Table 5).

Genomic Average Nucleotide Identity

The genomic average nucleotide identity (gANI) was estimated
by performing a pairwise alignment of genome stretches
with MUMmer (Pritchard et al, 2016). The ANI values
between the Y. ruckeri strains averaged 99% which exceeded
the 95-96% ANI cut-off generally used to define species
boundaries (Richter and Rossello-Mora, 2009; Supplementary
Figure 3A). In contrast, ANI values between the Y. ruckeri
strains and the different Yersinia species averaged around
84% nucleotide similarity (Supplementary Figure 3B). The
alignment fraction used to estimate nucleotide identity, ranged
between 15 and 100% (Supplementary Figure 3C). Sequence
alignment fractions encompassing more than 50% of the
genome grouped the 26 Yersinia species into three distinct
species complexes (Supplementary Figure 3C and Figure 2).
Y. ruckeri, Yersinia entomophaga, and Yersinia nurmii form
species complex 1 while species complex 2 contains Yersinia
similis, Yersinia pseudotuberculosis, Yersinia pestis, and Yersinia
wautersii. Species complex 3 includes all other Yersinia species
(n = 19) (Figure 2). The independent ANI algorithms FastANI
and Microbial Species Identifier (MiSI) corroborated these results
(Supplementary Table 6).

Core-Genome-Based Phylogeny

The soft-core genome encompasses 2,002 genes (2,046,925 bp)
present in over 95% of the Yersinia genomes. The consensus
SNP positions comprise 25% (n = 512,502) of the concatenated
gene alignments, with 96% (n = 491,746) of them parsimony-
informative. The phylogenetic analysis based on the core
nucleotide alignment was performed by inferring a mid-point
rooted maximume-likelihood tree (Figure 2). The branching
pattern of the phylogeny was consistent with the ANIT results,
showing that the species of this genus grouped into three
monophyletic lineages corresponding to the three species-
complexes (Figure 2), with Y. ruckeri belonging to species
complex 1. This species complex constitutes the most basal clade
that roots the Yersinia genus (Figure 2).

Core Genome Multilocus Sequence Typing Allele
Typing

Allele typing of the core genome was applied to our data
(February 2021) using the recently published Yersinia core
genome multilocus sequence typing (cgMLST) scheme (Savin
etal., 2019). Two genomes (17Y0153 and 17Y0155) were assigned
to the core-genome sequence type (cgST) 435. The results also
showed that 13 of the 500 cgMLST loci were consistently absent
in all ten Y. ruckeri genomes. A minimum spanning tree based
on the allelic profiles of the 100 analyzed Yersinia strains revealed
long allelic distances for the 500 loci among the genomes
(Figure 3). Distance thresholds defining a Yersinia species on
genus-based cgMLST were found to vary greatly between the
species as previously described (Savin et al., 2019). Based on allele
typing of the cgMLST scheme, the Y. ruckeri genomes grouped
together, with pairwise allelic differences varying between 2 and
434. However, the allelic distances to the neighboring species
were 476 to Y. entomophaga, 479 to Yersinia rohdei, 480 to
Yersinia aldovae and 481 to Y. pestis.

Distribution of Accessory Genes

Next, we sought to identify the genes that are significantly
associated with the Y. ruckeri species. We calculated a
pangenome of 25,498 genes for the 100 Yersinia strains, of
these 23,496 corresponded to accessory genes. A pan-genome-
wide association study (GWAS) approach identified 34 genes
significantly underrepresented in Y. ruckeri compared to
the other Yersinia species (100% sensitivity and specificity,
see section “Materials and Methods”) (Supplementary
Table 7). The missing genes coded predominantly for
putative transporter proteins. Contrariwise, 303 genes had
a statistically significant association with Y. ruckeri and their
uniqueness was confirmed using BLASTN at 90% identity
and 80% coverage (Supplementary Table 7). The COG
annotation assigned the majority of genes to metabolism
(n = 103), cell wall/membrane/envelope biogenesis (n = 30),
intracellular trafficking, secretion and vesicular transport
(n = 26), transcription (n = 20), and cell motility (n = 11)
(Supplementary Table 8). Ninety-three genes were predicted
to encode cytoplasmic proteins, 113 to encode cytoplasmic
membrane proteins, 4 to encode extracellular proteins.
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FIGURE 2 | Phylogenetic relationships within the genus Yersinia. (A) Maximum likelihood (ML) phylogenetic analysis based on the core protein alignment with the
inclusion of strain Actinobacillus pleuropneumoniae as an outgroup strain (strain S4074, accession NZ_CP030753.1). (B) A heat map showing the alignment
coverage for nucleotide identity calculation. (C-E) ML phylogenetic analysis based on the core nucleotide alignment of 2,002 genes (2,046,925 bp) present in more
than 95% of the investigated 100 strains. The panels (C-E) correspond to species complex 1, 2, and 3, respectively. Branch coloration refers to the bootstrap
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Of the 303 Y. ruckeri-specific genes, 169 were arranged into
17 gene clusters/regions (1.5-49.6 kb). The largest genomic
region (49 kb) included genes predominantly involved in protein
utilization e.g., the Y. ruckeri protease 1 (Yrpl)-encoding operon
that comprises yrpl, encoding for serralysin metalloprotease
(EC 3.4.24.40), inh for a protease inhibitor and yrpD, yrpE,
and yrpF for type I ABC protease exporters. In addition, genes
encoding for histidine utilization proteins were predicted

including EC 3.5.1.68 (N-formylglutamate deformylase),
EC 3.52.7 (Imidazolonepropionase), histidine utilization
repressor, EC 3.5.3.13 (Formiminoglutamic iminohydrolase),
and HutD. Furthermore, an operon encompassing five successive
genes putatively involved in the arginine succinyltransferase
(AST) pathway for arginine metabolism, were predicted
including EC 2.6.1.81 (succinylornithine transaminase),
EC 2.3.1.109 (arginine N-succinyltransferase), EC 1.2.1.71
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FIGURE 3 | Minimum spanning tree of the genus-based cgMLST for Yersinia strains. The dataset includes 90 representative genomes of 26 different Yersinia species
as well as the ten strains sequenced in the study. Allelic profiles were calculated using the Genome Comparator function of BIGSdb. Nodes (circles) were colored
according to species. Each node corresponds to a single core genome ST. The size of the node corresponds to the number of strains. The number of different
alleles is shown on the branches (lines) between the nodes. Branches represented by dotted lines indicate more than 200 allelic differences between the strains.
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. Yersinia thracica [1]

. Yersinia vastinensis [1]

(succinylglutamate-semialdehyde dehydrogenase), EC
3.5.3.23 (N-succinylarginine dihydrolase), and EC 3.5.1.96
(succinylglutamate desuccinylase). A gene encoding an OMP
complex (OMPC) was found between the arginine and histidine
utilization operons. No mobile elements were detected in this
large genomic region.

The virulence gene of the antifeeding prophage 18 (AfpI8)
was detected in the second largest genomic region (30 kb).
Further downstream, the transposase gene IS285 bordered Afp18.
Three additional genes with similar “left” orientation bordered
by a transposase gene, ISKpn20 of the IS3 family, were found
upstream of Afpl8 suggesting a putative operon structure. In
the type strain, the Y. ruckeri invasin-like molecule (yrIlm)
was located upstream of this genomic region and flanked
by the ISEc39 transposase gene of the 1S256 family. Phage
proteins representing an incomplete phage of 7.7 kb were also
predicted. This incomplete phage was similar to the Bacill_ BCD7
phage (NC_019515).

The third genomic island (30 kb) included several genes
encoding for a phosphotransferase system (PTS) involved in the

uptake of carbohydrates (transport of N-acetylgalactosamine)
by catalyzing the phosphorylation of sugar substrates. Three
genes encoding sialidases flanked this region; two genes for
N-acetylneuraminate epimerase (EC 5.1.3.24) and one gene for
N-acetylneuraminic acid outer membrane channel protein NanC.
An ISSprl transposase of the IS3 family was located downstream
of the sialidase genes. A PTS system was additionally predicted in
a further 25 kb genomic island. The latter harbored a cold-shock
protein belonging to the CSP family.

A 21 kb gene cluster was detected comprising 15 genes,
primarily involved in iron transport including a catechol
siderophore system known as ruckerbactin, an important
pathogenicity factor for Y. ruckeri infection in fish. A further
20 kb-genomic region was flanked by TnBth2 transposase of
the Tn3 family. This region included three homolog genes
to the SsrAB two-component regulatory system present within
the Salmonella pathogenicity island (SPI-2). SsrAB is essential
for survival and replication within host immune cells. Two
type II secretion systems previously described in the genome
of Y. ruckeri strain SC09 were detected in association with
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two genomic regions; one thereof was flanked by an ISSprl
transposase gene. However, the two T2SS systems were not
exclusively present in Y. ruckeri genomes. Supplementary
Table 9 lists the composition and predicted annotation function
of the identified Y. ruckeri-specific gene clusters.

Comparative Analysis of Y. ruckeri

Y. ruckeri Pangenome

To explore the diversity of the species Y. ruckeri, the sequence
data of the ten Y. ruckeri strains sequenced in this study
were combined with 67 Y. ruckeri genomes from prior studies
(Supplementary Table 10). A total of 263,461 protein-coding
sequences was present in the 77 strains. The pangenome
analysis clustered the coding sequences into 5,655 gene clusters
corresponding to the entirety of non-redundant genes. The core
genome comprised 52% of the pangenome genes; 2,955 genes
(2,892,182 bp) were present in more than 95% of the strains and
2,752 genes were present in all strains. A divergence of 2.4% was
observed in the core genome for Y. ruckeri. SNP sites in the
core orthologous genes covered 68.5 kb. The accessory genome
comprised 2,700 genes distributed in less than 95% of the strains.
Of these, 794 genes were strain-specific i.e., exclusively present in
one strain. The pangenome was in its open form as previously
demonstrated (Barnes et al., 2016). The trajectory pattern of
the curve depicting the pangenome increased by adding more
genomes. This openness was confirmed (Bpan = 0.25) by applying
the regression models proposed by Tettelin et al. (2008). A limited
reduction in the size of the core genome was observed. The
core genome accounted for 85.3% of the coding sequences
in the Y. ruckeri genome (n. CDS = 3,225, Big Creek 74,
NZ_CP011078.1), while the core versus pangenome ratio was
48.6%. Supplementary Figure 4 shows the trending pattern
of the pangenome increase versus core genome decrease with
sequential addition of genomes. The curve representing the
new gene detection did not converge to zero, with new genes
continuously contributing to the expansion of the pangenome.

Core Genome Phylogeny

Parsnp alignment followed by Gubbins-based filtration of loci
with elevated densities of base substitutions identified 60,309
core SNP sites that represented putative point mutations outside
recombination regions. One to 157 putative recombination
blocks were identified containing five to 9,514 SNPs. The ratio of
SNPs within recombination to the SNPs outside recombination
(r/m) was 0,128, indicating a low effect of homologous
recombination on the population diversity of Y. ruckeri. The
core genome SNPs included a remarkable accumulation of non-
synonymous variations (n = 58,972 SNPs) changing the amino
acid sequence and possibly altering protein function. 17,336 SNPs
represented silent (synonymous) gene changes, 13,768 SNPs were
present in the intergenic regions while 733 SNPs were in other
structures such as RNA.

The ML phylogenetic tree generated using RAXML based
on non-recombinant SNPs is shown in Figure 4 along with a
heat map of pairwise SNP differences between all genomes. The
genome of strain YRB was the most distant in the phylogeny.
The other strains were grouped into three phylogenetic lineages.

Lineage 1 previously described by Barnes et al. (2016) contained
strains from Norway, Australia, China, and New Zealand. This
lineage included two additional strains from Scotland and one
strain from Germany. Three further strains from Germany were
placed in lineage 2. Lineage 3 encompassed four strains, three
from Germany and one of unknown origin. The German strains
exhibited pairwise SNP distances averaging 4,037 SNPs, while the
two strains from Scotland displayed only four SNPs.

Grouping the strains on fewer than 50 recombination-purged
pairwise SNPs revealed the presence of six clonal groups (CG)
with specific geographic associations. CG1 contained strains from
Scotland, CG2 from Australia, CG3 from New Zealand, CG5
from both Australia and New Zealand, and CG6 from Australia,
with the exception of one strain from Chile. CG4 included strains
from the United States, Germany, Peru, and Denmark.

Virulence Genes in Y. ruckeri

Comparative analysis of virulence genes revealed the presence
of a stable set of virulence factors in all Y. ruckeri strains
(Figure 5). These include toxin genes for the extracellular Yrpl,
Y. ruckeri peptidases (YrpAB) and Y. ruckeri pore forming toxin
(yhIBA) as well as the Afp18. Additionally, the ZnuABC operon
encoding a zinc binding protein and the BarA-uvrY regulator
two-component systems were detected in all strains, as well as
the cdsAB operon important for cystine transport and utilization,
the flhDC operon involved in the regulation of the flagellar
secretion system, and IpxD involved in lipid A biosynthesis. All
these factors have previously been shown to be linked to the
pathogenicity of Y. ruckeri (Wrobel et al., 2019). The recently
described invasion gene Y. ruckeri invasin (yrInv) (Wrobel et al.,
2018a) was detected in 20 strains.

The secretion systems described in strain SC09 included a type
III secretion system (T3SS). Two type II secretion systems (T2SS;
Ystl and Yst2) were detected in all strains with the exception
of strain OMBLA4.

Strains belonging to CG4 as well as strain NHV3758 carried
additional virulence factors, the type IV pili system encoded
by the pil operon and the type IV secretion system encoded
by the tra operon. As previously reported, these elements are
located on a large (80-103 kb) potential virulence plasmid
(Wrobel et al., 2018Db).

DISCUSSION

Exploring the Evolutionary Relatedness

of Y. ruckeri to the Genus Yersinia

The present study performed a comparative analysis on the
genomes of the fish pathogen Y. ruckeri and explored its
phylogenetic relatedness to the further members of the genus
Yersinia. The results showed that the taxonomic assignment
of Y. ruckeri could be achieved by different approaches
including 16S rRNA gene analysis and whole genome-based
methods such as ANI estimation, cgMLST and core genome-
phylogenetic analysis. Though these approaches were congruent,
analysis of the genus core genome provided a more robust
phylogenetic framework for accurate delineation of the species’

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 782415


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

Abdel-Glil et al. Genome Analysis of Yersinia ruckeri
A 01—
YRB
Country of isolation Clonal groups
() Australia O ca
@ chile © cG2
g @ china @ cG3
S
5 2 s @ Denmark O cca
5 & @ Finland @ cos
Lineage 33 ose ® © g © Germany @ cGs6
°
L [ w275 © New Zealand - .
L’H'v"éiés' Pairwise SNP distances
Norwa I
ots | @ torvay 0
—|Lineage 1- s O Pperu
12-3871-3E 5
é(l:;t:GG-A | . UK 10
i @ ush
AHL2 15
Big-Creek-74
Nerc10476 20
ATCC-29473 n
A hetca 25
Lineage 2= Sohm-0-8-8085 30

00-1793-k2
01-0230-7
97-0226-1-vc
02-0981-4br
91-4316
92-5354-1
90-0961-C9

17Y0155 @
17Y0153
FMV-22 L
150 |
17Y0189 @
89-3717-10
Feb-00
00-1445
AHL3

AHL1

AHL7

AHL6

AHLS

88-3873
88-3837
89-4243
88-4281-4

87-3421-5P
91-4311-A1
90-4316
Mar-05
96-5134-k
95-4881-1
00-0652-K3
Feb-68
01-0298
04-2640-8k
37551 [ |
05-0285-1K
QMA0440
07-3342-1k
07-3642-5kb
07-3828-6E
04-1779
05-0297-5eye
02-0972-2br
00-2994
04-1749
93-1038-1
09-0217-5k
14-0125-1k
08-0188-3K

0.01

0% 100%
j— |

100 resampled trees.

FIGURE 4 | Phylogenetic relationships of the Yersinia ruckeri genomes based on whole-genome SNPs after filtering regions with high SNP density using Gubbins.
(A) Maximum likelihood phylogenetic analysis based on 77 strains showing strain YRB as the most distant to the other investigated Y. ruckeri genomes presented
with collapsed clade. (B) Maximum likelihood phylogenetic tree based on 76 Y. ruckeri strains including the 10 strains (red dot) sequenced in this study. The three
lineages described in the text are highlighted. Plotted next to the phylogenetic tree are the country of isolation, the clonal groups identified based on less than 50

pairwise SNP, and a heat map showing the SNP distances between each pair of genomes after filtering possibly recombinant regions. The branching pattern was
generated by the maximum likelihood method as implemented in the RAXML program. Branch coloration refers to the bootstrap support based on the analysis of

35
40
45
50

genetic relatedness. The large core-nucleotide genome alignment
(~2 Mb) predicted with the Panaroo pipeline provided a
matrix for the super resolution phylogenetic analysis of the
genus Yersinia. Analysis of the classical 16S rRNA marker

did not correctly identify the closest relatives to Y. ruckeri
necessitating careful interpretation of 16S rRNA results. Our
results also showed that genome alignments and phylogenetic
analyses are more informative and discriminatory than the
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whole genome allele typing system implemented in the genus-
wide cgMLST scheme (Savin et al., 2019). Despite the fact that
cgMLST provides portable isolate data easily exchangeable via a
centralized database, the application of cgMLST allele typing to
define species boundaries can be challenging. The Yersinia genus-
wide scheme comprises a limited number of loci (500 genes),
hence genetic diversity and true inter-strain distances are not well
represented above certain thresholds, which may cause problems.
The cgMLST system is very sensitive to assembly artifacts by
falsely increasing allelic distances. Our results show that the
phylogenetic analysis of core genome alignments is a robust
approach that complements the average nucleotide identity
results (Chung et al., 2018). The combination of both methods
provides a stable scheme for delineating Yersinia species. The sole
application of allele typing or 16S rRNA gene marker analysis
requires caution during data interpretation.

Genomic analyses of bacterial pathogens revealed variable
evolutionary processes that possibly influenced bacterial lifestyle
and led to specialization in specific ecological niches. Y. ruckeri
has arguably been discussed as a fish-restricted pathogen
but the underlying genetic mechanisms and signatures of

adaptation remain to be elucidated. In many bacteria, expansions
of repetitive insertion sequences, large-scale chromosomal
rearrangements and the high frequency of pseudogenes have
been associated with narrow niche specialization as seen in e.g.,
Shigella (Feng et al., 2011), Streptococcus agalactiae (Almeida
etal., 2016), and Y. pestis (Reuter et al., 2014). Although genomic
analyses on the structure and layout of genes in Y. ruckeri
revealed conservation and low incidence of chromosomal
rearrangements, Y. ruckeri showed various mobile genetic
elements. Moreover, Y. ruckeri displayed pseudogenization in
the form of gene fragmentation and truncation most likely due
to internal stop codons. These genetic changes possibly disrupt
gene transcription and translation, contributing to genome
streamlining via removal of genes whose functions are no longer
required (Feng et al., 2011). However, in Y. ruckeri, pseudogenes
and insertion sequences were not as pronounced as in other
Yersinia spp. notably Y. pestis (Chen et al.,, 2010), indicative
of a different evolutionary pathway. The small genome size of
Y. ruckeri relative to other Yersinia species is similar to other
aquatic bacteria with reduced functional repertoire. Previous
studies corroborate our findings, e.g., the absence of genes
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encoding for urease, methionine salvage, B12-related metabolism
and myo-inositol degradation in Y. ruckeri (Chen et al., 2010;
Tan et al., 2016).

The pattern of gene presence/absence in the accessory genome
was in close agreement with the core genome phylogeny, possibly
indicating concurrent co-evolution of Yersinia core genomes
with acquisition and loss of genes. This is in agreement with
a previous study (Tan et al., 2016) describing limited influence
of lateral gene transfer on Yersinia phylogeny. In our study, we
performed a GWAS analysis to identify differentially present
genes in 100 representative Yersinia genomes. Although the
selected genomes represented all validated Yersinia species, they
may not have captured the diversity of this genus. Nevertheless,
our analyses revealed the distinctive presence of 303 additional
genes in Y. ruckeri. These genes were predicted to encode (1)
virulence factors such as Afpl8, Yrpl and phage proteins and
(2) metabolic enzymes involved in the utilization of iron, amino
acids, specifically arginine and histidine, as well as carbohydrates.
These factors are involved in the pathogenesis of ERM. Most
of these genes were arranged in cassettes, which may prevent
random dispersal throughout the genome. The association of
these cassettes with mobile elements are indicative of horizontal
acquisition. These results could indicate that a process of gene
acquisition may have contributed to the evolution of the species.

Genome Comparison of Y. ruckeri

Strains

The genome of Y. ruckeri is highly conserved in terms of
gene structure, gene layout and functional categorization of
genes. It harbors a large core genome, representing 85% of the
total number of genes. Similar to other Yersinia species (Tan
et al, 2016), diversification of the species core genome was
mainly due to gene mutations. The pangenome is open with an
estimated contribution of 11 new genes at the 77th sequenced
genome (Supplementary Figure 4B). Our results corroborate
and consolidate the findings of Barnes et al. (2016) by adding
further strains to the analysis (total = 77) and the calculation of
proposed regression models (Tettelin et al., 2008). It is very likely
that the pangenome variation has occurred due to the variable
mobile elements and plasmids in the strains. Y. ruckeri is thought
to be vulnerable to the acquisition of genetic elements due to the
absence of CRISPR systems (Barnes et al., 2016).

Recent studies based on whole genome sequence analysis
and multilocus variable-number tandem-repeat analysis (Barnes
et al,, 2016; Gulla et al., 2018) described geographical endemism
for numerous genetically distant lineages of Y. ruckeri strains. To
date a large-scale analysis on Y. ruckeri strains from Germany is
missing. However, our results allocate the German strains to three
genetically distant phylogenetic lineages of the species. A possible
explanation for the circulation of different lineages in Germany
might be the acquisition of breeding stock and fish spawn from
different geographic origins; it may also explain the presence
of German strains (n = 3) in the clonal group (CG4) together
with strains from the United States, Peru, and Denmark. Gulla
et al. (2018) made similar observations using MLVA, pointing to
a possible spread of Y. ruckeri strains from North America to
Europe and South America.

The chromosomal background of this CG4 might have
conferred a selective advantage toward acquisition and
maintenance of virulence plasmids. CG4 contains a 103.8 kb
large plasmid similar to the pYR3 plasmid previously described
(Nelson et al, 2015). This plasmid and the 80.8 kb plasmid
(pYR4) of strain NVH_3758 belong to the IncFII plasmid family
(Méndez et al., 2009; Wrobel et al., 2018b); it contains several
mobile protein elements and a conjugative system. A large region
of ~55 kb is present in both plasmids including a pil operon
encoding for a type IV pilus and several tra operons encoding
for the T4SS. The tra operon is important for the virulence of
Y. ruckeri as previously demonstrated (Méndez et al., 2009).
The association between the type of virulence plasmid and
phylogenetic group can be explained by the clonal expansion of
hypervirulent strains as a result of horizontal plasmid acquisition.
On the other hand, our results show that similar virulence genes
are present in the majority of the analyzed Y. ruckeri strains.
Previous studies indicated at differences in ERM pathogenicity
between Y. ruckeri strains (Guijarro et al., 2018). This could
imply a multifactorial nature of ERM, in which environmental
factors may be involved and influence the transcription and
regulation of virulence genes. It can also be hypothesized that
strain fitness in terms of its metabolic repertoire may have an
important role in the pathogenicity of ERM in fish.

CONCLUSION

This study provides valuable insights into the genomic variability
and phylogenetic relatedness of Y. ruckeri. Our results show
that the genetic relatedness of the species is better delineated
using core genome alignment followed by phylogenetic analysis
rather than genome-wide allele typing or 16S rRNA gene analysis.
Phylogenetically, Y. ruckeri, Y. entomophaga, and Y. nurmii
form a species complex that is distinct from other Yersinia
species. Y. ruckeri has unique genomic regions that might play
a role in the pathogenesis of ERM. Y. ruckeri show highly
homogeneous genomes with a high degree of synteny and contain
numerous genomic islands but lack the CRISPR-Cas system.
Limited genomic and virulence plasticity was observed arising
from variable components of mobile elements and plasmids.
Strain grouping based on the ML phylogeny revealed the
absence of geographic clustering of several Y. ruckeri strains
indicating a possible dissemination of a specific strain group. The
German Y. ruckeri strains belong to the three genetically distant
phylogenetic lineages.

MATERIALS AND METHODS

Cultivation and Identification of

Y. ruckeri Strains

Strains were routinely cultured on Columbia blood agar at
25°C. Initial identification was done using matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS; Bruker Daltonik GmbH, Bremen, Germany)
and API 20E (Biomerieux, Niirtingen, Germany). Typing was
done by Pulsed Field Gel Electrophoresis (PFGE) with Not-I,
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Dice similarity coefficient and UPGMA. In addition, repetitive
sequence-based PCR assays were performed, including BOX-
AlIR-based repetitive extragenic palindromic-PCR (BOX-PCR),
(GTG)5-PCR, enterobacterial repetitive intergenic consensus
(ERIC-PCR), and repetitive extragenic palindromic PCR (REP-
PCR) (Huang et al., 2013).

Y. ruckeri Genome Sequencing

Genomic DNA was extracted using the QIAGEN Genomic-tip
100/G kit and the Genomic DNA Buffer Set (QIAGEN GmbH,
Hilden, Germany) following the manufacturers instructions.
DNA quality was assessed with a Qubit 3 Fluorometer using the
Qubit™ dsDNA HS Assay Kit (Invitrogen™, Germany). Whole
genome sequencing was performed on the Pacific Biosciences
RS sequencer with SMRT Technology PacBio RS II with
SMRT Technology PacBio RS II (Pacific Biosciences, Menlo
Park, CA, United States) at GATC (Konstanz, Germany), using
standard protocols according to the manufacturer’s instructions.
Paired-end sequencing was performed using an Illumina MiSeq
instrument. Sequencing libraries were created using the Nextera
XT DNA Library Preparation Kit (Illumina Inc., United States)
to generate reads of 300 bp in length according to the
manufacturer’s instructions.

Genome Assembly, Circularization and
Polishing

De mnovo genome assembly and circularization for long
sequencing reads was performed as previously described
(Abdel-Glil et al, 2021). Briefly, RS_HGAP_Assembly v3
available via SMRT Analysis system v2.3.014 was used for the
assembly of the PacBio data (Chin et al.,, 2013). Gepard v1.40
was then used to identify similar parts at the ends of each
contig (Krumsiek et al., 2007). Genome circularization was
performed by merging overlapping ends of each genome using
Circlator v1.5.0 or check_circularity.pl from SPRAI (Hunt et al.,
2015). Quiver algorithm (RS.Resequencing.1) was iteratively
used for error corrections in the merged region (Chin et al.,
2013). For additional polishing of the genome assemblies,
Pilon v1.23 was applied four times using the Illumina data
to correct the final assembled data with standard settings
(Walker et al., 2014).

Genome Annotation and Functional
Categorization of Genes

Assembled genomes were annotated using the rapid genome
annotation pipeline Prokka v1.13.3 (Seemann, 2014). For
prediction of CRISPR sequences, the CRISPR Recognition Tool
vl.1 (Bland et al, 2007) was used in default mode. Prophage
sequences were predicted by querying contigs assembled to
the prophage databases implemented in the PHASTER web
service (Arndt et al., 2016). Predicted prophages were classified
as intact, questionable or incomplete using the scoring system
described by Arndt et al. (2016). For prediction of insertion
elements, ISEscan v1.7.2 software (Xie and Tang, 2017) was
used with the “-removeShortIS” flag enabled to report only
complete IS elements, i.e., IS elements with terminal inverted

repeat sequences and longer than 400 bp. The circularized
Y. ruckeri plasmids were separated and analyzed for their degree
of homology by applying pyani v0.2.3 software (Pritchard et al.,
2016) to report the average nucleotide identity values, percentage
of genome aligned and the Hadamard distance matrix. The latter
merges the average nucleotide identity values and the percentage
of the aligned genomic regions. Pyani implements alignment
algorithms for ANIT calculation. Here, the BLAST algorithm was
used for alignment.

Reference based identification of potential pseudogenes was
done with Pseudofinder v1.0'. The non-redundant NCBI protein
database was used as reference database for Pseudofinder, and
diamond 0.9.24 (Buchfink et al., 2015) for high throughput
protein alignment. Functional annotation of genes using
orthology assignment was performed using eggNOG-mapper
v2.0 (Huerta-Cepas et al,, 2018). Chromosome alignment of
orthologous and xenologous regions of the Y. ruckeri strains
was performed using progressive Mauve algorithm applied in
standard mode (Darling et al., 2010).

Genome Comparison and Phylogenetic

Analysis of the Yersinia Genus

For genus-wide comparison, barrnap v0.9> was used to predict
and extract the rRNA genes. Extracted 16S rRNA sequences
were aligned using MAFFT v7.307 (Katoh and Standley, 2013)
followed by an ML phylogenetic analysis using RAxML v8.2.10
(Stamatakis, 2014) with the general time-reversible (GTR)-
gamma model and 100 bootstrap replicates.

Estimation of the gANI between the 100 Yersinia genomes
was done using pyani v0.2.3 (Pritchard et al, 2016), using
standard parameters. ANI values were estimated by applying two
independent methods: FastANI v1.3 which uses the kmer content
for alignment-free sequence mapping (Jain et al., 2018), and
the MiSI (Varghese et al., 2015) tool “ANIcalculator v1,” which
excludes RNA genes and reports alignment fractions and ANI
values based on the orthologous protein-coding genes identified
as bidirectional best hits.

To identify the genus core genome, we used Panaroo v1.2.7 to
identify the core orthologous genes of the 100 Yersinia genomes
using the stringency mode “strict” (Tonkin-Hill et al., 2020). The
default thresholds of Panaroo were applied including sequence
identity at 98% and core genome assignment at 95%. Gene-by-
gene alignment was done with MAFFT v7.307 as in Panaroo.
Concatenated core gene alignment was then used for ML
phylogenetic analysis using RAXML v8.2.10 as mentioned above.

The cgMLST allele typing for the 100 Yersinia strains was
predicted by submitting the genome sequences to the Yersinia
cgMLST scheme using the Pasteur MLST database’ (Savin
et al,, 2019). Next, the Genome Comparator plugin of BIGSdb
implemented in the Pasteur database was used for genome
comparison. The resulting allelic profiles were visualized in a
minimum spanning tree using the online version of Grapetree
software (Zhou et al., 2018).

Uhttps://github.com/filip- husnik/pseudofinder
Zhttps://github.com/tseemann/barrnap
3https://bigsdb.pasteur.fr/yersinia/
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Pan-GWAS analysis was done with Scoary v1.6.10
(Brynildsrud et al., 2016) to identify the statistical association
between the genus accessory genes and the Y. ruckeri species. We
used the accessory genes defined with the Panaroo program as
input for Scoary. A total of 10,000 permutation replicates was
applied using genes with 100% sensitivity and specificity, and
with P-values of less than 107> (naive, Benjamini-Hochberg-
adjusted and Bonferroni). To confirm the specificity of the
identified genes for Y. ruckeri, we applied BLAST analysis to the
nucleotide sequences at 90% sequence identity and 80% coverage.
Functional annotation of the genes was done using the COG
database as described above. Furthermore, PSORTb version 3.0.3
was used for subcellular localization prediction (Yu et al., 2010).

Genome Comparison and Phylogenetic

Analysis for Y. ruckeri Strains

For species-wide comparison, 77 Y. ruckeri genomes were
included. Pangenome analysis was performed as mentioned
above using the Panaroo pipeline (Tonkin-Hill et al., 2020).
PanGP v1.0.1 program (Zhao et al, 2014) was used for the
analysis of pangenome profiles with a distance guide algorithm
of 100 replicates and 1000 permutations of genome order.

Parsnp v1.2 (Treangen et al.,, 2014) performed a core genome
alignment with default settings. Filtering regions with high SNP
density from the alignment was done with Gubbins v2.4.1 in
standard mode (Croucher et al., 2015). RAXML v8.2.10 was
applied as mentioned above to construct ML phylogenetic trees
(Stamatakis, 2014). Phylogenetic trees were visualized using
iTOLv6 (Letunic and Bork, 2019).

A search for the virulence related genes in Y. ruckeri was
performed using BLASTN v2.10.1+ (Altschul et al., 1997) as
featured in ABRicate v1.0.1*. A sequence identity threshold of
80% and coverage threshold of 80% was applied.
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Experimental Evolution Expands the
Breadth of Adaptation to an
Environmental Gradient Correlated
With Genome Reduction

Masaomi Kurokawa, Issei Nishimura and Bei-Wen Ying*

School of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Japan

Whether and how adaptive evolution adjusts the breadth of adaptation in coordination
with the genome are essential issues for connecting evolution with ecology. To address
these questions, experimental evolution in five Escherichia coli strains carrying either the
wild-type genome or a reduced genome was performed in a defined minimal medium
(C0O). The ancestral and evolved populations were subsequently subjected to fitness
and chemical niche analyses across an environmental gradient with 29 combinations of
eight chemical components of the minimal medium. The results showed that adaptation
was achieved not only specific to the evolutionary condition (CO), but also generally,
to the environmental gradient; that is, the breadth of adaptation to the eight chemical
niches was expanded. The magnitudes of the adaptive improvement and the breadth
increase were both correlated with genome reduction and were highly significant in
two out of eight niches (i.e., glucose and sulfate). The direct adaptation-induced
correlated adaptation to the environmental gradient was determined by only a few
genome mutations. An additive increase in fitness associated with the stepwise fixation
of mutations was consistently observed in the reduced genomes. In summary, this
preliminary survey demonstrated that evolution finely tuned the breadth of adaptation
correlated with genome reduction.

Keywords: experimental evolution, niche, local adaptation, global adaptation, growth fitness, culture medium,
experimental ecology

INTRODUCTION

Microorganisms living in nature show highly diverse habitats (i.e., ecological niches) as a
consequence of local adaptation (Kawecki and Ebert, 2004) and are constrained by evolutionary
costs (Bono et al., 2020). The ecological niche is believed to be associated with genomic information
(Alneberg et al., 2020), which is considered to be a result of adaptive evolution (Batut et al., 2014).
Numerous studies have reported adaptation to a certain niche related to genetic causes, such as
linkages between genome streamlining and niche partitioning (Graham and Tully, 2021), gene
loss and niche shifts (Chu et al., 2021), genome reduction and habitat transition (Salcher et al.,
2019), metabolic costs (Ankrah et al., 2018), genome architecture and habitat (Getz et al., 2018)
or niche-directed evolution (Andrei et al., 2019). These findings provide strong evidence linking
adaptive evolution to ecological niches in terms of the spatial and environmental differentiation of
species. As environmental changes are more often gradual under temporal and spatial restrictions,
whether the breadth of adaptation to environmental gradients is shaped by evolution is an
intriguing question.
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Adaptation to a certain environment (i.e., niche) is often
investigated by means of experimental evolution (Kawecki et al.,
2012; Barrick and Lenski, 2013) to acquire direct evidence
and preform a precise evaluation. In general, these studies
have focused on a target component among the numerous
components that comprise the environment, such as carbon
sources (Satterwhite and Cooper, 2015) or antibiotics (Baym
et al, 2016), as the factor triggering adaptive evolution. The
environment, whether it is the culture medium used in the
laboratory or the ecological niche in nature, is comprised of
not only the target component but also a number of other
nutrients and trace elements. Thus, adaptation must occur not
only to the target component but also to all of the remaining
components in the environment. However, the participation
of components other than the target component in adaptive
evolution has generally been neglected. A machine learning
analysis of medium components showed that it was the trace
elements (e.g., metal ions) rather than the major nutrients
(e.g., glucose) that determined bacterial growth, which was
sensitive to the concentration gradient (Ashino etal., 2019). Thus,
whether and how adaptation through experimental evolution is
associated with correlated adaptation to environmental gradients
must be addressed.

In addition, genome size, as a quantitative index of
genetic richness, has been intensively studied; nevertheless, its
impact on adaptation remains unclear. Changes in genome
size are commonly observed in nature (Kuo and Ochman,
2009; Batut et al., 2014; Maistrenko et al., 2020) and are
known as one of the driving forces of adaptive evolution
(e.g., horizontal gene transfer) (Keeling and Palmer, 2008;
Daubin and Szo6llési, 2016). Genome size can be experimentally
reduced (Posfai et al, 2006; Kato and Hashimoto, 2007;
Mizoguchi et al, 2008) to determine the minimal genetic
requirement of living organisms (Xavier et al, 2014; Rees-
Garbutt et al., 2020). Such reduced genomes tend to show
decreased fitness (Karcagi et al., 2016; Kurokawa et al., 2016)
and increased mutagenesis (Nishimura et al., 2017), which
can both be restored by experimental evolution (Nishimura
et al, 2017). These studies have revealed that genome
reduction not only has evolutionary consequences but also
plays a role in adaptation. To date, the experimental evidence
of the contribution of genome reduction to adaptation is
largely insufficient.

To investigate whether experimental evolution in a defined
steady condition caused a change in the breadth of adaptation
(Figure 1A), a pilot survey of the adaptation connecting genome
reduction with environmental gradients was performed in the
present study. Direct adaptation was achieved by experimental
evolution, which was conducted with an assortment of laboratory
Escherichia coli (E. coli) strains derived from the same parental
wild-type genome with different genome sizes (Figure 1B).
Whether and how direct adaptation contributes to correlated
adaptation to an environmental gradient were quantitatively
evaluated by fitness assays and chemical niche analysis. The
impact of genome reduction on adaptation was analyzed in
parallel, which provides the experimental demonstration and
insight that connecting the two “unrelated” issues of correlated

adaptation and genome reduction. The results filled the blank of
knowledge on the breadth of adaptation and genome.

RESULTS

Adaptation Correlated With Genome
Reduction

The adaptation of the genomes of different sizes was consistently
achieved through experimental evolution wunder stable
conditions. Five laboratory E. coli strains carrying either
a wild-type (NO) or reduced (N7, 14, 20, or 28) genome
(Supplementary Table 1) were subjected to experimental
evolution in a chemically defined medium (C0). The evolution
experiment was performed by serial transfer at a series of
different dilution rates to maintain bacterial growth within the
exponential phase (Figure 2A and Supplementary Figure 1).
The daily records showed that a gradual increase in the growth
rate consistently occurred in the reduced genomes (Figure 2B),
and the population that proceeded (blue) along the dilution
series (black) presented a somewhat rapid fitness increase. The
evolutionary trajectories of the reduced genomes were somehow
similar, in comparison to that of the wild-type genome. It was
unclear whether the evolutionary path was attributed to the
deletion of genomic sequences or the relatively low fitness of
the ancestor population. The improved fitness of the endpoint
population indicated that adaptation to CO was achieved, which
was highly significant in the lineages of reduced genomes. It
should be noted that the fluctuation in the growth rate recorded
in N20 and N28 was largely due to a pause of serial transfer,
which was restarted from the glycerol stock of the bacterial
population stored the day before.

Fitness and activity assays showed that adaptation was
correlated with genome reduction. The comparison of the
ancestors (Ancs) and the evolved populations (Evos) after
approximately 1,000 generations (Figure 2B, pink) showed that
the growth rates of Evos were all significantly higher than
those of Ancs (Figure 2C). Positive correlations were observed
between the growth rates and redox activities (Figure 2D)
as well as between the changes thereof (Figure 2E), which
verified that direct adaptation was achieved at both the growth
and metabolic levels. Genome reduction-correlated changes in
the growth rate were identified (Figure 2F). The evolutionary
rate of the changes in the growth rate was correlated with
genome reduction (Figure 2G), which was consistent with the
correlation between genome reduction and the spontaneous
mutation rate (Nishimura et al., 2017), a global parameter
representing evolvability.

Direct Adaptation-Mediated Correlated
Adaptation to the Environmental

Gradient

Whether the adaptation to CO caused adaptation or
maladaptation across the environmental gradient was further
evaluated. A total of 29 medium combinations (C0, C1~28)
were prepared with seven pure chemical substances that were
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FIGURE 1 | Conceptual illustration of the study. (A) Fitness landscapes of the reduced genomes in the environmental gradient. The evolution of the genomes (open
circles), from Anc to Evo, leads to not only adaptation to the environment for evolution (CO, white broken line) but also correlated adaptation to the environmental
gradient. The color gradation from red to blue indicates the fithess from high to low. (B) Overview of the experiments and analyses performed in the present study.
The experimental and analytical studies are categorized in three boxes, which are the experimental evolution, high-throughput fitness assay, and chemical niche
analysis. Five genomes (strains) used for the evolution are shown as circles. The eight elements investigated in the chemical niche analysis are indicated.

included in CO (Supplementary Table 2). These combinations
comprised eight constituents (e.g., ions), whose concentrations
varied broadly on a logarithmic scale (Figure 3A). Adaptiveness,
represented by the growth rates in the exponential phase,
was evaluated according to a total of 2,220 growth curves
(Supplementary Table 3). Overall, a global increase in the growth
rate across the environmental gradient of the 29 combinations
was detected in the Evos with the reduced genomes (Figure 3B,
pink) in comparison to the common decrease in the growth rate
of Ancs (Figure 3B, green). The increased growth rates of the
Evos with the reduced genomes were highly significant in most
tested combinations (Figure 3C and Supplementary Table 4).
This result indicated that adaptation was achieved not only
specific to CO, but also globally, to the environmental gradient.
Whether and how such correlated adaptation was determined
by any of the eight constituents was analyzed. The growth rates
of Ancs and Evos in each constituent were plotted in response
to the concentration gradient (Figure 4). A larger reduction
in the genome was likely to be associated with larger changes
in the growth rate between Anc and Evo, regardless of the
variation in the constituents. In contrast, the patterns of the
changes in the growth rate were dependent on the constituents.
Different patterns (dynamics) among the eight constituents were
consistently observed in all genomes, suggesting that the breadth
of adaptation was chemically dependent, (i.e., niche dependent).

Niche-Specific and Genome
Reduction-Correlated Expansion of the
Breadth of Adaptation

To evaluate the breadth of adaptation, representing the
equitability of fitness along the environmental gradient

(Lynch and Gabriel, 1987), the space (S) was newly defined as
the shadowed space under the fitting curve of cubic polynomial
regression to the normalized dynamic of change in growth rate
according to chemical concentration, in which the maxima
of both the concentration gradient and the growth rate were
rescaled to one unit (Supplementary Figure 2). Normalization
and regression suggested a global parameter of § available for
quantitative comparison among the varied chemical niches
and genomes, where a larger S indicated a wider breadth of
adaptation. A total of 80 S values (Supplementary Figure 3)
and 40 changes in S (Supplementary Figure 4) were calculated
accordingly. A correlation of genome reduction with the §
of Ancs in the chemical niches of glucose, SO42~ and NH,*
was observed (Figure 5A, green). Additionally, a correlation
of genome reduction with the evolutionary changes in § in
the chemical niches of glucose and SO4%~ (Figure 5B) was
identified. The correlation with genome reduction could also
account for direct adaptation (Supplementary Figure 5), as it
was accompanied by genome reduction (Figure 2). The chemical
niches related to carbon and sulfate were likely to be highly
essential and sensitive for adaptation.

The overall improvement of the breadth of adaptation to the
eight chemical niches was evaluated by the total S, which was
determined as the sum of the eight S values. It was narrowed
in response to genome reduction but significantly enlarged due
to experimental evolution (Figure 5C). The total S of Evos
entirely encompassed that of Ancs among the bacteria with
reduced genomes with larger deletions (N14, N20, and N28)
but partially overlapped in the bacteria with a wild-type genome
(NO) or a reduced genome with a relatively small deletion (N7).
Taking NO as an example, the increase in the § of thiamine,
KT, PO,*~, and Fe?* and the decrease in the S of glucose,
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Mg?*+, NHy*, and SO42~ implied that the improvement in
the breadth of adaptation was chemical niche dependent and
directional. In contrast, the omnidirectional expansion of total §
occurred in the reduced genomes of N14, N20 and N28, which
indicated general adaptation to the eight chemical niches. The
adaptation to CO restored the total S of all Evos to a level
roughly equivalent to that of the wild-type genome (Figure 5D),
indicating homeostasis in the adaptation to environmental
gradients. The variation in § among the eight niches mostly
declined in Evos (Figure 5E), indicating a balance in the breadth
of adaptation to varied chemical niches. In addition, the changes
in total S were positively correlated with direct adaptation
and genome reduction (Figure 5F). These results indicated
that the direct adaptation of E. coli expanded the breadth of
adaptation to the chemical niches constituting the environment
for homeostatic and balanced adaptation to the habit.

Improved Adaptiveness Attributed to

Stepwise Mutation Accumulation

Genome mutation analysis (Supplementary Table 5) detected
an approximately equivalent number of gene mutations in Evos
(Supplementary Table 6). It should be noted that the deletion
of transposons was ignored, and the mutations fixed in Evos
were identified in the reduced genomes but not in the wild-type
genome. The temporal changes in the allele frequency of mutants
consistently showed that the mutations accumulated serially
and were fixed in a stepwise manner (Figure 6A). Intriguingly,
only a few mutations compensated for the genome reduction,
independent of the degree of genome reduction. Abundant
genetic information could be substituted with the modification
of certain gene functions for equivalent adaptiveness, providing
intriguing insight into genetic requirements. The findings were
consistent with a previous report that a few mutations could cause
the metabolic rewiring of a reduced genome (Choe et al., 2019).
The majority of mutated genes were related to transporters and
regulators, which indicated that resource diffusion for utilization
and global gene regulation contributed to adaptation to the
environmental gradient.

How the stepwise accumulation of the mutations contributed
to adaptation was further investigated. The mutants carrying
mutations in the order of their evolutionary accumulation
were successfully acquired by single-colony isolation. A gradual
increase in the growth rate of the mutants in the order of
mutation accumulation was generally observed (Figure 6B),
except for a transient decrease caused by the second mutation
that occurred in N14. This demonstrated that the mutations
were beneficial and contributed to adaptation in an additive
manner. Notably, mutants with the second mutation (rbsR and
SE/liF) in N7 failed to be acquired, indicating the co-fixation
of the second mutation (fliE/fliF) and third mutation (trkH)
during evolution. Intriguingly, a negative correlation between the
growth rate and degree of fitness increase due to mutation was
observed; that is, lower growth rates prior to mutation fixation
led to greater changes in the growth rate after the mutation
was fixed (Figure 6C). The first mutations were more likely to
improve growth fitness than the mutations that were fixed later,

although the statistical significance was weak (Supplementary
Figure 6) because there were too few mutations. This finding
agreed well with the rule of declining adaptability (Couce and
Tenaillon, 2015) and the predictivity of the mutation-mediated
fitness landscape (de Visser and Krug, 2014; Fragata et al., 2019).

Proposed Mechanism of Direct
Adaptation-Induced Niche Expansion

Fitness landscape analysis (Tenaillon, 2014; Martin and
Lenormand, 2015), which is applied to explain mutation
occurrence (Nahum et al, 2015; Bajic et al, 2018) with a
change in distance to the fitness peak (Barrick et al., 2010;
Schick et al, 2015) as an evolutionary constraint (Szamecz
et al., 2014; Nahum et al., 2015), was employed to explain the
present findings (Figure 7A). According to previous reports
(Konstantinidis and Tiedje, 2004; Kurokawa et al., 2016), larger
deletions in the genome lead to a greater distance from the fitness
peak (i). Since direct adaptation was achieved in correlation
with genome reduction (Figure 2), a greater distance from
the fitness peak meant that a larger change was required to
achieve equivalent fitness (ii). The fitness increase was additive
owing to the stepwise fixation of gene mutations (Figure 6).
Since direct adaptation expanded the breadth of adaptation to
the environmental gradient (Figures 3-5), the location in the
initial fitness landscape (e.g., distance from peak of Cy) likely
determined the adaptiveness to the alternative environmental
gradient (e.g., Cy) (iii). That is, there was a higher probability
of an adaptive trade-off in Cy when Anc was located closer to
the adaptive peak of Cy and a higher probability of correlated
adaptation when Anc was located farther from the adaptive
peak of Cy. This mechanism was consistent with the pleiotropic
costs of carbon utilization found in the experimental population
(Jasmin and Zeyl, 2013).

Locational bias in the initial fitness landscape (Figure 7A)
might cause so-called preadaptation (Cullum et al., 2001) to
alternative environments. A weak but statistically significant
correlation of S was detected between Ancs and Evos across
the genomes and chemical niches (Figure 7B). The changes in
S were highly significantly correlated with the § of Ancs but
not with those of Evos (Figure 7C), even when evolutionary
generation was taken into account (Supplementary Figure 7).
Preadaptation might have participated in direct adaptation-
induced niche expansion. Further evidence and investigation will
be required to draw a solid conclusion.

DISCUSSION

Direct adaptation mediated by experimental evolution (Figure 2)
was found to trigger correlated adaptation to the environmental
gradient, consistently in five E. coli strains carrying the reduced
genomes of size variation (Figures 3-5). This conclusion was
drawn from a quantitative evaluation with the newly defined
parameter of total S, according to the fundamental niche
concept proposed by Hutchinson (1957), which describes a niche
without species’ interaction and is considered a high-dimensional
hypervolume formed by environmental variables. In the present

Frontiers in Microbiology | www.frontiersin.org

January 2022 | Volume 13 | Article 826894


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

Kurokawa et al.

Evolution for Niche Expansion of Reduced Genomes

A c
incubation
000000 £
Anc O %
Day 1 §
=4
folds o
NO N7 N14 N20 N28
D E
o g ? A
£
= o e a
Day 2 = 2 0% @ £ A
g0 S S 05 |og 5241 £
2 3 cor=082| § £ cor=10.90
© <Y 3 2
= = p=0.004 <4 p=0.04
£ O 00 . [CRE P
2 0 01 02 0o 1 2 3
N Redox activity (a.u.) Activity changes
Day 3 F G
® 2 0
g"ﬂ 5 xx g.g
22 c o
£2a x X 5=
v y S = 1% 2 g
Evo : Day N EJ05 } cor=092 £5
I p=0.03 39
_ & g fidukr ST 5
Serialtransfer 0 50010001500 g e
Deletion (kb) Deletion (kb)
0 500 1000
Generations

FIGURE 2 | Experimental evolution for adaptation to CO. (A) lllustration of experimental evolution. The gradation from light to dark blue indicates the cell

concentration from low to high. The E. coli cells were cultured in eight wells, and eight 10-fold serial dilutions were prepared. Only one of the eight wells (dilutions)
showing growth in the early exponential phase was used for serial transfer, as indicated by dotted boxes. (B) Temporal changes in growth rates during the
experimental evolution. The five genomes are indicated. The blue circles represent the lineages adopted for the following serial transfer, corresponding to the wells
indicated by dotted boxes in (A). The black circles stand for the remaining serial dilutions (i.e., the other seven wells) that were not adopted for serial transfer. The
endpoint populations of the evolutionary lineages (blue circles) used for the following analyses are indicated in pink. (C) Growth rates in the medium for evolution.
Green and pink bars represent the growth rates of Ancs and Evos in CO, respectively. Standard errors of biological replications (N > 6) are indicated. Asterisks
indicate the statistical significance of the two-tailed Student’s t-test (o < 0.01). (D,E) Correlation between the growth rate and cellular redox activity. Green and pink

circles represent Ancs and Evos, respectively. The Spearman rank correlation coefficients and statistical significance are indicated. (F) Correlation between the
changes in growth rate and genome reduction. The lengths of the genomic deletions are plotted against the ratio of the growth rates of Ancs and Evos. The
Spearman rank correlation coefficients and statistical significance are indicated. (G) Correlation between the changes in growth rate per generation and genome
reduction. The Spearman rank correlation coefficients and statistical significance are indicated.

study, the variables were the eight constituents of the culture
medium used for evolution (i.e., the chemical niches). The overall
fitness equality across the environmental gradient seemed to be
homeostatic in a defined habitat, as the total § increased while
its variation decreased to comparable levels in five genomes of
different reduced lengths (Figures 5C-E). A habitat composed of
multiple chemical niches might decide the maximal accessibility
for evolution. Notably, the homeostasis of niche space was not
biased by normalization. As normalization to each single unit
was performed individually, the maxima of the overall S could
be differentiated among the respective genomes.

It was intriguing to find that correlated adaptation to
the environmental gradient resulted from evolution under
stable conditions. Since experimental evolution was conducted
under stable conditions and bacterial growth was maintained
in the exponential phase, neither nutritional starvation nor
large environmental fluctuation was assumed to occur. As

adaptation to one environment often results in maladaptation
to alternative environments (Goddard and Bradford, 2003;
Rodriguez-Verdugo et al., 2014; Satterwhite and Cooper, 2015),
ecological niche speciation is often explained by adaptive
trade-offs (Cooper and Lenski, 2000; Goddard and Bradford,
2003; Sexton et al.,, 2017; Chavhan et al., 2020). In evolution,
environmental homogeneity is considered one of the factors
determining trade-offs (Bono et al, 2017) and environmental
fluctuation is thought to be crucial for adaptation to a wide range
of environments (Wang and Dai, 2019). The reduced genomes
evolved in a jack-of-all-trades-and-master-of-all manner, which
has been proposed as one of three mechanisms of specialization
that is widespread in nature (Remold, 2012); in contrast, the wild-
type genome adopted a trade-off mechanism (Figures 5A-C),
which is generally explained by constraints in phenotypic space
(Shoval et al.,, 2012; Fraebel et al., 2017). In nature, the trade-
off strategy might be more common and feasible for costless
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adaptation and niche expansion during eco-evolution (Ferenci,
2016; Farahpour et al., 2018; Bono et al., 2020).

The correlation between S and genome reduction was
significant for glucose, NH4" and SO42~, whereas direct
adaptation abolished this correlation for NH4™ and SO4%~ and
changed the correlation from negative to positive for glucose
(Figures 5A,B). Direct adaptation might directly compensate for
the deficiency in using these resources, which seems reasonable
because carbon, nitrogen and sulfur are the essential major
elements required by living organisms on Earth (Wackett et al.,
2004). Such niche specificity might reflect the evolutionary
direction of generalists or specialists (Kassen, 2002; Bono et al.,
2020). A large omnidirectional expansion of total § was found
in the largely reduced genomes, in comparison to the small
directional expansion of total § in the complete and slightly
reduced genomes (Figure 5C). This revealed that organisms that
experience large genome reduction evolved for generally and less
genome reduction evolved for specially, which was an intriguing
strategy of genome evolution for niche expansion.

Additionally, genome reduction-dependent features were
generally observed. If any functions or mechanisms of the deleted
genes were specifically responsible for direct and/or correlated
adaptation, the size of the genome reduction would never be
correlated with the fitness increase (Figure 2) or niche expansion
(Figure 5). Genome reduction determines correlated adaptation

to environmental gradients to some extent. A limitation of the
study was lack of replication of experimental evolution, that
is, only a single lineage of experimental evolution was applied
in the five genomes. Nevertheless, the correlations of genome
reduction to adaptation were highly reliable, because a non-
correlated relationship will more frequently be acquired by
chance. As all the correlations observed in the present study
were statistically significant, additional evolutionary lineages
would neither change the conclusion nor mask the correlations.
Repeated experimental evolution is required to verify the
generality of the correlations. Mutations appeared in the
adaptive evolution might be fixed occasionally, as they were
largely differentiated in gene functions and/or mechanisms
(Supplementary Table 6). Repeated evolution experiments
might result in different mutations in the same genome.
This was the reason why the contribution of the mutations
to fitness was analyzed from the viewpoint of correlation
instead of gene function, which was assumed to be highly
differentiated among multiple evolutionary lineages. The present
study revealed a quantitative relationship among the genome
reduction, adaptation and niche expansion as an experimental
demonstration of the linkage between evolution and ecology.
Further evaluation of the growth fitness in largely different
environments will be highly valuable to clarify the evolutionary
trade-offs and/or generality due to genome reduction.
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MATERIALS AND METHODS

Escherichia coli Strains

A total of five E. coli strains with either the wild-type or the
reduced genome were used, which were selected from the KHK
collection (Mizoguchi et al., 2008), an E. coli collection of
reduced genomes (from National BioResource Project, National
Institute of Genetics, Shizuoka, Japan). The wild-type and four
reduced genomes were derived from E. coli W3110 and were
assigned as NO and N7, 14, 20, 28, respectively (Supplementary
Table 1), according to previous studies (Kurokawa et al., 2016;
Nishimura et al, 2017). Note that genome reductions are
additively cumulative. Therefore, the higher numbered strains
include all genomic reduction in the lower numbered strains.

Media Combinations

The minimal medium M63, equivalent to C0, was used for
the experimental evolution for direct adaptation. Its chemical
composition was described in detail previously (Kurokawa et al.,
2016; Kurokawa and Ying, 2017). The concentration gradient of
the components of the M63 medium was prepared just before
the fitness assay by mixing the stock solutions of individual
chemical compounds, which resulted in 28 alternative medium
combinations (C1~28). The stock solutions, that is, 1 M glucose,
0.615 M Ky;HPOy, 0.382 M KH,POy, 0.203 M MgSOy, 0.0152
M thiamin/HCI, 0.0018 M FeSOy4, and 0.766 M (NHy4),SO4,
were sterilized using a sterile syringe filter with a 0.22-pm
pore size hydrophilic PVDF membrane (Merck, United States).
The concentrations of most chemical compounds were altered

one-by-one on a logarithmic scale to achieve a wide range
of environmental gradients, as described previously (Ashino
et al., 2019), which led to a total of 28 combinations. Both the
medium used in the evolution (C0) and the alternative medium
combinations (C1~28) were used for the fitness assay. The
resultant concentrations of individual components in the ionic
form are summarized in Supplementary Table 2.

Experimental Evolution

The experimental evolution of the five E. coli strains was
performed within the early exponential phase by serial transfer,
which was performed with 24-well microplates specific for
microbe culture (IWAKI, Japan) as previously described
(Nishimura et al., 2017). The E. coli cells were cultured in
eight wells, and eight 10-fold serial dilutions, i.e., 10'~108, were
prepared with fresh medium. The microplates were incubated
overnight in a microplate bioshaker (Deep Well Maximizer,
Taitec, Japan) at 37°C, with rotation at 500 rpm. Serial transfer
was performed at 12- or 24-h intervals, according to the growth
rate. Only one of the eight wells (dilutions) showing growth
in the early exponential phase (ODgpo = 0.01-0.1) was selected
and diluted into eight wells of a new microplate using eight
dilution ratios. The cell culture selected daily for the following
serial transfer was mixed with glycerol (15% v/v) and stored at -
80°C for future analyses. Serial transfer was repeatedly performed
for approximately 50 days. The evolutionary generation was
calculated according to the following equation (Eq. 1).

gen = log,(C;/C)) (1)
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Here, C; and Cj represent the ODggp of the cell culture that
was used for serial transfer and the theoretical ODgqq of the cell
culture at the start of incubation. C; was calculated by dividing
the ODggp that was used in the last transfer by the dilution
rate. To benefit experimental replication, the cell cultures stored
for the following assays were dispensed into 20 microtubes in
small aliquots (100 L per tube), which were used once, and the
remainder was discarded, as previously described (Kurokawa and
Ying, 2017). Growth rate was estimated at every serial transfer
according to the following equation (Eq. 2).

w = LN (C/C)/(ti — t) )
Here, C; and C; are as described above. t; is the time of serial
transfer operation, and t; is the time of the serial transfer
operation immediately before ;.

Fithess Assay

The fitness was determined as the maximal growth rate, as
previously reported (Kurokawa et al.,, 2016). In brief, the cell
culture stocks were diluted 1,000-fold in fresh media (C0, C1~28)
and were subsequently loaded into a 96-well microplate (Costar,
United States) in six wells at varied locations. The 96-well
microplate was incubated in a plate reader (Epoch2, BioTek) with
a rotation rate of 567 rpm at 37°C. The temporal growth of the
E. coli cells was detected by measuring the absorbance at 600 nm,
and readings were obtained at 30-min intervals for 48 h. The
maximal growth rate was calculated according to the following
equation (Eq. 3).

w LN (Ciz1/C)/(tig1 — 1) (3)
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Here, C; and C;4; represent the two reads of ODggo values at
two consecutive time points of #; and #;41. The growth fitness
was the average of the five continuous growth rates that exhibited
the largest mean and the smallest standard deviation during
the temporal changes in growth rate, as previously reported
(Kurokawa et al., 2016). A total of 2,220 growth curves were
acquired, and the corresponding growth rates were calculated for
the analysis (Supplementary Table 3). Statistical significance of
the changes in growth rate mediated by experimental evolution
was evaluated by t-student test and the results are summarized in
Supplementary Table 4.

Redox Activity Assay

A cell culture in the exponential phase of growth (ODggp = 0.01
~ 0.3) was used for the assay. The cell culture was diluted
with fresh medium at 12 dilution ratios from 1.75° to 1.75!
in a final volume of 2 mL. Every 100 pL of the diluted cell
culture was transferred to multiple wells in a 96-well microplate
(Costar, United States), in which 20 L of CellTiter 96® Aqueous
One Solution Reagent (Promega) was added. The reduction

of the tetrazolium compound in the reagents was measured
with a microplate reader (Epoch2, BioTek, United States) by
determining the ODygp every 2 min for 30 min. The rate of
reduction was calculated by linear regression of the temporal
changes in ODyg, i.e., the slope of the increase in ODy4gg over
time (min). The redox activity was determined by dividing the
rate of reduction by the ODggg of the cell culture. The mean of
the multiple measurements (N = 5) was used for the analysis.

Evaluation of the Breadth of Adaptation

The fitness dynamics across the concentration gradient of each
constituent (ion) were evaluated by curve fitting of a cubic
polynomial with the following equation (Eq. 4).

) = ax’ +bx*+cex+d (4)

Here, x and p(x) represent the concentration gradient of
each constituent and the growth rate under the corresponding
conditions, respectively. a, b, ¢ and d are the constants. The
area under the regression curve was calculated according to the
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following equation (Eq. 5).

Xmax
Area =
Xmin

Here, Xpin and X, represent the minimum and maximum
concentrations of each chemical component, respectively. The
space (S) was evaluated by normalizing both the height and the
width of the regression curve with the following equation (Eq. 6).

(6)

Here, [Lyqx is the maximal growth rate across the concentration
gradient. The niche broadness (S7) of the individual genome was
determined as the sum of the niche spaces of the eight chemical
components as follows (Eq. 7).

ax +bx* +cx+d (5)

-1 -1
S= Area X Wmax X (xmax - xmin)

n
Sp=)_Si 7)
i=1
Here, S; and n indicate the niche space of each

chemical component and the total number of chemical
components, respectively.

Genome Resequencing and Mutation
Analysis

The stored cell culture was inoculated into 4 mL of fresh
M63 medium in a test tube and grown at 37°C with shaking
at 200 rpm. Once cell growth reached the stationary phase
(ODggp > 1.0), rifampicin was added to the culture at a
final concentration of 300 pg/mL to stop genome replication

initiation. After 3 h of culture with rifampicin, the cells
were collected as previously reported (Kishimoto et al., 2010).
Genomic DNA was extracted using a Wizard Genomic DNA
Purification Kit (Promega, United States) in accordance with
the manufacturer’s instructions. The sequencing libraries were
prepared using the Nextera XT DNA Sample Prep Kit (Illumina),
and paired-end sequencing (300 bp x 2) was performed with
the Illumina MiSeq platform. The sequencing reads were aligned
to the E. coli W3110 reference genome (AP009048.1, GenBank),
and the genome mutations were analyzed with the Breseq
pipeline (version 0.30.1) (Barrick et al., 2014). The statistical
data of DNA sequencing and mapping are summarized in
Supplementary Table 5. The raw data set was deposited in
the DDBJ Sequence Read Archive under accession number
DRAO011629. The fixed mutations (Supplementary Table 6) were
subsequently analyzed for the temporal order of accumulation
during evolution.

Sanger Sequencing and Single-Colony

Isolation

The genomic region of approximately 300-600 kb centered
on the position of the mutation was amplified by PCR
with PrimeSTAR HS DNA Polymerase (TaKaRa Bio, Japan)
and the corresponding primers (Supplementary Table 7).
Amplicons were purified using a MinElute PCR Purification
Kit (Qiagen, United States), and Sanger sequencing was
conducted by Eurofins Genomics K. K. (Tokyo, Japan). The
resulting electropherogram was analyzed using Sequence Scanner
Software v2.0 (Thermo Fisher Scientific, United States), and
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the ratio of the mutants within the cell population was calculated
according to the peak values, as described previously (Kishimoto
et al, 2015). Stored cell cultures with an interval of ~100
generations were analyzed to identify the heterogeneity of the
cell population. Single-colony isolation was performed from the
heterogeneous population to isolate the homogeneous mutants.
The cell culture was spread on LB agar plates, and 10~30 single
colonies per plate were subjected to Sanger sequencing. The
colonies of the homogeneous mutant were stored for the fitness
assay as described above.
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initial binding to the host via the extracellular matrix proteins fibronectin and collagen.
By using next-generation long-read sequencing we demonstrate a conserved genome
among eight B. henselae isolates and identify a variable genomic badA island with a
diversified and highly repetitive badA gene flanked by badA pseudogenes. Two of the
eight tested B. henselae strains lack BadA expression because of frameshift mutations.
We suggest that active recombination mechanisms, possibly via phase variation (i.e.,
slipped-strand mispairing and site-specific recombination) within the repetitive badA
island facilitate reshuffling of homologous domain arrays. The resulting variations among
the different BadA proteins might contribute to host immune evasion and enhance long-
term and efficient colonisation in the differing host environments. Considering the role of
BadA as a key virulence factor, it remains important to check consistently and regularly
for BadA surface expression during experimental infection procedures.

Keywords: trimeric autotransporters adhesin, genetic variability, PacBio SMRT sequencing, host matrix-
pathogen interaction, Bartonella adhesin A

Abbreviations: ANI, average nucleotide identity; BadA, Bartonella adhesin A; BALI, Bartonella liquid (medium); BSA,
bovine serum albumine; CBA, Columbia blood agar (plates); CCS, circular consensus sequences (reads); Col-1, collagen-
I; DAPI, 4,6-diamidino-2-phenylindole; DMFE, dimethylformamide; ECM, extracellular matrix; Fn, fibronectin; FS, freeze
substitution; HMW, high molecular weight; HPE, high-pressure freezing; MS, mass spectrometry; o/n, overnight; PLT,
progressive lowering of temperature; RT, room temperature; SMRT, single-molecule real-time; TAA, trimeric autotransporter
adhesin; TMB, 3,3',5,5'-tetramethylbenzidine (liquid substrate).
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INTRODUCTION

Bartonella henselae is a slow-growing bacterium causing cat
scratch disease, a self-limiting zoonotic disease characterised by
localised lymphadenopathy or “culture-negative” endocarditis.
Infection of immunocompromised patients might result in
vasculoproliferative disorders, e.g., bacillary angiomatosis
(Relman et al., 1990; Lamps and Scott, 2004). Cats serve as the
major reservoir host for B. henselae and their infection mostly
manifests as asymptomatic bacteraemia. Transmission among
cats is predominantly mediated by the cat flea, Ctenocephalides
felis (Chomel et al., 1996).

The genus Bartonella currently consists of more than 40
identified species (Breitschwerdt, 2017; Okaro et al., 2017)
and includes both zoonotic and human pathogens with a
wide array of mammals as reservoir hosts (Buffet et al., 2013;
Kesnerova et al., 2016). Bartonella species are haematophagous-
arthropod-borne, facultative intracellular a-proteobacteria, and
are characterised by their “stealthy” course of infection where
host-specific adaptation is essential for their survival (Engel
et al, 2011; Harms and Dehio, 2012). As such, long-lasting
infections of reservoir hosts are commonly asymptomatic, while
incidental host infections often show a clinically apparent course
of infection. Homologous recombination (e.g., phase variation)
and horizontal gene transfer (HGT) mediate the origination
of different substrains within one species, and simultaneously
maintain genome integrity (Kyme et al., 2003; Segers et al,
2017; Wagner and Dehio, 2019). Reductive genome evolution is
commonly observed within the genus and is concordant with
the overall intracellular lifestyle and vector-borne transmission
(Ettema and Andersson, 2009).

Consequently, B. henselae isolates demonstrate variable
genomic and phenotypic differences, presumably driven by
adaptation to varying host conditions and caused by frequent
recombination events (Lindroos et al, 2006). So far, two
B. henselae genotypes were proposed based on the 16rRNA
gene sequence and are represented by either strain ATCC498827
Houston-I (genotype I) (Regnery et al., 1992) or strain Marseille
(genotype II) (Drancourt et al., 1996). Differing correlations
of these genotypes regarding their infection strategy of feline
and human endothelial cell lines have been described (Berrich
et al,, 2011; Chang et al., 2011; Huwyler et al., 2017). Phenotypic
differences are among others related to the expression of
Bartonella adhesin A (BadA) and the VirB/D4 type IV secretion
system (Kyme et al., 2003; Lu et al., 2013).

Bartonella henselae is characterised by its enormous surface-
expressed adhesin BadA which is important for efficient
adherence to extracellular matrix (ECM) proteins (e.g.,
fibronectin and collagen) and host cells, and for angiogenic
reprogramming (Riess et al., 2004; Miiller et al., 2011; Kaiser
et al, 2012). BadA is a trimeric autotransporter adhesin
(TAA) (synonyms: non-fimbrial adhesin, oligomeric coiled-coil
adhesin, type Vc secretion system) and follows the common
TAA-architecture consisting of an N-terminal head, a repetitive
and long neck/stalk region, and a more conserved C-terminal
membrane anchor (Hoiczyk, 2000; Szczesny and Lupas, 2008;
Leo et al, 2012). The long neck/stalk region is composed of
several domains which are defined by a distinctive neck sequence

functioning as a connector from bulkier B-strands to slimmer
a-helixes (Bassler et al, 2015). The modular and repetitive
composition of BadA (and other TAAs) suggests the frequent
occurrence of recombination, likely as an evolutionary adaptive
process in the light of alternating host conditions. Differences
in the repetitive neck/stalk region leading to variations in the
size of badA among several B. henselae strains were previously
demonstrated (Riess et al., 2007). However, it was not possible
to correctly sequence this genomic region because of its
highly repetitive nature. Compared to short-read sequencing
technologies, long-read sequencing facilitates to differentiate
close variants and to cover highly repetitive stretches without
major assembly problems (Torresen et al., 2019).

In this study we report on long-read sequenced whole
genomes of eight B. henselae isolates, discuss their genomic
organisation with a special emphasis on the highly variable
badA coding region (i.e., badA island), and check for BadA
expression and functional binding to ECM proteins. These data
suggest an adaptive evolution of the badA island and confirm the
importance of BadA as a virulence factor.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

All B. henselae strains used in this study are listed in Table 1.
Bacteria were grown in Bartonella liquid (BALI) medium (Riess
et al., 2008) supplemented with 10% sterile fetal calf serum (FCS)
for three days in a humidified atmosphere at 37°C and 5% CO;
while gently shaking (120 RPM). Alternatively, B. henselae strains
were cultured on Columbia blood agar (CBA) plates with 5%
sheep blood (Becton-Dickinson) for either 4 days to obtain fully
grown plates, or for 14 days to obtain single colonies, both in
a humidified atmosphere at 37°C and 5% CO;. Both growth
conditions ensured surface expression of BadA (proven by
immunofluorescence; data not shown). Competent Escherichia
coli DH5a (NEB), used for cloning and plasmid amplification,
were grown overnight (o/n) at 37°C either in shaking (180 RPM)
Luria/Miller (LB) broth or on LB agar plates (Carl Roth).

As selection marker, kanamycin (KAN; MP Biomedicals) was
used at a final concentration of 30 wg/ml (B. henselae Marseille
ABadA-T) and 50 pg/ml (E. coli DH5a). Bacteria were collected
by centrifugation at 5,000 x g for 10 min at 4°C, unless noted
otherwise. Bacterial cryostocks were prepared in LB medium with
20% glycerol and stored at —80°C.

Isolation of Genomic DNA and Whole

Genome Sequencing

Bartonella henselae strains grown in BALI medium (isolated from
a single colony to avoid a mixture of genomically rearranged
subclones) were washed three times with phosphate-buffered
saline (PBS; pH 7.2). High molecular weight (HMW) DNA was
isolated using the MagAttract HMW DNA kit (Qiagen) and
subsequently sheared to ca. 10-12 kb fragments with g-TUBEs
(Covaris). The sequencing library was prepared following the
Pacific Biosciences (PacBio) protocol for single-molecule real-
time (SMRT)bell™ libraries using PacBio®Barcoded Adapters
for multiplex SMR®Sequencing. Library samples were size
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TABLE 1 | Overview of B. henselae strains used in this study?.

B. henselae strain Alternative BadA Complete genome  Specifications Source
designation(s) expression sequence
Marseille URLLY-8 Yes This study Isolate from a patient diagnosed with cat scratch Drancourt et al.,
disease (Marseille, France) 1996
Marseille ABadA-T No - B. henselae Marseille with a TN < KAN-2 > transposon Riess et al., 2003;
BadA-transposon mutant integrated in badA Riess et al., 2004
Marseille ABadA-D No - B. henselae Marseille with badA deleted via This study
BadA-deletion mutant homologous recombination
ATCC49882" var-1 RSE247; CHDE101; No This study and Spontaneous laboratory streptomycin-resistant variant Regnery et al.,
Houston-| variant-1 NZ_CP020742.1 of B. henselae ATCC49882" Houston-! (isolate froma  1992; Schmid
febrile patient infected with human immunodeficiency et al., 2004
virus, Houston, United States)
ATCC49882" var-2 Houston-I variant-2 Yes This study Laboratory isolate (1996); variant of ATCC498827 Riess et al., 2007;
Houston-| Luetal, 2013
Berlin-I - No This study Isolate from a skin biopsy specimen from a patient Arvand et al., 1998
diagnosed with bacillary angiomatosis (Berlin, Germany)
G-5436 Houston-I; Zrich Yes This study Human isolate, Centers for Disease Control and Regnery et al.,
Prevention (Atlanta, United States); Possible derivative  1992; Zbinden
of B. henselae ATCC49882" Houston-I et al., 1995;
Zbinden et al.,
1997
88-64 Oklahoma - Yes This study Blood isolate from a patient diagnosed with HIV Welch et al., 1992
(Oklahoma City, United States)
FR96/BK38 Type | Yes This study Blood isolate from domestic cat (Freiburg, Germany)  Sander et al., 1997
FR96/BK3 Type Il Yes This study Blood isolate from domestic cat (Freiburg, Germany) Sander et al., 1997

aPassage number of all strains in Frankfurt am Main was <10. Exact passage number before arriving is unknown.

selected using 0.45x AMPure PB beads and sequenced in
a single run (i.e, movie and pre-extension time of 20 and
4 h, respectively) on a PacBio Sequel instrument using v3.0
sequencing chemistry, Sequel polymerase v3.0, and an SMRT
cell v3 LR tray.

Reads were demultiplexed using Barcoding pipeline on SMRT
Link Analysis Services (v5.1.0.26412 and GUI v5.1.0.26411)
with a barcode score of >26. De novo genome assembly was
performed using the HGAP 4 pipeline via SMRT Link Analysis
Services (v6.0.0.47841, and GUI v6.0.0.47836) with an expected
genome size of 2 Mbp, resulting in single contigs (Figure 1).
Circular consensus sequences (CCS) reads were computed for the
demultiplexed dataset with <1 as a number of passes and <0.9 as
predicted accuracy (Supplementary Table 1).

Genomic Analysis and Bioinformatic

Tools

Genomes were annotated via both the National Center
for Biotechnology Information (NCBI) Prokaryotic Genome
Annotation pipeline (Tatusova et al., 2016) and the RASTtk
pipeline (Aziz et al., 2008; Brettin et al., 2015). Gene annotation
in the badA island and flanking up- and downstream regions
were manually revised (Figure 2). Correct mapping, assembly,
and coverage quality of specific genomic regions were checked
in silico using CCS reads (>Q20) uploaded in Minimap?2 software
(Li, 2018) as a Geneious Prime 2020.0.5 plug-in.

Complete multiple alignment of the B. henselae conserved
genomic sequences was performed using progressiveMAUVE
software (Darling et al, 2004, 2010). ProgressiveMAUVE
identifies so-called locally collinear blocks among the

various strains that prove to be internally free from genome
rearrangements (Figure 1). Genome comparison as per average
nucleotide identity (ANI) based on MUMmer (%) was done with
the JSpecies Web Server (Kim et al., 2014; Richter et al., 2016;
Table 2). Furthermore, potential prophage sequences within the
studied B. henselae genomes were predicted using Phage Search
Tool Enhanced Release (PHASTER) software (Zhou et al., 2011;
Arndt et al.,, 2016). Remote homologues of certain unspecified
open reading frames (ORF) were identified in the PDB and
Pfam-A databases using the HHpred software (S6ding, 2005;
Hildebrand et al., 2009; Zimmermann et al., 2018; Steinegger
et al., 2019). Further general sequence analyses were consistently
performed via SnapGene software (Insightful Science). All
mentioned systems and software were run on default parameters.

Generation of a Bartonella henselae

Marseille badA In-Frame Deletion Mutant

A markerless badA deletion mutant in B. henselae Marseille was
generated via a two-step selection process as previously described
(Stahl et al., 2015; Weidensdorfer et al., 2016). Primers used in
this study are listed in Supplementary Table 2.

Vector  pBIISK_sacB/kanR_UpBadA_DownBadA  was
constructed by ligating two 1-kb flanking regions from up-
and downstream the badA gene (Marseille), into the linearised
pBIISK_sacB/kanR plasmid directly downstream of kanR via
Gibson Assembly®(NEB; Gibson et al., 2009). The first fragment
contains a 1-kb upstream non-coding region, as well as 30-bp of
5-badA (amplified using primers FrUp_Fw and FrUp_Rv). The
second fragment contains 30-bp of 3'-badA, as well as a 1-kb
downstream non-coding region (amplified using the primers
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FIGURE 1 | Comparative genome alignment of eight B. henselae strains. A genome alignment, visualised via progressiveMAUVE, displays a conserved B. henselae
genome sequence with few inversions, mostly located in the first ca. 300,000 bp. Genomes are shown as horizontal panels following a black line. Coloured blocks
and vertical lines depict localised collinear regions of the genome sequence that align to part of another genome, are homologous, and are internally free from
genomic rearrangements. Blocks above or below the horizontal line are in the same or reverse complement orientation compared to the reference genome of
B. henselae Marseille, respectively. Regions outside blocks lack detectable homology. Inside each block, a similarity profile of the genome sequence is drawn. The
height of this profile corresponds to the average level of conservation in that particular region. Complete white areas are not aligned and probably contain sequence
elements specific to that strain genome. Black arrows indicate the length, orientation and position of the badA island within each genome sequence. The upper
scale gives sequence coordinates.

FrDown_Fw and FrDown_Rv). Plasmid pBIISK_sacB/kanR was
linearised using primers pBIISK_Fw and pBIISK_Rv.

pBIISK_sacB/kanR_UpBadA_DownBadA was propagated
in heat-shock transformed E. coli DH5a and subsequently
electroporated in B. henselae Marseille using a Gene Pulser II
electroporator (Bio-Rad) as previously described (Riess et al.,
2003). Briefly, ca. 4 x 108 electro-competent B. henselae Marseille
cells were electroporated with 10 pg of purified plasmid DNA,
including 1 pl of TypeOne™ Restriction Inhibitor (Lucigen),
and immediately incubated in 1 ml recovery broth for 4 h in
a humidified atmosphere at 37°C with 5% CO, while gently
shaking (120 RPM).

Transformed bacteria were subsequently incubated
for positive selection on KAN-supplemented CBA plates
and resulting clones were checked for integration of
pBIISK_sacB/kanR_UpBadA_DownBadA in the genomic
DNA by colony PCR using various primer combinations
(pBIISK_Fw, pBIISK_Rv, IntegrationA_Fw, IntegrationA_Rv,
IntegrationB_Fw, and IntegrationB_Rv). Clones with a correct
insertion were transferred onto CBA-plates supplemented
with 10% sucrose to facilitate and select for segregation of the

integrated suicide vector together with the badA gene. Grown
colonies were further identified to check for proper vector loss
on CBA plates with and without KAN. Finally, correct badA
deletion was verified by colony PCR, Sanger sequencing (primers
in Supplementary Table 2), and Western blotting using rabbit
anti-BadA IgG antibodies (see below) using B. henselae Marseille
as positive control.

Transmission Electron Microscopy

Bartonella henselae strains were grown in BALI medium starting
from single colonies and fixed with 4% paraformaldehyde and
2.5% glutaraldehyde (both Electron Microscopy Sciences) in
0.1 M phosphate buffer (pH 7.4) for 90 min at RT. Fixed
samples were stored at 4°C until processed either by progressive
lowering of temperature (PLT) in dimethylformamide (DMF)
and embedding in Lowicryl K4M (protocol adapted from
Bayer et al., 1985), or by high-pressure freezing (HPF), freeze
substitution (FS) and Epon embedding. Average length of
expressed BadA was determined using 24 (for strain FR96/BK38)
to 65 (for strain Marseille) bacterial cell images.
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For PLT in DMEF fixed bacteria were washed twice in
phosphate buffer (1,500 x g) and embedded in 12% melted
(37°C) gelatine (Merck). Solidified samples were sliced into
1 mm?® cubes and fixed in 1% glutaraldehyde for 5 min at
4°C. Samples were dehydrated by gradually increasing the DMF
concentration from 30% DMF (in H,O) for 30 min at 0°C to
100% DMF for 1 h at —35°C. Lowicryl K4M was infiltrated
at —35°C and polymerised by UV. For HPF/FS, fixed bacteria
were successively cryofixed in cellulose capillaries in planchettes
filled with 1-hexadecene in a high-pressure freezer (Compact
03, Wohlwend), freeze-substituted in 2% osmium tetroxide/0.4%
uranyl acetate in acetone, and embedded in Epon. Finally,
ultrathin sections were stained with uranyl acetate and lead
citrate, and analysed with a Tecnai Spirit electron microscope
(Thermo Fisher Scientific) operated at 120 kV.

Generation of an Anti-BadA Antibody

and Western Blotting

Novel rabbit anti-BadA IgG antibodies were developed using
isolated BadA proteins derived from the growth culture
supernatant of vortexed (2 min) B. henselae Marseille. BadA
and other large proteins were precipitated by incubating the
supernatant in 5% polyethylene glycol 6000 (Carl Roth) o/n
at 4°C while slightly shaking, and subsequently collected by
centrifugation at 10,000 x g for 1 h at 4°C. The pelleted sample
was separated via sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) in a single-well 8% gel without
prior heat denaturing and was stained o/n with Coomassie
Blue R. BadA protein was precisely sliced from the top of the
stacking gel and its identity was confirmed via mass spectrometry
(see below and Supplementary Figure 1) and used as antigen

(ca. 75 pg/injection) for generation of rabbit anti-BadA IgG
antibodies (Eurogentec). Rabbit pre-immune serum was used as
negative control to verify BadA antibody specificity via Western
blotting. Antibodies were further purified to eliminate unspecific
antibody background reaction by pre-adsorption with B. henselae
Marseille ABadA-T (5 x 10° cells/ml) for 2 h at RT, while
shaking (900 RPM).

BadA protein expression was analysed via Western blotting
using the rabbit anti-BadA IgG antibodies (this study). Whole
cell B. henselae strains were grown in BALI medium for three
days, collected by centrifugation, and subsequently prepared
by incubation in Laemmli sample buffer (Sigma-Aldrich) for
10 min at 95°C. Denatured proteins were separated via SDS-
PAGE on a 4-15% gradient gel (Bio-Rad) and transferred to
nitrocellulose membranes for 1 h at 300 mA in Towbin transfer
buffer (10% glycerol). Blotted membranes were incubated o/n at
4°C with rabbit anti-BadA IgG antibodies (1:4,000) followed by a
second incubation for 90 min at RT with HRP-conjugated swine
anti-rabbit IgG antibodies (1:2,000; Agilent-Dako). Detected
proteins were developed using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific) and analysed
on a ChemiDOC XRS + system (Bio-Rad) with ImageLab V6.0.1.
software (Bio-Rad).

Mass Spectrometry

The Coomassie Blue R-stained SDS-gel fragment was cut
into small pieces and subsequently prepared for mass
spectrometry (MS). Briefly, proteins were denatured (8 M
urea and 100 mM ammonium bicarbonate) and 5 mM tris(2-
carboxyethyl)phosphine hydrochloride was added to reduce the
amount of disulphide bonds. 10 mM iodoacetamide was added

Frontiers in Microbiology | www.frontiersin.org

February 2022 | Volume 13 | Article 838267


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

Thibau et al.

Genetic Adaptation of BadA by Recombination

for alkylation in a dark room. Finally, the samples were diluted
in 100 mM ammonium bicarbonate and 0.5 mg/ml sequencing-
grade trypsin (Promega) was added to digest the proteins into
peptides. Peptides were analysed on a Q Exactive HFX connected
to an Easy-nLC 1200 instrument (Thermo Scientific).

Immunofluorescence Microscopy

Bartonella henselae BadA surface expression was assessed via
immunofluorescence microscopy testing using rabbit anti-BadA
IgG antibodies (this study). B. henselae strains grown in
BALI medium were resuspended in PBS, airdried on glass
microscopy slides (KNITTEL StarFrost®), and fixed with 3.75%
paraformaldehyde for 10 min at 4°C. Fixed bacteria were stained
with rabbit anti-BadA IgG antibodies (1:400) and subsequently
incubated with goat IgG anti-rabbit IgG conjugated to Alexa 488
(1:200; Dianova), both for 1 h at RT. Bacterial DNA was stained
with 4,6-diamidino-2-phenylindole (1 pg/ml; DAPI; Merck)
for 10 min at 4°C. All incubation steps were performed in a
humid chamber and followed by three washes with PBS. Slides
were mounted with fluorescence medium (Dako), air-dried, and
analysed with a Zeiss Axio Imager 2 microscope equipped with
a Spot RT3 microscope camera (Diagnostic Instruments Inc.)
operated by VisiView V.2.0.5 (Visitron Systems).

Binding of Bartonella henselae to

Extracellular Matrix Proteins

The binding of B. henselae to ECM proteins was tested in vitro
using an enzyme-linked immunosorbent assays (ELISA). Briefly,
1 pg of human plasma fibronectin (Fn, Sigma-Aldrich) or
human collagen-I (Col-I, Merck) was coated o/n at 4°C onto
Nunc Maxisorp flat-bottom 96-wells (Thermo Scientific). Wells
were blocked with 2% w/v bovine serum albumin (BSA; Sigma-
Aldrich) in washing buffer (0.05% v/v Tween 20 in PBS) and
incubated for 90 min at 37°C. B. henselae strains grown in
BALI medium were resuspended in PBS, added to the wells
(ca. 2 x 108 cells), and incubated for 2 h at 37°C. Bound bacteria

were detected using anti-B. henselae IgG antibodies (1:1,000
in blocking buffer; Kempf et al., 2000) and swine anti-rabbit
HRP (1:2,000 in blocking buffer). Samples were developed using
3,3,5,5 -tetramethylbenzidine liquid substrate (TMB; Sigma-
Aldrich) for ca. 1 min and the reaction was stopped with 1M
HCL. The resulting absorbance was measured at 450 nm using a
microplate Sunrise-Basic™ reader (TECAN). All 96-well plates
were sealed to prevent evaporation during incubation steps, and
were each time immediately followed by three washes in wash
buffer. Assays were done in triplicate.

Statistics

Statistical analyses were performed using one-way ANOVA
testing on Prism V7.04 (GraphPad Software) assuming
parametric data distribution. A value of p < 0.01 was considered
statistically significant.

RESULTS

Long-Read Sequencing Demonstrates a
Conserved Bartonella henselae Genome
With Only Few Divergences in Genomic

Organisation

Bartonella henselae strains and substrains from our strain
collection were included in this study for which the origin was
traceable. Eight complete and single contig genomes of different
B. henselae (sub)strains (Table 1) were generated using next-
generation long-read Pacific Biosciences SMRT sequencing. The
Phred quality (Q) score of the CCS reads ranges from Q32
(99.94% accuracy) to Q34 (99.96% accuracy) for reads filtered
to have a score above Q20. In case of the strains Marseille
and ATCC49882T var-1, an overall Q-score with an accuracy
of 98.7% and 98.9% was observed, respectively. The genome of
B. henselae consists of a single circular chromosome with a size
that ranges from ca. 1.91 Mbp (Marseille) to 1.97 Mbp (88-64

TABLE 2 | Genome comparison as per average nucleotide identity (ANI) based on MUMmer (%).

Marseille ~ ATCC498827T var-1 ATCC498827 var-2  Berlin-I G-5436  88-64 Oklahoma FR96/BK38  FR96/BK3
Marseille 98.83 98.84 98.84 98.84 98.83 98.82 98.91
(97.88) (97.61) (97.61) (97.89) (97.89) (98.40) (99.06)
ATCC498827 98.84 99.37 98.60
var-1 (96.17) (98.19) (97.36)
ATCC498827 98.85 99.37 98.61
var-2 (96.95) (98.17) (98.14)
Berlin-1 98.85 99.37 98.62
(96.94) (98.17) (98.14)
G-5436 98.84 99.39 98.61
(96.17) (98.21) (97.26)
88-64 Oklahoma 98.83 99.39 98.60
(96.31) (97.23) (98.38)
FR96/BK38 98.82 99.38 99.38 99.38 99.39 99.40 98.58
(96.99) (98.45) (97.98) (97.98) (98.45) (97.45) (97.46)
FR96/BK3 98.89 98.60 98.61 98.61 98.60 98.60 98.57
(97.75) (97.74) (97.40) (97.40) (97.74) (97.75) (97.58)

The upper value represents the genome comparison as per ANI (%) while the value in parentheses represents the percentage of aligned nucleotides. ANI is visualised

with a colour scale gradient ranging from yellow to red (i.e., lower to higher ANI).
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Oklahoma) and a low GC-content of 38%. All analysed genomes
start with the housekeeping gene gltA (sense) and genes encoding
for Bartonella adhesin A (BadA), the Trw locus, the VirB/D4
locus, and Pap31 (Lu et al., 2013) were identified in all strains. An
overview of general sequencing parameters and genome features
is given in Supplementary Table 1.

Whole-genome comparison as per ANI results in a score
ranging from 98.57 to 99.99% indicating a low intra-species
genome diversity (Table 2). A multiple genome alignment
using progressiveMAUVE shows a conserved core genome with
only few divergences in genomic organisation (Figure 1). Most
genomic rearrangements are located in the first ca. 300,000 bp
where a dispersed array of collinear and inversed regions is
observed. This region corresponds to a previously described
type II secretion system island including phage genes potentially
linked to genomic variability (Alsmark et al., 2004; Engel and
Dehio, 2009). In that same variable region, one or two (depending
on the strain) incomplete but potential prophage sequences are
predicted using PHASTER software (data not shown).

Further downstream from ca. nucleotide (nt) 400,000 to
1,850,000, a major genomic inversion around two adjacent
collinear regions is identified in strains G-5436, 88-64 Oklahoma,
and FR96/BK38 (Figure 1). Both sides of the inversion are
characterised by a copy of the highly conserved tuf gene
(elongation factor Tu; EF-Tu), that is flanked by either
fusA (elongation factor G; EF-G), or genes encoding for
ribosomal and transcription-related proteins possibly forming a
transcriptional unit.

Based on the ANI results (Table 2) and the multiple
genome alignment (Figure 1), strains ATCC498827 var-1,
ATCC49882T var-2, Berlin-I, G-5436, 88-64 Oklahoma, and
FR96/BK38 are classified as a separate B. henselae subgroup.
Both strains Marseille (genotype II) and FR96/BK3 appear to be
genetically distinct.

The badA Genomic Island Consists of a
Variable badA Gene Flanked by badA
Pseudogenes and Conserved Up- and

Downstream Regions

A noteworthy low similarity profile is observed around the
location of the badA gene indicating a high(er) sequence
variability in the otherwise rather conserved purple region
(Figure 1). The chromosomal region containing badA (Figure 2
and Supplementary Table 3) demonstrates a variable sequence
length of badA (8.7 to 13.2 kb) among the various strains. In
strains ATCC498827 var-1 and Berlin-I a frameshift mutation
causes a premature stop codon. The badA gene is preceded by a
conserved badA pseudogene and, in case of strains ATCC498827
var-1, G-5436, and FR96/BK38 followed by a large (ca. 21 kb)
OREF disrupted by a premature stop codon with a highly similar
domain organisation to badA. Depending on the B. henselae
strain, four or five ORFs are identified in between the badA
pseudogene and the badA gene. The ORF directly upstream
of badA annotates as a surface protein and shares homology
with TAAs, for strains Marseille and FR96/BK3, this applies to
the last two ORFs.

In strains ATCC498827 var-1, ATCC49882T var-2, Berlin-I,
G-5436, and FR96/BK38, a unique repeat sequence is observed in
the badA island with a repeat unit length of 18 nt (5'-ART GGC
GGA AGC AAY GGY-3'), and a number of repeat units of either
26 or 51. The authenticity of this sequence motif was verified by
PCR (primers Repeat_Fw and Repeat_Rv) and Sanger sequencing
(data not shown). Interestingly, only in strain ATCC498827 var-2
this repeat sequence is located in the expressed BadA protein.

The badA island is flanked up- and downstream by a
conserved gene array in all eight B. henselae strains. Genome
annotation of this genomic island and flanking regions by both
RASTtk and NCBI pipelines were individually checked i silico to
ensure accurate and complete gene annotations.

The following genes which are located in the region ca.
25 kb upstream of the badA pseudogene potentially influence
BadA expression: (i) an iron response regulator (irr; 504 bp)
showing high sequence similarity to a ferric uptake repressor-
like protein (Fur; for example with irr of B. bacilliformis
ATCC 35685) located ca 23.5 kb upstream of the badA island,
(ii) a resistance-nodulation-cell division (RND) efflux inner
membrane transporter subunit (3,135 bp), and (iii) several
ribosomal subunit proteins. In addition, ca. 10 kb upstream
of the badA pseudogene, a conserved phosphoenolpyruvate-
protein phosphotransferase gene (ptsP; 2,505 bp) is present.
Further, a mobile genetic element (480 bp) is located ca. 3.4 kb
upstream of the badA pseudogene and shows high sequence
similarity among all strains (>99%), except for strain FR96/BK3
that displays a shorter ORF (201 bp) due to a premature stop
codon. The deduced protein shows a high degree of sequence
similarity with three proteins from the AAA + ATPase (ATPase
associated with diverse cellular activities) superfamily that are
all, among other functions, involved in DNA transposition,
recombination-dependent replication, and damage repair (i.e.,
the MuB transposition protein, the RuvB-like protein 2, and the
replication-associated recombination protein A). Following the
mobile genetic element, a peculiar drop in sequence similarity
is observed for strain Marseille, caused by a ca. 1.2 kb deletion.
Overall, while strains ATCC49882T var-1, ATCC49882" var-2,
Berlin-1, G-5436, and 88-64 Oklahoma are fully identical in the
region (ca. 25 kb) upstream of the badA island, several small
genomic variations (e.g., point mutations and short deletions or
insertions) are observed in the strains Marseille and FR96/BK3,
indicating more frequent recombination events.

Similar to the upstream region, strains ATCC498827 var-
1, ATCC49882" var-2, Berlin-I, G-5436, and 88-64 Oklahoma
show an identical downstream region (ca. 20 kb). Small genomic
variations (e.g., point mutations and short deletions or insertions)
appear only in strains Marseille, FR96/BK3 and occasionally in
FR96/BK38 (not depicted). The immediate downstream ORF
(573 bp) of badA (or the downstream badA-like domain region
in case of strains ATCC49882T var-1, G-5436, and FR96/BK38)
shows a high sequence similarity with the invasion associated
locus B (ialB) gene of Bartonella spp. A frameshift mutation in
strains Marseille and FR96/BK3 shifts the transcription start site
of this ialB homologue downstream with 16 bp. The proximity
of the ialB homologue to badA suggests a single operon and
subsequent protein association. In addition, the B. henselae ialB
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gene (Deng et al., 2016) is found ca. 13.5 kb downstream of the
badA island.

The badA Pseudogene Shows Low
Intraspecies Variations and Has a Similar

Architecture to badA

A badA pseudogene is found upstream of badA in all eight
B. henselae strains (Figure 2 and Supplementary Table 3)
showing a similar length (5.2 kb to 5.4 kb) and a high sequence
similarity (80-100%). Strains ATCC49882" var-1, ATCC49882"
var-2, Berlin-I, G-5436, and 88-64 Oklahoma show an identical
badA pseudogene sequence, confirming their close relation. The
putative C-terminal region of the corresponding protein (ca. 550
aa) including the putative anchor domain is identical among all
eight strains analysed in this study.

The badA pseudogene sequence is considerably shorter than
the badA gene but translates to a similar TAA architecture,
including a head domain, a neck/stalk region, and an anchor
domain (not shown). Certain regions in the badA pseudogenes
align in sequential but interspersed order to regions in the badA
genes with similarities ranging from 50 to 83%. The highest
sequence similarities are found in the sequence for the anchor
domain. Thus far, expression of the badA pseudogene is not
analysed yet. The badA promoter is predicted to be located in a
region ca. 350 bp upstream of the transcription start site (Okaro
etal., 2020), and thus downstream of the badA pseudogene.

Three Bartonella henselae Strains
Contain a Large Downstream badA-Like

Domain Region

Three B. henselae strains (ATCC498827 var-1, G-5436, and
FR96/BK38) share an enormous badA-like domain region
directly downstream of badA (Figure 2 and Supplementary
Table 3). This region encodes the typical C-terminal anchor
domain sequence, as well as numerous repeat domains forming
tandem arrays of repeat units, as similarly observed in badA.
However, no distinguishable head domain is observed. A single
bp mutation causes a premature stop in the otherwise perfect
OREF coding for a badA-like domain region of either 7,128 aa (for
strains ATCC498827 var-1 and G-5436) or 6,834 aa (for strain
FR96/BK38). ATCC49882” var-1 and G-5436 share an identical
badA-like domain region (with the exception of 2 bp), while a
double deletion of ca. 600 bp in strain FR96/BK38 results in
a shorter ORF and three instead of two unique 18 nt repeat
sequence motifs (see above).

Bartonella Adhesin A Shows a High
Intraspecies Variability Linked to

Recombination Events

All eight studied B. henselae genomes include a badA gene
(of which two are disrupted by an early stop codon) within
their respective badA genomic island (Figure 2) and each of
the deduced proteins show the characteristic TAA architecture
consisting of an N-terminal head domain, a long and repetitive
neck/stalk region, and a conserved C-terminal anchor domain

(Szczesny and Lupas, 2008). Despite their overall similarities,
a great variety in length, expression, and neck/stalk domain
order is observed.

The number of distinguishable domains in the neck/stalk
region ranges from 18 in strains ATCC49882" var-2 and Berlin-
I, to 34 in strain FR96/BK3, and domain sizes vary between 68
aa and 147 aa (Figure 3A). Among the studied strains, all BadA
domains in the neck/stalk region fall into distinct categories based
on pairwise similarities in protein sequence (visualised by similar
colours), except for domain 14, 15, and 16 in strains ATCC498827
var-2 and Berlin-I. This domain composition illustrates the
repetitive nature of the BadA protein and the variability among
the different B. henselae strains.

The repetitive badA structure complicates gene assembly
based on short-read sequencing data. Using long-read
sequencing, the full badA gene of the well-studied strain
Marseille was covered in single reads, resulting in a 11,922 bp
gene (Supplementary Table 3). The expressed protein consists
of 3,973 aa (including the signal sequence of 47 aa) containing
30 neck/stalk domains (GenBank: MK993576.1). As such,
two repeated motifs, each consisting of four domains, were
previously overlooked (GenBank: DQ665674.1) by Sanger
sequencing (Riess et al., 2004).

The neck/stalk region of badA among the B. henselae strains
is highly variable compared to the more conserved head and
membrane anchor sequences (Figure 3B). Furthermore, three
types of badA anchor domain sequences (89 aa) were detected
(Figure 3C). Type 1 is observed in strains ATCC49882" var-
1, G-5436, and FR96/BK38 and shows high sequence similarity
with the other two anchor domain types (37 and 44 bp
differences, respectively). Type 2 is present in the strains Berlin-
I, ATCC498827 var-2, and 88-64 Oklahoma and is identical
to the anchor domain of the downstream badA-like domain
region. Type 3 is found in strains Marseille and FR96/BK3
and shows 16 bp mutations (resulting in 6 aa differences)
compared to type 2.

These observations suggest the occurrence of recombination
events in badA and the badA island in general. For instance,
strains ATCC498827 var-1, G-5436, 88-64 Oklahoma, and
FR96/BK38 show similar badA sequence arrangements, while
strains Berlin-I and ATCC498827 var-2 display a considerably
shorter and divergent badA sequence, including the unique 18 nt-
long repeat sequence motif within domain 15 (Figure 3A). The
badA gene of the latter two strains seems the result of a fusion
between the highly conserved N-terminal badA (up to 69 bp
before the start of domain 4) and a formerly present C-terminal
badA-like domain region (last 6,360 bp), as seen in strains G-5436
and ATCC498827 var-1, showing an overlap of 39 bp. A similar
recombination in the badA island in strain 88-64 Oklahoma
connecting the end of badA domain 26 with the last 697 bp of
the badA-like domain region may have resulted in this current
badA gene. Moreover, it is likely that a recombination event
including a former badA-like domain region anchor sequence
and part of the N-terminal badA sequence previously resulted
in a common badA gene for strains Marseille and FR96/BK3.
Both strains probably underwent further gene rearrangements in
their respective badA genes. Indications thereof can be found in
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Marseille | FEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK | 3

ATCC49882"var-1 | FEALSYTVEDVRKEARQAAAIGLAVSNLRYNDLPGKLSVALGSGIWRSQSAFAFGAGY TSEDGNIRSNLSVTNAGGSWGVGVGLSLELN | 1

ATCC498827 var-2 FEALSYAVEDVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAVGAGYTSEDGNIRSNLSITNAGGHWGVGAGITLRLK 2

Berlin-I FEALSYAVEDVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAVGAGYTSEDGNIRSNLSITNAGGHWGVGAGITLRLK 2

G-5436 FEALSYTVEDVRKEARQAAAIGLAVSNLRYNDLPGKLSVALGSGIWRSQSAFAEGAGYTSEDGNIRSNLSVTNAGGSWGVGVGLSLTLN 1

88-64 Oklahoma | FEALSYAVEDVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAVGAGYTSEDGNIRSNLSITNAGGHWGVGAGITLRLK | 2

FR96/BK38 FEALSYTVEDVRKEARQAAAIGLAVSNLRYNDLPGKLSVALGSGIWRSQSAFAEGAGYTSEDGNIRSNLSVTNAGGSWGVGVGLSLTLN 1

FR96/BK3 FEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK 3

BadA-like domain
region FEALSYAVEDVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAVGAGYTSEDGNIRSNLSITNAGGHWGVGAGITLRLK 2

FIGURE 3 | Schematic comparison and aa-alignment of deduced BadA protein sequences among eight B. henselae strains. (A) BadA subdivided in numerous
predicted domains based on the typical neck sequences demonstrates the high number of repeated motifs within a single protein, as well as among the various
tested strains (* and ©). Each domain colour represents a domain category that show mutual protein sequence similarity. The neck/stalk region, where domains are
presumably multiplied, deleted, or recombined via recombination events, is diverse among the strains. Due to a frameshift mutation, a stop codon is observed in
BadA domain 12 of strain ATCC49882" var-1, and in the head domain of strain Berlin-I. The black region within domain 15 in strains ATCC49882" var-1 and Berlin-|
represents the unique 18 nt-long repeat sequence motif. (B) BadA protein sequence alignment (MUSCLE) shows a conserved N-terminal (ca. first 1,000 aa) and
C-terminal region (ca. last 330 aa) with a higher diversity observed in the BadA neck/stalk region. (C) Protein sequence alignment (MUSCLE) of the anchor domain
reveals the presence of three different types (1, 2, and 3). Highlighted aa show differences among aligned sequences that share similar biochemical properties
(yellow), or that do not (grey).
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ABadA-T and Marseille ABadA-D. Scale bar: 5 pm.

FIGURE 4 | Surface expression of BadA in various B. henselae strains (immunofluorescence microscopy). Surface expression of BadA was analysed via
immunofluorescence microscopy using specific anti-BadA IgG antibodies (green). Bacterial DNA was counterstained using DAPI (blue). The illustrated B. henselae
strains are (A) Marseille, (B) Marseille ABadA-T, (C) Marseille ABadA-D, (D) ATCC498827 var-1, (E) ATCC498827 var-2, (F) Berlin-1, (G) G-5436, (H) 88-64
Oklahoma, (I) FR96/BK38, and (J) FR96/BK3. Expression is observed for strains Marseille, ATCC498827 var-2, G-5436, 88-64 Oklahoma, FR96/BK38, and
FR96/BK3, detected by the characteristic green halo. Strains ATCC498827 var-1 and Berlin-I do not express BadA, nor do the negative control strains Marseille

multiplied neck/stalk domain segments seen in BadA of strain G-
5436 which are found to be repeated two and five times in BadA
of strains Marseille and FR96/BK3, respectively (Figure 3A).

Surface Expression and Length of BadA
Variants Correlate With Their Respective

Genomic Sequence

Exact strain origin, passage number, BadA expression status,
and BadA length are important characteristics often unknown
or omitted in studies involving B. henselae (Table 1). Therefore,
we performed a detailed analysis of the BadA surface expression
status of eight B. henselae strains. Based on the long-read
sequencing data, frameshift mutations in strain ATCC498827
var-1 (caused by the deletion of a 262-bp region, at position
5,266 bp from the start codon of badA) and in strain Berlin-I
(caused by a single bp deletion; at position 584 bp from the start
codon of badA) both result in a premature stop codon (Figure 2).
The badA genes of the other strains appeared intact.

Expression of BadA was assessed using immunofluorescence
(Figure 4) and transmission electron microscopy (TEM;
Figure 5). Transposon mutants Marseille ABadA-T and Marseille
ABadA-D were used as negative controls. Surface-expressed
BadA was clearly shown for strains Marseille, ATCC498827 var-
2, G-5436, 88-64 Oklahoma, FR96/BK38, and FR96/BK3. Strains
ATCC498827 var-1 and Berlin-I do not express BadA, similar to
both negative control strains. These data were corroborated by
TEM where two different preparation methods (PLT in DMF and
HPF/FS) were used to achieve optimal visualisation of BadA.

The average length of BadA of the particular B. henselae
strains was analysed from transmission electron microscopy
(TEM) images (Figure 6A). The lengths of the BadA fibres are

in accordance with their identified badA gene lengths. Strains
Marseille (BadA; 3,973 aa) and FR96/BK3 (BadA; 4,407 aa)
express the longest fibres measuring 243 and 238 nm on average,
respectively, while strain ATCC49882T var-2 (BadA; 2,920 aa)
presents the shortest fibres with an average length of 155 nm.
Strains G-5436 (BadA; 3,641 aa), 88-64 Oklahoma (BadA; 3,643
aa), and FR96/BK38 (BadA; 3,641 aa) display comparable fibres
with average lengths of 171, 186, and 166 nm, respectively.

Finally, the molecular weights (MW) and expression of the
various BadA proteins were visualised via Western blotting using
rabbit anti-BadA IgG antibodies (Figure 6B). Blotting results
are in line with immunofluorescence and electron microscopy
results, as well as with MW predictions of the monomeric BadA
proteins (ranging from 296 to 464 kDa). Although the resolution
of SDS-PAGE does not allow for a precise MW quantification of
the trimeric BadA protein, strains Marseille and FR96/BK3 show
a slightly larger monomeric BadA protein (417 and 464 kDa,
respectively) compared to the other strains. The uppermost
detected protein is presumed to be trimeric BadA that is unable to
travel down in the gel because of its enormous size, heat stability,
and incomplete denaturation (Grosskinsky et al., 2007).

The Surface Expression of BadA
Determines Extracellular Matrix Binding
Independent of Strain Specific Domain
Architecture

The biological function of the varying BadA proteins in binding
of B. henselae to various matrix proteins was assessed. For
this purpose, bacterial adhesion to human plasma Fn and
human Col-I was quantified via a whole-cell ELISA using anti-
B. henselae IgG antibodies. Surface-expressed BadA proteins
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200 nm.

FIGURE 5 | Surface expression of BadA in various B. henselae strains (transmission electron microscopy). Representative images of B. henselae (A) Marseille,

(B) Marseille ABadA-T, (C) ATCC498827 var-1, (D) ATCC49882 var-2, (E) Berlin-I, (F) G-5436, (G) 88-64 Oklahoma, (H) FR96/BK38, and (1) FR96/BK3 are
visualised with TEM. Around 30-50 TEM images of bacterial cells per strain were analysed for determination of the phenotype. Expression of BadA is observed for
strains Marseille, ATCC498827 var-2, G-5436, 88-64 Oklahoma, FR96/BK38, and FR96/BK3 but not for strains ATCC498827 var-1 and Berlin-1, nor for the negative
control strain Marseille ABadA-T. For technical reasons, samples were prepared by both PLT in DMF and K4M embedding (e.g., Marseille, ATCC498827 var-2,
(G-5436, and 88-64 Oklahoma), and HPF/FS and Epon embedding (e.g., Marseille ABadA-T, ATCC498827 var-1, Berlin-l, FR96/BK38, and FR96/BK3). Scale bar:

clearly mediate bacterial binding to human plasma Fn and
human Col-I (Figure 7). A significantly lower adhesion was
observed for the BadA-deficient strains ATCC498827 var-1,
Berlin-I, and both negative control strains Marseille ABadA-T
and Marseille ABadA-D. In contrast, ECM adhesion was detected
for all strains that express BadA naturally, independent of
their individual BadA domain composition, repeats, or various
BadA arrangements.

DISCUSSION

Adhesion to cells is the first and most decisive step in the
course of any infection. TAAs represent a major class of
pathogenicity factors in Gram-negative bacteria and are defined
by their homologous C-terminal membrane anchor (Linke

et al.,, 2006). The best examined TAA is the Yersinia adhesin
A (YadA) of Yersinia enterocolitica, and despite its relatively
short gene sequence (1.3 to 1.5 kb) and small fibre length
(ca. 23 nm), it is seen as the prototypical TAA (El Tahir and
Skurnik, 2001). Examples of other well-studied TAAs are the
Acinetobacter trimeric autotransporter (Ata) of A. baumannii
(Weidensdorfer et al., 2019) and the Neisseria adhesin A (NadA)
of N. meningitidis (Comanducci et al., 2002). TAAs share a
modular and repetitive domain composition (head, neck, stalk,
and membrane anchor domains) (Szczesny and Lupas, 2008)
and the underlying repeats on the DNA level suggest easy gene
rearrangements via recombination, presumably driven by genetic
adaptation to alternating host environments (Lindroos et al,
2006). TAAs of the genus Bartonella stand out because of their
variability in length, high conservation within the genus, and
the presence of multiple gene variants within one genome. The
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FIGURE 7 | Adhesion of B. henselae strains to extracellular matrix proteins. Binding of the various B. henselae strains to (A) human plasma Fn and (B) human Col-I.
Wells were coated with Fn and Col-I and adherent bacteria were quantified via whole cell ELISA (see section “Materials and Methods”). BadA-expressing strains
show a significantly higher binding to human plasma Fn and human Col-I compared to strains lacking BadA expression. Statistical significance was determined using
one-way ANOVA testing (**p < 0.001).

extensive number (30) of repetitive neck/stalk domains in BadA  2019). Accordingly, we demonstrate that the length of

of B. henselae Marseille makes this region an excellent “toolbox”
for TAA evolution (Figure 3A).

The presence of numerous prophages and genomic islands
including both short tandem repeats and longer repeats
(such as the badA island of B. henselae) often result in
sequencing and assembly errors. Long-read WGS techniques
overcome these issues (Koren et al., 2013; Torresen et al,

badA from strain Marseille is 11,922 bp (Supplementary
Table 3), instead of the earlier determined 9,249 bp (Riess
et al, 2004). In addition, long-read sequencing of the
badA gene from seven other B. henselae strains confirmed
the previously described varying length of the neck/stalk
region among the various B. henselae strains (Figure 3B;
Riess et al., 2007).
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All sequenced B. henselae strains show a conserved
genome with a high intra-species genome sequence
similarity. Divergences are mostly observed in a 300 kb
region that includes a defined type II secretion system
island and contains various phage genes (Engel and
Dehio, 2009). Within this region which contains highly
dynamic stretches, genomic inversions were identified (e.g.,
around the duplicated fuf gene and multiple copies of
rRNA operons). This prophage region presumably drives
diversification and dispersion of specific host-adaptability
genes throughout the B. henselae population (Anderson
et al., 1994; Lindroos et al., 2006; Harvey et al., 2019). Such
diverse recombination events make correct species typing or
phylogenetic analysis challenging.

Two B. henselae genotypes have been described so far.
Genotype I is believed to be more associated with human
infections, while genotype II appears to outcompete genotype
I during bloodstream infections in cats (Huwyler et al,
2017). Strains ATCC498827 var-1, ATCC498827 var-2, Berlin-
I, G-5436, and 88-64 Oklahoma are all human isolates with
high pairwise genome sequence identity of >99.9% (Table 2). In
addition, three of these strains are known variants of the type-
strain ATCC498827 Houston-1 (Table 1). Based on our data,
we suggest to classify these five strains as genotype I. Strain
Marseille shows a comparatively lower genome sequence identity
(ca. 98.8%) to these five strains (Table 2) and demonstrates
that genotype II strains are not exclusively isolated from cats.
Compared to the genotype I group, both B. henselae cat isolates in
this study (strains FR96/BK38 and FR96/BK3) do not show a high
pairwise genome sequence identity (98.6%). We propose that
the classification of B. henselae strains into particular genotypes
cannot be solely attributed to the source of isolation. This is in
accordance with findings that new genetic variants of B. henselae
frequently emerge in vivo (Iredell et al., 2003; Berghoft et al,
2007).

Based on the various hypothesised rearrangements within the
defined badA island sequence among the different B. henselae
strains, including the downstream badA-like domain region and
the small variations in the BadA anchor domain aa-sequence,
we postulate that a series of recombination events has led to
the formation of at least three phylogenetically distinct groups
of B. henselae (Figure 3C). We propose strain G-5436 to be the
evolutionary ancestor of the strains in this study because of its
intact badA sequence and its present (and longer) downstream
badA-like domain region (compared to strain FR96/BK38).
Future classification and bacterial genotyping of B. henselae
strains should be supported by either long-read WGS results or
a detailed analysis of the badA island.

As known so far, badA gene expression seems to be regulated
by (i) the general stress response system (Tu et al, 2016),
(ii) the Bartonella regulatory transcript in combination with
the transcriptional regulator protein (Tu et al, 2017), and
(iii) the BatR/S two-component system (Quebatte et al., 2010).
These systems are influenced by the extracellular environment,
correlating with frequently alternating host conditions (e.g.,
temperature and pH). The close vicinity of a predicted ferric
uptake repressor-like protein (Fur) to badA suggests a repressed

badA expression of B. henselae while residing in the iron-
saturated flea gut environment. In mammal hosts where free
heme as an iron source is rare, upregulation of badA might
facilitate initial adhesion and subsequent infection (Battisti
et al, 2007). An upstream gene (ptsP) that is part of a
phosphotransferase (PT) system, controls among others the
carbohydrate flow in bacteria and is involved in virulence
gene expression related to nutrient availability (Bier et al,
2020). An ialB homologue of B. henselae is located immediately
downstream of the badA genomic island. It has been described
that IalB plays a role in erythrocyte invasion of Bartonella species
(Coleman and Minnick, 2001; Deng et al., 2016). However, and
in contrast to badA, ialB expression is upregulated by a low pH
or decreasing temperatures (Coleman and Minnick, 2003; Okaro
et al., 2017). A similar operon configuration involving a TAA
gene associated with ialB is observed for the Brucella abortus
trimeric autotransporter adhesin (BatA; Rahbar et al., 2020). The
functional relationship of badA with Fur, the PT system, and the
IalB homologue remains to be explored.

Microscopy and protein expression analyses validate the long-
read sequencing results and confirm that all strains express a
surface-expressed BadA, except for strains ATCC498827 var-1
and Berlin-I due to individual frameshift mutations (Figures 4-
6). The length of surface-expressed BadA was determined from
TEM-images and correlates with the badA gene length of
the respective B. henselae strain. The slight variation between
the measured fibre lengths of surface-expressed BadA from
B. henselae strains G-5436, 88-64 Oklahoma, and FR96/BK38,
despite having similar badA gene lengths, might derive from
structural changes due to the TEM-processing, such as partial
protein unfolding (Figure 6 and Supplementary Table 3).

BadA expression was previously shown to be crucial for
endothelial cell infection and induction of a proangiogenic
response (Riess et al., 2004) while negatively affecting VirB/D4-
dependent host cell invasion via “invasome” formation (Lu et al.,
2013). Binding of B. henselae to ECM proteins human plasma Fn
and Col-I also depends on the expression of BadA rather than the
observed differences in protein length (Figure 7). The binding
of BadA to Fn has been previously attributed to the passenger
domain, while the head domain itself was described to be
sufficient for collagen binding. In addition, it was demonstrated
that a critical length of surface-expressed BadA (40 nm) was
necessary to detect binding of B. henselae to Fn (Kaiser et al.,
2008, 2012). Plasma Fn which is present in blood and other fluids,
is a major component of the fibrin clot in early wound healing
responses and an important glycoprotein in the ECM. Col-I is
the most abundant collagen in the human body, especially in
the dermis, and represents a major binding partner for TAAs
(Lyskowski et al., 2011; Vaca et al., 2019). In case of a cat scratch
or bite in the human dermis, both ECM proteins might thus
be an ideal BadA binding partner in the course of infection of
B. henselae.

The frequent transitions of B. henselae from the cat flea’s
gut to cats and accidental human hosts might require efficient
and quick adaptation strategies. In contrast to other variable
regions, the badA island has previously not been predicted
nor described as a prophage or defined genomic island
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(Engel and Dehio, 2009). The observed heterogeneity in the badA
island between different B. henselae strains might be the result
of evolutionary selection for various beneficial traits such as
host-specific colonisation and immune escape. We postulate
a shuffling mechanism comparable to phase variation that
capitalises on the extensive number of repeats in the badA
island making this region an excellent “toolbox” for TAA
evolution. Combinatorial reshuffling of similar TAA repeats as
a mechanism to quickly adapt these immunodominant adhesins
has been proposed previously (Szczesny et al., 2008). The highly
repetitive badA neck/stalk region might facilitate site-specific
recombination or slipped-strand mispairing within the badA
island that reshuftles badA, the neighbouring badA pseudogenes,
and possibly involves the peculiar 18 nt-long repeat sequence
motif. The protein structure of this translated 18 nt-long repeat
sequence might mimic collagen-like triple helixes which would fit
the general TAA structure. Similar phase variation mechanisms
were demonstrated earlier for N. meningitidis (Bentley et al.,
2007). A potential candidate that mediates these recombination
events is the identified mobile genetic element protein upstream
of the badA island. This ORF shows homology with three
different AAA + ATPases (i.e., MuB, RuvB-like protein 2, and
RarA) that are all involved in DNA recombination. The presence
of B. henselae isolates lacking Bad A expression due to a frameshift
mutation (e.g., strain ATCC49882" var-2 and Berlin-I) or the loss
of BadA expression following multiple passages outside a natural
host, caused by the deletion of an 8.5 kb genomic fragment
(Kempf et al., 2001; Riess et al., 2004), strengthens our hypothesis
of existing phase-on and phase-off phenotypes (Anderson and
Neuman, 1997; Kyme et al., 2003; Lu et al., 2013). Because of
the unknown passage number of the respective bacterial strains
(before arriving to our laboratory) we cannot fully rule out that
such recombination events might have occurred while cultivating
the bacteria under laboratory conditions. However, regaining the
ability to express BadA was, to our knowledge, never described.
Irreversible loss of biologically important genetic information
might also occur in vivo upon changing environments. Such
presumably attenuated or non-pathogenic mutants might stay
restricted, e.g., to the vector niche because they lost the ability
to infect the host. They might even not survive in nature but only
under artificial laboratory conditions where the metabolic burden
of BadA expression would select for faster growing bacteria that
silence the badA gene (e.g., via deletion or single bp mutations).
However, this hypothesis has not been proven for B. henselae
because suitable animal infection models mimicking human
infections do not exist.

Overall, badA domain duplications, acquisitions, and
deletions result in varying BadA proteins with different
lengths and alternating repetitive domain arrangements, as
is demonstrated within this rather small data set of eight
B. henselae isolates. The diversity of BadA proteins illustrates
the occurrence of active recombination events within the badA
island, demonstrates the utilisation of the downstream badA-like
domain region acting as a “toolbox” for rearrangements in badA
composition, and strengthens our hypothesis of active phase
variation via site-specific recombination in the scope of rapid
host adaptation (e.g., pathogenicity and immune evasion).

CONCLUSION

A detailed analysis of long-read sequenced genomes is required
to discern subtle differences and numerous repeat sequences
between closely related bacterial genotypes. B. henselae and BadA
provide an excellent setting to analyse host adaptation and
evolution of pathogenic proteins and might serve as an example
for other TAAs. BadA is verified to be important for the initial
host-pathogen interaction via binding to ECM proteins (e.g., Fn
and Col-I). It is thus important to verify surface expression of
BadA (or other TAAs of Bartonella spp.) before starting infection
experiments. By studying the diversity of eight B. henselae strains
(human and cat isolates), we have gathered evidence of active
recombination within the repetitive badA genomic island and
suggest that among the studied strains, B. henselae G-5436 is the
evolutionary ancestor. The pathogenic life cycle of B. henselae
might promote frequent recombination events leading to the
combinatorial reshuffling of similar domain arrays and the
emergence of variations among different BadA proteins that
possibly contribute to host immune evasion and enhance long
term and efficient survival in the differing host conditions.
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Acidiferrobacter spp. are facultatively anaerobic acidophiles that belong to a
distinctive Acidiferrobacteraceae family, which are similar to Ectothiorhodospiraceae
phylogenetically, and are closely related to Acidithiobacillia class/subdivision
physiologically. The limited genome information has kept them from being studied on
molecular taxonomy and environmental adaptation in depth. Herein, Af. thiooxydans
ZJ was isolated from acid mine drainage (AMD), and the complete genome sequence
was reported to scan its genetic constitution for taxonomic and adaptative feature
exploration. The genome has a single chromosome of 3,302,271 base pairs (bp), with
a GC content of 63.61%. The phylogenetic tree based on OrthoANI highlighted the
unique position of Af. thiooxydans ZJ, which harbored more unique genes among the
strains from Ectothiorhodospiraceae and Acidithiobacillaceae by pan-genome analysis.
The diverse mobile genetic elements (MGEs), such as insertion sequence (IS), clustered
regularly interspaced short palindromic repeat (CRISPR), prophage, and genomic island
(Gl), have been identified and characterized in Af. thiooxydans ZJ. The results showed
that Af. thiooxydans ZJ may effectively resist the infection of foreign viruses and gain
functional gene fragments or clusters to shape its own genome advantageously. This
study will offer more evidence of the genomic plasticity and improve our understanding
of evolutionary adaptation mechanisms to extreme AMD environment, which could
expand the potential utilization of Af. thiooxydans ZJ as an iron and sulfur oxidizer in
industrial bioleaching.

Keywords: Acidiferrobacter, complete genome, comparative genomics, genome plasticity, environmental
adaptation
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INTRODUCTION

The type strain Acidiferrobacter thiooxydans m-1 was initially
reported as “Thiobacillus ferrooxidans” owing to its iron-
oxidizing capability, which was isolated from coal spoil refuse in
Missouri, United States, over 35 years ago (Harrison, 1982). The
representative genus Acidithiobacillus (formerly Thiobacillus)
was the most widespread one with higher Fe/S oxidation
ability, such as A. ferrooxidans, A. ferrivorans, A. caldus, and
A. thiooxidans (Ma et al., 2021). However, the strain Af.
thiooxydans m-1 harbored a higher chromosomal GC content
and the analysis of partial 16S rRNA sequences revealed that
it was quite distantly related to other acidophilic bacteria. This
strain remained poorly studied on the physiology and phylogeny
until 2011. Researchers renamed the strain as Af. thiooxydans
and confirmed that it was closely related with the members
of the family Ectothiorhodospiraceae, order Chromatiales, also
including typically alkaliphilic and halophilic bacteria that could
not oxidize iron and sulfur (Hallberg et al., 2011). Another
member within the genus, Acidiferrobacter sp. strain SP-III/3
(DSM 27195), emerged as a new clade from the 16S rRNA-based
phylogeny, which was isolated from AMD in Cartagena (Murcia,
Spain) (Mitchell et al., 2004). The energy metabolism strategies
from this genus, such as iron and sulfur oxidation features, were
deeply analyzed via comparative genomics (Issotta et al., 2018).
However, the calculated ANI relatedness between SPIII/3 and m-
1 was lower than 95%, implying that they could not be assigned
to the same species obviously.

In 2015, a novel chemolithoautotrophic sulfur oxidizer, called
Sulfurifustis variabilis skN76, was isolated and characterized from
the sediment of Lake Mizugaki (Kojima et al., 2015). It was closely
related to Af. thiooxydans, but was distinct from other members
within the family Ectothiorhodospiraceae. They were assigned
into a novel family Acidiferrobacteraceae affiliated to the order
Acidiferrobacterales. A year later, a similar novel sulfur oxidizer
Sulfuricaulis limicola HA5, which was isolated from the sediment
of Lake Harutori, was also established and assigned to the family
Acidiferrobacteraceae (Kojima et al., 2016). Redundancies of the
sulfite reduction and oxidation genes were observed in both of
the two complete genomes, as represented by multiple copies
of dsrAB and aprAB (Umezawa et al., 2016). The members of
the family Acidiferrobacteraceae have been frequently detected
in a variety of environments (Dyksma et al., 2016; Thouin
et al., 2019; Wu et al, 2021), but only two assemblies of Af.
thiooxydans were observed in the NCBI database. The restricted
genome information limited the access to their genomic features
in depth, which could give a deep understanding about their
environmental adaptations.

Bioinformatic analyses highlighted the potential roles
of various integrative mobile genetic elements (MGEs) in
promoting the evolutionary adaptation of bacteria (Leal et al.,
2020). Among the different types of MGEs, insertion sequences
(ISs) contained a single open reading frame (ORF) encoding the
transposase and inverted repeats at both ends. ISs transposition
directly brought about gene deletion, inversion, and even
rearrangement, which impacted a variety of bacterial life
processes such as drug resistance, virulence, and metabolism

(Vandecraen et al., 2017). The clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas (CRISPR-associated
proteins) system could integrate fragments of foreign nucleic
acids into CRISPR arrays and embed in microbial genomes,
achieving immunity for virus defense purposes (Faure et al.,
2019). Prophages, namely, integrated virus genomes, were
also common MGEs, which might be conducive to recruiting
novel functionalities (Ramisetty and Sudhakari, 2019). Genomic
islands (GIs) were mostly derived from horizontal gene transfer
(HGT), which were the large fragments that enriched functional
genes (Dobrindt et al., 2004). It was apparent that various MGEs
played crucial roles in bacterial genome evolution and adaptation
to specific environmental stress.

We isolated the strain Af. thiooxydans Z] from Zijinshan
Copper Mine, Fujian Province, China. The complete genome
record CP080624 has been uploaded to NCBI that refreshed its
draft genome (MDCF00000000.1). This study is the first time
to report the complete genome of Af. thiooxydans. Experimental
results have revealed that Z] could adapt to a wide range of pH
and temperature. However, there were many unknowns about the
important MGEs that assisted the unique Acidiferrobacteraceae to
acclimatize to the extreme acid environment. Further evidence
of the adaptative mechanisms was urgently needed, especially
supported by a complete genome in depth. In this study,
the unique molecular taxonomy of Af. thiooxydans Z] was
confirmed by using orthoANI algorithm and pan-genome
analysis. The MGEs in the single chromosome, such as IS,
CRISPR, prophage, and GI, were identified to access its acidic
environmental adaptation.

MATERIALS AND METHODS

Isolation and Cultivation

Acidiferrobacter thiooxydans Z] was isolated from the AMD
sample of Zijinshan Copper Mine (25°10'41” N ~ 25°11'44”
N, 116°24’00” E ~ 116°25'22” E), China. The liquid samples
from effusion pool were inoculated in 9K medium (pH 1.6)
supplemented with 22.4 g/L ferrous sulfate and 5 g/L elemental
sulfur. They were cultivated at 40°C in a rotary shaker at
170 rpm. The 9K medium contained the following components
(g/L) (NH4)2504 (3), K2HP04 (0.5), KCl (0.1), Ca(NO3)2
(0.01), and MgSO4-7H,0 (0.5). Strains were purified by serial
gradient dilution and identified by 16S rRNA amplification
and sequencing. According to the result from NCBI nucleotide
collection (nr/nt) blast, the type strains provided by LPSN
(List of Prokaryotic names with Standing in Nomenclature)
(Parte, 2018) were employed to construct the phylogenetic
tree using the maximum likelihood method by Molecular
Evolutionary Genetics Analysis 11 (MEGA, v11) (Tamura et al,,
2021). Bootstrap analysis was carried out on 1,000 replicate
input data sets.

DNA Extraction and Sequencing

Cells of Af. thiooxydans Z] were harvested by centrifugation
(12,000 g for 10 min at 4°C) after cultivating to late exponential
phase. Total DNA was extracted using the Q[Aamp DNA mini
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kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Purified genomic DNA was quantified by a TBS-
380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA,
United States). The DNA with high quality (OD260/280 = 1.8-
2.0, > 10 pg) was sequenced with a combination of PacBio RS
and Ilumina HiSeq platform supported by Shanghai Majorbio
Bio-pharm Technology Co., Ltd. (Shanghai, China).

Genome Assembly and Annotation
The reads generated from PacBio and Illumina platform were
filtered to form clean data. Then, the clean data were assembled
into a contig using the hierarchical genome assembly process
(HGAP) and Canu with default parameters (Chin et al., 2013;
Koren et al, 2017). The last circular step was checked and
finished manually, generating a complete genome of seamless
chromosome. Finally, error correction of the PacBio assembly
results was performed using the Illumina reads using Pilon
(Walker et al,, 2014). All of the analyses were performed using
the free online platform of Majorbio Cloud Platform'.
Identification of ORFs was conducted using Glimmer
v3.02> (Delcher et al, 2007). ORFs less than 300 bp were
discarded. Then, the remaining ORFs were queried against
the databases of NCBI-nr, Swiss-Prot’, KEGG*, and COG® to
do functional annotation by blastp 2.2.28 +. Moreover, the
genome annotation was performed using the Rapid Annotation
Subsystem Technology (RAST) server® (Aziz et al., 2008). In
addition, tRNAs were identified by the tRNAscan-SE (v1.237)
(Chan et al, 2021) and rRNAs were determined by the
Barrnap v0.9%.

Comparative Genomics Analysis

Based on the 16S rRNA phylogenetic tree, the complete
genomes of Sulfurifustis variabilis skN76, Sulfuricaulis limicola
HAS5, Ectothiorhodospira sp. BSL-9, and Thioalkalivibrio
sulfidiphilus  HL-EbGr7 from  Acidiferrobacteraceae and
Ectothiorhodospiraceae, together with the complete genomes of
Acidithiobacillus ferrooxidans ATCC 23270, Acidithiobacillus
ferrivorans SS3, Acidithiobacillus thiooxidans ATCC 19377, and
Acidithiobacillus caldus ATCC 51756 from Acidithiobacillaceae,
were selected for comparative studies.

OrthoANI values among the strains from Acidiferrobacter
and the two groups mentioned above were calculated based on
whole-genome sequences. Heatmaps were plotted on the OAT:
OrthoANI Tool (v0.93.1) subsequently (Lee et al., 2016). Average
Amino acid Identity (AAI) was calculated on the online site’
(Rodriguez-R and Konstantinidis, 2014).

The genome sequences of the strains from the two groups
were annotated with Prodigal (Hyatt et al,, 2010). Based on

! www.majorbio.com

Zhttp://ccb.jhu.edu/software/glimmer/index.shtml
3http://uniprot.org

*http://www.genome.jp/kegg/
Shttp://www.ncbi.nlm.nih.gov/COG
Shttp://rastampdr.org
"http://lowelab.ucsc.edu/tRNAscan-SE
8github.com/tseemann/barrnap
“http://enve-omics.ce.gatech.edu/aai/

the Bacterial Pan-genome Analysis tool (BPGA v1.3), the pan-
genome and core-genome were estimated using the USEARCH
program (v11.0.667) available in BPGA, with a 50% cutoff of
sequence identity (Chaudhari et al., 2016).

Mobile Genetic Elements Identification
Insertion sequence and transposases distributed over Af.
thiooxydans Z] genome were predicted and classified using the
ISfinder platform' based on online blast analysis with an E-value
of 1e-10 (Siguier et al., 2006). The information about the position,
family type, and copy number of all the ISs was obtained from the
blast results. Functional regions around the ISs were identified
and selected to generate a physical gene map.

The CRISPRCasFinder web tool' (Couvin et al., 2018) was
employed to identify the CRISPR/Cas array, including the repeat
sequences and spacer sequences. The differences of the repeat
sequences at each base site were visualized using WebLogo'
online server (Crooks et al., 2004). The RNA secondary structure
of the repeat sequence was predicted by RNAfold” (Mathews
etal., 1999). The spacers were further annotated by blastn against
the NCBI-nt database.

Integrated bacteriophages (prophages) prediction and the
active evaluation were conducted using Prophage Hunter'
(Song et al.,, 2019). There are two alternative strategies: either
incorporating similarity searches to increase accuracy or skipping
it to raise the possibility of finding novel phages. In order
to ensure the accuracy, we did not ignore the similarity
matching in this study. Then, the qualified phages were classified
taxonomically at the family and genus levels. The genome lengths
of prophages from different families were calculated.

The GI was predicted by Island-viewer 4 online server”
(Bertelli et al., 2017) joining three methods: IslandPath-DIMOB
(Hsiao et al.,, 2005), IslandPick (Langille et al., 2008), and SIGI-
HMM (Waack et al, 2006). The proteins corresponding to
GI predicted by at least one way from Island-viewer 4 online
server were counted.

RESULTS AND DISCUSSION

Genomic Features of Acidiferrobacter
thiooxydans ZJ

After filtering, data from PacBio and Illumina corresponded to
an 81 x and 132 x coverage. The circular genome map of
Af. thiooxydans Z] is shown in Figure 1A. The genome has
a single chromosome of 3,302,271 bp, with a GC content of
63.61%. There were 3,343 coding DNA sequences (CDSs), 46
tRNAs, and 3 rRNAs in the complete genome. The average gene
length was 850 bp and the coding density (%) was 87.33%.
In addition, 56 repeated sequences were observed with a total

WOhttps://www-is.biotoul.fr/
Uhttps://crisprcas.i2bc.paris-saclay. fr
Phttp://weblogo.threeplusone.com/
Bhttp://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
Yhttps://pro-hunter.bgi.com/
Dhttps://www.pathogenomics.sfu.ca/islandviewer/
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Temperature 30°C). The dashed lines represent the ferrous concentration in the left y-axis and the solid lines represent the cell density in the right y-axis (A). The
dashed lines represent the pH in the left y-axis and the solid lines represent the cell density in the right y-axis (B).

of 11,206 bp in length. There were 2,667 genes uncovered
by NCBI-nr, KEGG, Swiss-Prot, GO, and COG databases,
accounting for 78.65% of all the predicted genes. The COG
annotation (Figure 1B) revealed that the genes belonging to C
(energy production and conversion), E (amino acid transport and
metabolism), J (translation, ribosomal structure, and biogenesis),
and L (replication, recombination, and repair) ranked as the top
four COG classifications.

It has been reported that Af. thiooxydans could obtain energy
by oxidizing ferrous iron, pyrite, element sulfur, sulfide, or
tetrathionate in the oligotrophic habitat (Hallberg et al., 2011).
As an efficient iron and sulfur oxidizer, Af. thiooxydans Z]
showed faster growth and oxidation rate of iron and sulfur

than A. ferrooxidans ATCC 23270 under the same culture
conditions (pH 2.0, Temperature 30°C, Figure 2), which was
an essential individual of the microbial community in the
bioleaching system (Wu et al., 2021). Herein, the genes encoding
blue copper-containing protein rusticyanin and the sulfur-
oxidizing gene cluster (sox) were identified in Af. thiooxydans
Z] genome, supporting the strong iron and sulfur oxidation
capacity (Figure 2). Besides, the recA-dependent acid-tolerance
system (COGO0468), which was an inducible pathway involved
in DNA repair, has been identified in Af. thiooxydans ZJ,
indicating that Af. thiooxydans Z] may present a flexible response
and strong adaptation to the extremely acid environments
based on recombination and repair, just like the common
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acidophiles in mining areas (Bellenberg et al., 2019; Ma et al,
2019).

Phylogenetic Position of Acidiferrobacter
thiooxydans ZJ Based on Comparative

Genomics

According to the blast result of the NCBI-nr database, the
nearby standard strains (25 strains) from LPSN were selected to
construct a phylogenetic tree based on their 16S rRNA genes.
As shown in Figure 3, the different families (-aceae) were well
separated within the tree, and Af. thiooxydans Z] formed a clade
with Af. thiooxydans m-1 and Acidiferrobacter sp. SPIII/3. In
addition, they were more closely related to Ectothiorhodospira
and Thioalkalivibrio branches. However, they departed from the

outgroup cluster formed by A. ferrooxidans and A. ferrivorans,
which belonged to Acidithiobacillaceae. Only a few bacteria from
the family Ectothiorhodospiraceae have been identified as iron
oxidizers (Davis-Belmar et al., 2008; Hallberg et al., 2011). One
was Thiodictyon sp. strain L7, which oxidized ferrous iron in
anaerobic conditions; the other was Acidihalobacter prosperus
(originally as Thiobacillus prosperus), which was capable of
oxidizing both iron and sulfur compounds (Huber and Stetter,
1989; Pablo Cardenas et al., 2015). This oxidation character
also supported a separate status of Acidithiobacillaceae from
Ectothiorhodospiraceae.

Based on the 16S rRNA phylogenetic analysis results, we
further calculated the OrthoANI distance among the nearby
complete genomes of 11 strains. The genomic features of the
selected genomes are summarized in Table 1. As shown in
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TABLE 1 | Overview of the complete genomes selected from Ectothiorhodospiraceae and Acidithiobacillaceae.

Species Isolation source Accession number Assembly level Genome size/Mb GC%  Gene Protein rRNA tRNA References
Acidiferrobacter thiooxydans ZJ Zijinshan Copper Mine CP080624.1 Complete 3.15 63.6 3,115 3,039 3 46 This study
Acidiferrobacter thiooxydans m-1 Coal strip mine refuse NZ_PSYR00000000.1 Contig 3.25 63.7 3,124 3,037 45 Issotta et al., 2018
Acidiferrobacter sp. SPIIl/3 Mining area near to La NZ_CP027663.1 Complete 3.40 64.2 3,414 3,295 45 Issotta et al., 2018
Esperanza in Murcia,
Spain
Sulfurifustis variabilis SkN76 Sediment of a NZ_AP014936.1 Complete 3.96 67.5 3,909 3,844 3 46 Umezawa et al.,
freshwater lake 2016
Sulfuricaulis limicola HA5 Sediment from a NZ_AP014879.1 Complete 2.86 61.4 2,803 2,742 3 46 Umezawa et al.,
meromictic lake from 2016
residential area
Ectothiorhodospira sp. BSL-9 Big Soda Lake, Nevada NZ_AP014879.1 Complete 3.55 63 3,300 3,158 6 46 Hernandez-
Maldonado et al.,
2016
Thioalkalivibrio sulfidiphlius HL-EbGr7 Thiopag bioreactor NC_011901.1 Complete 3.46 65.1 3,372 3,266 3 44 Muyzer et al., 2011
used to remove HoS
from biogas
Acidithiobacillus ferrooxidans ATCC 23270  Acid, bituminous coal NC_011761.1 Complete 2.98 58.8 3,075 2,893 6 82 Valdés et al., 2008
mine effluent
Acidithiobacillus ferrivorans SS3 Sediment, Norilsk, NC_015942.1 Complete 3.21 56.6 3,200 3,038 6 47 Lilieqvist et al.,
Russia 2011
Acidithiobacillus thiooxidans ATCC 19377 Kimmeridge clay NZ_CP045571.1 Complete 3.42 53 3,673 3,388 6 76 Valdes et al., 2011
Acidithiobacillus caldus ATCC 51756 Coal spoil at Kingsbury NZ_CP026328.2 Complete 2.73 61.7 2,706 2,550 6 47 Tapia et al., 2012

Mine

‘e 18 ey

SUBDAXOOILY] 1810BqO.ISJIPIOY 1O 8UIoUSE) 8)9|dwo)) 1S4


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

Ma et al.

First Complete Genome of Acidiferrobacter thiooxydans

A Heatmap generated with OrthoANI values
calculated from the OAT software.
Please cite Lee et al. 2015.
20
Acidiferrobacter thiooxydans Z.J
Acidiferrobacter thiooxydans m-1
20

Acidiferrobacter sp. SPIII/3

Sulfurifustis variabilis SkN76

Sulfuricaulis limicola HAS

ira sp. BSL-9

12.748

ilus HL-EbGr7

(2967)

Acidiferrobacter thiooxydans ZJ
(2945)

Sulfurifustis variabilis sSkN76

a8 @3721)

1975
389 63

2280 529

117 33 630

1444
Acidiferrobacter thiooxydans m-1
(2819)

Acidiferrobacter sp. SPIII/3
(3006)
Ectothiorhodospira sp. BSL-9
(3001)

B s Heatmap generated with OrthoANI values
@ calculated from the OAT software.

Acidiferrobacter thiooxydans Z)

1997

Thioalkalivibrio sulfidiphilus HL-EbGr7

FIGURE 4 | Heatmap generated with OrthoANI values calculated using the OAT software between Acidiferrobacter and other closely related species from
Ectothiorhodospiraceae (A) and Acidithiobacillaceae (B). The numbers at each clustering node indicate the branch length. Pan-Genome analysis among
Acidiferrobacter (C), Af. thiooxydans ZJ with Ectothiorhodospiraceae (D), and Acidithiobacillaceae (E).

Please cite Lee et al. 2015.
020
Acidiferrobacter thiooxydans ZJ

Acidiferrobacter thiooxydans m-1
20

Acidiferrobacter sp. SPIII/3

illus caldus ATCC 51756

Acidiferrobacter thiooxydans ZJ

E (2963)
2132
Sulfuricaulis limicola HAS Acidithiobacillus ferrooxidans Acidithiobacillus ferrivorans
(2678) ATCC 23270 (2864) SS3 (2993)
1015 747 876

540

1558 0l g2

idil caldus
ATCC 51756 (2508)

ATCC 19377 (3133)
(3254)

Figure 4, the strain Af. thiooxydans Z] and Af. thiooxydans
m-1 belonged to the same genomic species (OrthoANI
value = 99.56%), but they were distinct from the genomic
species of SPIII/3 (OrthoANI value = 91.22% and 91.29%). An
OrthoANTI value of 95-96% could be used as a cutoff for bacterial
species demarcation, which corresponded to a cutoff point of
70% digital DNA-DNA hybridization (DDH) (Lee et al., 2016).
The strains within the family maintained distant relationships
with the similarity as low as 66.49-68.03% (Figure 4A).
Recent studies have reassigned Af. thiooxydans to the new
Acidiferrobacteraceae family with Sulfurifustis variabilis skN76
(Kojima et al., 2015) and Sulfuricaulis limicola HA5 (Kojima
et al., 2016), but the OrthoANI between them were not higher
than that with other members from Ectothiorhodospiraceae,
such as Ectothiorhodospira sp. BSL-9 and Thioalkalivibrio
sulfidiphilus HL-EbGr7. Meantime, as expected, the lower
genomic relatedness with Acidithiobacillus was also confirmed
by their greater distances with all the similarity less than
66% (Figure 4B). In addition, the calculation results of AAI
(lower than 60%, Supplementary Table 1) also demonstrated
that the genus Acidiferrobacter occupied a unique taxonomic
position, which was distant from Ectothiorhodospiraceae and
Acidithiobacillaceae.

Pan-genome analysis was performed to identify the
corresponding core and dispensable genome. A core genome
containing 2,280 CDSs was observed within Acidiferrobacter;

meantime, Af. thiooxydans Z] and m-1 shared 389 genes, while
SPIII/3 harbored more unique genes (Figure 4C). Compared
with the genomes from the broad Ectothiorhodospiraceae, Af.
thiooxydans Z] harbored 1,997 unique genes apart from other
genomes (Figure 4D), implying a relatively high degree of
genomic diversity and low relatedness with the other members
of the family mentioned above. Meanwhile, there were 540
genes shared with Acidithiobacillus, and the strain-specific
genes in Af. thiooxydans Z] were as high as 2,132 among
the selected Acidithiobacillus species (Figure 4E). Previous
studies have demonstrated that the genetic traits concerning
adaptation, resistance and virulence were more often governed
by dispensable genome (Maistrenko et al., 2020); therefore, Af.
thiooxydans Z] was hypothetically conferred selective advantages
and special adaptability to the similar extreme environment.

Insertion Sequences and Transposases
in Acidiferrobacter thiooxydans ZJ

Insertion sequences are the simplest type of MGEs in
microbial genomes, which could be classified based on general
characteristics of their DNA sequences and relevant transposases
(Vandecraen et al., 2017). There were 12 types of ISs in Af.
thiooxydans Z] genome, belonging to 5 families with a total of
46 copies. The 1S200/1S605 family, including ISAfe8, ISAba30,
ISMex34, 1SSoc9, and ISCARNS, exhibited the highest copy
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number of 27 in the genome (Figures 5A,B). It has been reported
that IS200/IS605 was an ancient and stable IS family with
the smallest known DNA transposases, working based on the
so-called peel-and-paste mechanism (Barabas et al., 2008). The
transposases in Af. thiooxydans Z] genome could be categorized
into three types, belonging to DEDD, DDE, and Y1 HUH
(Supplementary Table 2). Unlike DDE ISs, ISs with DEDD or
Y1 HUH transposases neither carry the terminal inverted repeats
(IRs) nor generate flanking direct repeats (DRs) on insertion;
meanwhile, Y1 HUH encoding ISs were able to form hairpin
secondary structures particularly (Siguier et al, 2014). This

secondary hairpin structure was formed to transposase specific
recognition and catalyzed single-strand cleavage that could help
stabilize the nuclear protein complex. We herein supposed that
ISs of Af. thiooxydans Z] may utilize a variety of strategies to
shape the Af. thiooxydans Z] genome effectively.

It was well acknowledged that ISs could mobilize
neighborhood genes in certain cases. The adjacent gene
compositions of ISs were examined in Af. thiooxydans ZJ. As
shown in Figure 5C, IS200/IS605 was mainly located upstream
of the gene (glnD) coding for ammonia assimilation along
with the functional regions of translation termination and
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ribosome recycling. IS200/IS605 was also located downstream
of the genes (aprA, aprB, and aprM) coding adenylylsulfate
reductase. Adenylylsulfate reductase mainly utilized adenylate
as a substrate and thioredoxin as an electron donor to reduce
active sulfate to sulfite (Zhang et al., 2016). IS110 was flanked
by the genes coding for NADH ubiquinone oxidoreductase,
which was involved in electron transfer in the respiratory
system. Besides, IS3 presented upstream of the genes (cyoA,
cyoB, and c¢yoC) coding for cytochrome O ubiquinone oxidase,
and 1S1595 was located upstream of the genes (coxB, coxA,

and coxC) coding for cytochrome C oxidase polypeptide
(Figure 5C). All these enzymes are important oxidases involved
in bacterial electron transfer (Dinamarca et al., 2002), providing
essential functions for Af. thiooxydans Z] to survive in the
oligotrophic and stressful environment caused by heavy
metals. Hence, the functional genes around these ISs may
contribute to the processing of sulfide, assimilation of ammonia
from the surroundings, and electron transfer, improving the
favorable survival and strong adaptation of Af. thiooxydans Z] in
AMD environment.
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CRISPR/Cas Systems in Acidiferrobacter
thiooxydans ZJ

The CRISPR/Cas systems were adaptive immunity systems that
served as viral and plasmid defense mechanisms developed by
bacteria and archaea (Faure et al., 2019). The Af. thiooxydans
Z] genome harbored a quite large CRISPR array (13,779 bp),
which contained 230 direct repeats (28 bp each) separated by
229 different spacers of similar sizes (32-36 bp) (Supplementary
Table 3), suggesting that it was fairly defensive to the foreign
genetic elements along the evolutionary process (Kojima
et al., 2015). Based on the cas gene arrangement and the
presence of Cas3 (Casl-Cas6-Csy3-Cas3-Cas2), the CRISPR/Cas
system of Af. thiooxydans Z] could be classified as subtype
I-F; additionally, type I CRISPR/Cas systems were speculated
to directly target DNA against invading viruses (Makarova
et al, 2015). Interestingly, our results of blastn program
against the NCBI-nt database showed that the spacer 111
(ATTATGACGCGCTGGCACGAGGATGATCTCGT) has a
similarity of 100% to a fraction genome of the Mpyoviridae
sp. isolate ctégwl3. Myoviridae has been reported to play a
major part in viral populations in the sulfidic mine tailings
(Gao et al,, 2020), while further studies regarding viral diversity
and functions in the acid mine environment were needed to
expand the knowledge.

The formation of secondary structure of CRISPR repeats
was closely related to its stability and mechanism. If the
predicted secondary structure was mainly formed by “loop,” the
interaction between spacer and foreign DNA was performed by
a single “repeat-spacer” unit during the transcription process
(Kunin et al., 2007). The repeats may serve to mediate the
coupling cleavage of exogenous genetic materials and Cas-
encoded proteins. Otherwise, the contact between spacers and
foreign DNA was assisted by two adjacent repeats (Kunin et al.,
2007). As shown in Supplementary Figure 1, the 28-bp repeats
in Af. thiooxydans Z] were rather conservative. Only at positions
15, 16, and 19 did the site conservation fluctuate slightly. What is
more, the stem length of the proposed RNA secondary structure
of repeat sequence was 8 bp, that is to say, the stem-loop structure
was dominated by “stem.” Thus, it could be speculated that the
defense function of the spacer against the foreign DNA invasion
may be facilitated through the complementation of two adjacent
repeats (Kunin et al., 2007).

In short, Af. thiooxydans Z] has evolved a unique I-F
CRISPR/Cas system, which may have resisted the intrusion of
foreign viruses, attaching great significance for its adaptation and
development in the extremely acidic environment.

Prophages in Acidiferrobacter
thiooxydans ZJ

Bacteriophage, as a source of foreign DNA, are increasingly
recognized to contribute to gene flow in prokaryotes, which
also led to bacterial genome plasticity (Dobrindt et al., 2010).
Prophages played prominent roles in the host-adaptive traits
and genetic diversification by delivering functional genes among
different strains (Ramisetty and Sudhakari, 2019). Based on the
score of each candidate, regions with scores higher than 0.8 were

defined as an “active” prophage; the score of an “ambiguous”
one ranged from 0.5 to 0.8, and a score lower than 0.5 was
defined as an “inactive” one (Song et al., 2019). In the genome
of Af. thiooxydans ZJ, 85 prophage candidates were identified,
of which three candidates were the ambiguous ones. None
of these phages was predicted to be active (Supplementary
Table 4). A total of 1,807 fragments were obtained, including CDS
information and functional annotation results based on NCBI-
nr, Pfam, and InterPro databases (Supplementary Table 5).
These prophage genes were mainly related to encoding phage
structure and assembly proteins (e.g., head-tail protein, tape
measure protein), or the enzymes that play vital roles in the
whole process of phage infection (e.g., transposase, site-specific
DNA recombinase, and integrase). There was a major category
of membrane-associated protein structures named ATP binding
cassette (ABC) transporters, which are involved in the nutrient
uptake through medium- and high-affinity pathways in bacteria
(Locher, 2016). In this study, it was estimated to be mainly
involved in the transport of phosphate or peptides. Meanwhile,
genes encoding TonB-dependent receptors have been identified,
which participated in the uptake of rare earth metals (Noinaj
et al, 2010; Ochsner et al., 2019), membrane homeostasis
(Menikpurage et al., 2019), and secretion of proteins (Goémez-
Santos et al., 2019). Moreover, many genes encoding hydrolases,
diguanylate cyclase, peptidases, and the toxin-antitoxin (TA)
system have also been observed, which may improve the survival
and growth of Af. thiooxydans Z] (Costa et al., 2018).

The closest phage relatives were also identified, of which
74 prophage genome regions mainly belonged to the family
Siphoviridae (47, with a percentage of 55.29%), Mpyoviridae
(25, with a percentage of 29.41%), and Podoviridae (2, with a
percentage of 2.35%) (Figure 6A and Supplementary Table 6).
All the three families were affiliated to the order Caudovirales,
which were the tailed double-stranded DNA bacteriophages,
including 14 families and 927 genera (Lefkowitz et al., 2018). The
length of prophage fragments was presented in Figure 6B. The
result was consistent with the most common phages in nature
(Ackermann, 2007).

Genomic Islands in Acidiferrobacter
thiooxydans ZJ

GIs are commonly believed to be relics of HGT and clusters
of genes encoding different functions, which plays a role in
genome plasticity and evolution, offering a selective advantage
for host bacteria (Dobrindt et al., 2004; Juhas et al., 2009).
A total of 23 GIs were identified in the Af. thiooxydans Z]
genome ranging from 4.164 kb to 44.743 kb in size (Figure 7B).
There were 415 predicted genes located in these GIs, among
which 152 genes were annotated as “hypothetical proteins”
with unknown functions. The annotated proteins were mostly
related to integrase/transposase/recombinase (51 genes) and
antitoxin/toxin (24 genes) (Figure 7A). In addition, some GIs
also contained the genes encoding proteins for maintaining
bacterial survival, metabolism, and growth (e.g., hydrolases,
secretion system, and oxidoreductase). These strongly evidenced
that GIs in Af. thiooxydans Z] genome helped transfer a large
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number of gene families to the host bacteria to improve its
adaptability in high metal concentration environment.

Intriguingly, integrases, transposases, and recombinases were
powerful tools for insertion mutations, which also played a
critical role in shaping the genome and events leading to
speciation (Kazazian, 2004). There are 29 genes in the GI region
involved in encoding IS family transposases (IS3, IS21, ISL3, etc.),
promoting the movement of DNA segments to new locations
within and between genomes. The majority of the potential GIs
were noted to flank by these genes, suggesting that transposases
may be associated with the acquisition of GIs (Rao et al., 2020;
Supplementary Table 7).

It was noteworthy that the TA system was widely distributed
in prokaryotes, which play a wide range of biological functions,
including plasmid addiction, antibiotic tolerance, and defense
against phages (Otsuka, 2016; Harms et al., 2018). Many genes
regarding bacterial toxicity have been found in the GIs of Af.
thiooxydans ZJ], such as the genes encoding RelE/ParE family
toxin, VapC family toxin, Phd/YefM family antitoxin, and
addiction module protein. Most of them belonged to the type
IT TA system, which neutralized toxicity by forming a protein-
protein complex between antitoxin and toxin (Unterholzner
et al, 2013). Previous studies have demonstrated that the
TA system was involved in the stabilization of large genomic
segments (Szekeres et al,, 2007) and its addictive properties
allowed them to integrate stably in bacterial chromosomes
(Leplae et al., 2011). We hypothesized that GIs might
play an essential role in the evolution of virulence in Af.
thiooxydans Z]. Meanwhile, genes encoding heavy metal-
responsive transcriptional regulator and heavy metal-binding
domain-containing protein have also been identified in GIs.
Combined with previous surveys of Acidithiobacillus (Hemme
etal, 2016; Li et al., 2019), the influence of HGT on the evolution
of heavy metal resistance in Af. thiooxydans Z] surviving in
extreme environments needed to be further investigated.

CONCLUSION

In the present study, the iron and sulfur oxidizer Af. thiooxydans
Z] was isolated from AMD, yielding a complete genome with
3,302,271 bp with a high GC content of 63.61%. Comparative
genomic analysis revealed that Af. thiooxydans Z] was distinctive
within the Acidiferrobacteraceae family phylogenetically, while it
was more closely related to Acidithiobacillaceae physiologically.
Subsequently, a considerable various repertoire of MGEs were
assessed, including 5 families of ISs, an I-F subtype CRISPR/Cas
system, 85 prophage regions, and 23 GIs generally (Figure 8). ISs
may harbor different insertion patterns based on transposases.
Most GIs were also annotated to contain the genes encoding
integrase/transposase/recombinase that facilitate the insertion

REFERENCES

Ackermann, H. W. (2007). 5500 Phages examined in the electron microscope. Arch.
Virol. 152, 227-243. doi: 10.1007/s00705-006-0849-1

and integration of external fragments. The blast results of
CRISPR spacers suggested that it may resist phage intrusion,
which was also supported by the discovery of prophages. The
prophage regions encoded functional enzymes beneficial for the
growth probably fought and derived by Af. thiooxydans ZJ.
Collectively, genome plasticity regarding the gain/loss of MGEs
contributed to the environmental adaptation of Af. thiooxydans
Z] in extremely acid niche with high metal concentrations. The
effects of MGEs on bacterial genome shaping and adaptation
mechanisms deserved further explorations extensively and
deeply. Meanwhile, more experiments about the relevant genes
are needed to verify the effectiveness.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

LM, WY, and XL: conceptualization. WY, SH, RL, and HL:
methodology. XH and JX: validation. WY, XH, and JX: formal
analysis. LM and WY: investigation and writing—original draft
preparation. LM and XL: resources, supervision, and project
administration. LM: data curation. SH, RL, HL, and XL: writing—
review and editing. All authors have read and agreed to the
published version of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (42007306 and 52174341) and the
Provincial Water Resources Development Fund Project of
Yangquan Municipal Water Resources Bureau (2019046477).

ACKNOWLEDGMENTS

We would like to thank Majorbio Bio-pharm Technology Co.,
Ltd. (Shanghai, China) for the sequencing support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.826829/full#supplementary- material

Aziz, R. K, Bartels, D., Best, A. A, DeJongh, M. Disz, T., Edwards,

R. A, et al. (2008). The RAST server: rapid annotations using
subsystems technology. BMC Genomics 9:75. doi: 10.1186/1471-21
64-9-75

Frontiers in Microbiology | www.frontiersin.org

61

February 2022 | Volume 13 | Article 826829


https://www.frontiersin.org/articles/10.3389/fmicb.2022.826829/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.826829/full#supplementary-material
https://doi.org/10.1007/s00705-006-0849-1
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1186/1471-2164-9-75
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ma et al.

First Complete Genome of Acidiferrobacter thiooxydans

Barabas, O., Ronning, D. R., Guynet, C., Hickman, A. B., Ton-Hoang, B., Chandler,
M., et al. (2008). Mechanism of 1S200/IS605 family DNA transposases:
activation and transposon-directed target site selection. Cell 132, 208-220. doi:
10.1016/j.cell.2007.12.029

Bellenberg, S., Huynh, D., Poetsch, A., Sand, W, and Vera, M. (2019). Proteomics
reveal enhanced oxidative stress responses and metabolic adaptation in
Acidithiobacillus ferrooxidans biofilm cells on pyrite. Front. Microbiol. 10:592.
doi: 10.3389/fmicb.2019.00592

Bertelli, C., Laird, M. R,, Williams, K. P., Simon Fraser University Research
Computing Group, Lau, B. Y., Hoad, G., et al. (2017). Island Viewer 4: expanded
prediction of genomic islands for larger-scale datasets. Nucleic Acids Res. 45,
W30-W35. doi: 10.1093/nar/gkx343

Chan, P. P., Lin, B. Y., Mak, A. J., and Lowe, T. M. (2021). tRNAscan-SE 2.0:
improved detection and functional classification of transfer RNA genes. Nucleic
Acids Res. 49, 9077-9096. doi: 10.1093/nar/gkab688

Chaudhari, N. M., Gupta, V. K, and Dutta, C. (2016). BPGA- an ultra-fast
pan-genome analysis pipeline. Sci. Rep. 6:24373. doi: 10.1038/srep24373

Chin, C.-S., Alexander, D. H., Marks, P., Klammer, A. A., Drake, J., Heiner, C.,
et al. (2013). Nonhybrid, finished microbial genome assemblies from long-read
SMRT sequencing data. Nat. Methods 10, 563-569. doi: 10.1038/nmeth.2474

Costa, A. R., Monteiro, R., and Azeredo, J. (2018). Genomic analysis of
Acinetobacter baumannii prophages reveals remarkable diversity and suggests
profound impact on bacterial virulence and fitness. Sci. Rep. 8:15346. doi: 10.
1038/s41598-018-33800-5

Couvin, D., Bernheim, A., Toffano-Nioche, C., Touchon, M., Michalik, J., Néron,
B., et al. (2018). CRISPRCasFinder, an update of CRISRFinder, includes a
portable version, enhanced performance and integrates search for Cas proteins.
Nucleic Acids Res. 46, W246-W251. doi: 10.1093/nar/gky425

Crooks, G. E., Hon, G., Chandonia, J. M., and Brenner, S. E. (2004). WebLogo: a
sequence logo generator. Genome Res. 14, 1188-1190. doi: 10.1101/gr.849004

Davis-Belmar, C. S., Nicolle, J. L. C., and Norris, P. R. (2008). Ferrous iron
oxidation and leaching of copper ore with halotolerant bacteria in ore columns.
Hydrometallurgy 94, 144-147.

Delcher, A. L., Bratke, K. A., Powers, E. C., and Salzberg, S. L. (2007). Identifying
bacterial genes and endosymbiont DNA with Glimmer. Bioinformatics 23,
673-679. doi: 10.1093/bioinformatics/btm009

Dinamarca, M. A., Ruiz-Manzano, A. and Rojo, F. (2002). Inactivation
of cytochrome o ubiquinol oxidase relieves catabolic repression of the
Pseudomonas putida GPol alkane degradation pathway. J. Bacteriol. 184, 3785-
3793. doi: 10.1128/]B.184.14.3785-3793.2002

Dobrindt, U., Hochhut, B., Hentschel, U., and Hacker, J. (2004). Genomic islands
in pathogenic and environmental microorganisms. Nat. Rev. Microbiol. 2,
414-424. doi: 10.1038/nrmicro884

Dobrindt, U., Zdziarski, J., Salvador, E., and Hacker, J. (2010). Bacterial genome
plasticity and its impact on adaptation during persistent infection. Int. J. Med.
Microbiol. 300, 363-366. doi: 10.1016/j.jmm.2010.04.010

Dyksma, S., Bischof, K., Fuchs, B. M., Hoffmann, K., Meier, D., Meyerdierks,
A, et al. (2016). Ubiquitous Gammaproteobacteria dominate dark carbon
fixation in coastal sediments. ISME J. 10, 1939-1953. doi: 10.1038/ismej.201
5.257

Faure, G., Makarova, K. S., and Koonin, E. V. (2019). CRISPR-Cas: complex
functional networks and multiple roles beyond adaptive immunity. J. Mol. Biol.
431, 3-20. doi: 10.1016/j.jmb.2018.08.030

Gao, S. M., Schippers, A., Chen, N., Yuan, Y., Zhang, M. M., Li, Q,, et al. (2020).
Depth-related variability in viral communities in highly stratified sulfidic mine
tailings. Microbiome 8:89. doi: 10.1186/s40168-020-00848-3

Gomez-Santos, N., Glatter, T., Koebnik, R., Swiqtek—Polatyriska, M. A, and
Segaard-Andersen, L. (2019). A TonB-dependent transporter is required for
secretion of protease PopC across the bacterial outer membrane. Nat. Commun.
10:1360. doi: 10.1038/s41467-019-09366-9

Hallberg, K. B., Hedrich, S., and Johnson, D. B. (2011). Acidiferrobacter
thiooxydans, gen. nov. sp. nov.; an acidophilic, thermo-tolerant, facultatively
anaerobic iron-and sulfur-oxidizer of the family Ectothiorhodospiraceae.
Extremophiles 15, 271-279.

Harms, A., Brodersen, D. E., Mitarai, N., and Gerdes, K. (2018). Toxins, targets,
and triggers: an overview of toxin-antitoxin biology. Mol. Cell 70, 768-784.
doi: 10.1016/j.molcel.2018.01.003

Harrison, A. P. (1982). Genomic and physiological diversity amongst strains
of Thiobacillus ferrooxidans, and genomic comparison with Thiobacillus
thiooxidans. Arch. Microbiol. 131, 68-76. doi: 10.1007/BF00451501

Hemme, C. L., Green, S. J., Rishishwar, L., Prakash, O., Pettenato, A., Chakraborty,
R, et al. (2016). Lateral gene transfer in a heavy metal-contaminated-
groundwater microbial community. mBio 7:€02234-15. doi: 10.1128/mBio.
02234-15

Hernandez-Maldonado, J., Stoneburner, B., Boren, A., Miller, L., Rosen, M.,
Oremland, R. S., et al. (2016). Genome sequence of the Photoarsenotrophic
bacterium Ectothiorhodospira sp. Strain BSL-9, isolated from a hypersaline
alkaline arsenic-rich extreme environment. Genome Announc. 4:e01139-16. doi:
10.1128/genomeA.01139-16

Hsiao, W. W. L., Ung, K., Aeschliman, D., Bryan, ., Finlay, B. B., and Brinkman,
F. S. L. (2005). Evidence of a large novel gene pool associated with prokaryotic
genomic Islands. PLoS Genet. 1:¢62. doi: 10.1371/journal.pgen.0010062

Huber, H., and Stetter, K. O. (1989). Thiobacillus prosperus sp. nov., represents a
new group of halotolerant metal-mobilizing bacteria isolated from a marine
geothermal field. Arch. Microbiol. 151, 479-485.

Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser,
L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation
site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

Issotta, F., Moya-Beltran, A., Mena, C., Covarrubias, P. C., Thyssen, C., Bellenberg,
S., et al. (2018). Insights into the biology of acidophilic members of the
Acidiferrobacteraceae family derived from comparative genomic analyses. Res.
Microbiol. 169, 608-617. doi: 10.1016/j.resmic.2018.08.001

Juhas, M., van der Meer, J. R,, Gaillard, M., Harding, R. M., Hood, D. W., and
Crook, D. W. (2009). Genomic islands: tools of bacterial horizontal gene
transfer and evolution. FEMS Microbiol. Rev. 33, 376-393. doi: 10.1111/j.1574-
6976.2008.00136.x

Kazazian, H. H. (2004). Mobile elements: drivers of genome evolution. Science
303:1626. doi: 10.1126/science.1089670

Kojima, H., Shinohara, A., and Fukui, M. (2015). Sulfurifustis variabilis gen.
nov., sp. nov., a sulfur oxidizer isolated from a lake, and proposal of
Acidiferrobacteraceae fam. nov. and Acidiferrobacterales ord. nov. Int. J. Syst.
Evol. Microbiol. 65, 3709-3713. doi: 10.1099/ijsem.0.000479

Kojima, H., Watanabe, T., and Fukui, M. (2016). Sulfuricaulis limicola gen. nov.,
sp. nov., a sulfur oxidizer isolated from a lake. Int. J. Syst. Evol. Microbiol. 66,
266-270. doi: 10.1099/ijsem.0.000709

Koren, S., Walenz, B. P, Berlin, K., Miller, J. R., Bergman, N. H., and Phillippy,
A. M. (2017). Canu: scalable and accurate long-read assembly via adaptive
k-mer weighting and repeat separation. Genome Res. 27, 722-736.

Kunin, V., Sorek, R., and Hugenholtz, P. (2007). Evolutionary conservation of
sequence and secondary structures in CRISPR repeats. Genome Biol. 8:R61.
doi: 10.1186/gb-2007-8-4-1r61

Langille, M. G. L, Hsiao, W. W. L., and Brinkman, F. S. L. (2008). Evaluation
of genomic island predictors using a comparative genomics approach. BMC
Bioinformatics 9:329. doi: 10.1186/1471-2105-9-329

Leal, N. C., Campos, T. L., Rezende, A. M., Docena, C., Mendes-Marques, C. L.,
de S4 Cavalcanti, F. L., et al. (2020). Comparative genomics of Acinetobacter
baumannii clinical strains from Brazil reveals polyclonal dissemination and
selective exchange of mobile genetic elements associated with resistance genes.
Front. Microbiol. 11:1176. doi: 10.3389/fmicb.2020.01176

Lee, I, Ouk Kim, Y., Park, S.-C., and Chun, J. (2016). OrthoANI: an improved
algorithm and software for calculating average nucleotide identity. Int. J. Syst.
Evol. Microbiol. 66, 1100-1103. doi: 10.1099/ijsem.0.000760

Lefkowitz, E. J., Dempsey, D. M., Hendrickson, R. C., Orton, R. J., Siddell, S. G.,
and Smith, D. B. (2018). Virus taxonomy: the database of the international
committee on taxonomy of viruses (ICTV). Nucleic Acids Res. 46, D708-D717.
doi: 10.1093/nar/gkx932

Leplae, R., Geeraerts, D., Hallez, R., Guglielmini, J., Dréze, P., and Van Melderen, L.
(2011). Diversity of bacterial type II toxin—antitoxin systems: a comprehensive
search and functional analysis of novel families. Nucleic Acids Res. 39, 5513
5525. doi: 10.1093/nar/gkr131

Li, L., Liu, Z., Meng, D., Liu, X,, Li, X., Zhang, M., et al. (2019). Comparative
genomic analysis reveals the distribution, organization, and evolution of
metal resistance genes in the genus Acidithiobacillus. Appl. Environ. Microbiol.
85:€02153-18. doi: 10.1128/AEM.02153-18

Frontiers in Microbiology | www.frontiersin.org

February 2022 | Volume 13 | Article 826829


https://doi.org/10.1016/j.cell.2007.12.029
https://doi.org/10.1016/j.cell.2007.12.029
https://doi.org/10.3389/fmicb.2019.00592
https://doi.org/10.1093/nar/gkx343
https://doi.org/10.1093/nar/gkab688
https://doi.org/10.1038/srep24373
https://doi.org/10.1038/nmeth.2474
https://doi.org/10.1038/s41598-018-33800-5
https://doi.org/10.1038/s41598-018-33800-5
https://doi.org/10.1093/nar/gky425
https://doi.org/10.1101/gr.849004
https://doi.org/10.1093/bioinformatics/btm009
https://doi.org/10.1128/JB.184.14.3785-3793.2002
https://doi.org/10.1038/nrmicro884
https://doi.org/10.1016/j.ijmm.2010.04.010
https://doi.org/10.1038/ismej.2015.257
https://doi.org/10.1038/ismej.2015.257
https://doi.org/10.1016/j.jmb.2018.08.030
https://doi.org/10.1186/s40168-020-00848-3
https://doi.org/10.1038/s41467-019-09366-9
https://doi.org/10.1016/j.molcel.2018.01.003
https://doi.org/10.1007/BF00451501
https://doi.org/10.1128/mBio.02234-15
https://doi.org/10.1128/mBio.02234-15
https://doi.org/10.1128/genomeA.01139-16
https://doi.org/10.1128/genomeA.01139-16
https://doi.org/10.1371/journal.pgen.0010062
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1016/j.resmic.2018.08.001
https://doi.org/10.1111/j.1574-6976.2008.00136.x
https://doi.org/10.1111/j.1574-6976.2008.00136.x
https://doi.org/10.1126/science.1089670
https://doi.org/10.1099/ijsem.0.000479
https://doi.org/10.1099/ijsem.0.000709
https://doi.org/10.1186/gb-2007-8-4-r61
https://doi.org/10.1186/1471-2105-9-329
https://doi.org/10.3389/fmicb.2020.01176
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1093/nar/gkx932
https://doi.org/10.1093/nar/gkr131
https://doi.org/10.1128/AEM.02153-18
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ma et al.

First Complete Genome of Acidiferrobacter thiooxydans

Liljeqvist, M., Valdes, J., Holmes, D. S., and Dopson, M. (2011). Draft genome of the
psychrotolerant acidophile Acidithiobacillus ferrivorans SS3. J. Bacteriol. 193,
4304-4305. doi: 10.1128/jb.05373-11

Locher, K. P. (2016). Mechanistic diversity in ATP-binding cassette (ABC)
transporters. Nat. Struct. Mol. Biol. 23, 487-493. doi: 10.1038/nsmb.3216

Ma, L., Huang, S., Wu, P., Xiong, J., Wang, H., Liao, H., et al. (2021). The
interaction of acidophiles driving community functional responses to the re-
inoculated chalcopyrite bioleaching process. Sci. Total Environ. 798, 149186.
doi: 10.1016/j.scitotenv.2021.149186

Ma, L, Wang, H, Wu, J, Wang, Y, Zhang, D., and Liu, X. (2019).
Metatranscriptomics reveals microbial adaptation and resistance to extreme
environment coupling with bioleaching performance. Bioresour. Technol. 280,
9-17. doi: 10.1016/j.biortech.2019.01.117

Maistrenko, O. M., Mende, D. R., Luetge, M., Hildebrand, F., Schmidt, T. S. B., Li,
S.S., etal. (2020). Disentangling the impact of environmental and phylogenetic
constraints on prokaryotic within-species diversity. ISME J. 14, 1247-1259.
doi: 10.1038/s41396-020-0600-z

Makarova, K. S., Wolf, Y. L., Alkhnbashi, O. S., Costa, F., Shah, S. A., Saunders, S. J.,
et al. (2015). An updated evolutionary classification of CRISPR-Cas systems.
Nat. Rev. Microbiol. 13, 722-736. doi: 10.1038/nrmicro3569

Mathews, D. H., Sabina, J., Zuker, M., and Turner, D. H. (1999). Expanded
sequence dependence of thermodynamic parameters improves prediction of
RNA secondary structure. J. Mol. Biol. 288, 911-940. doi: 10.1006/jmbi.1999.
2700

Menikpurage, I. P., Barraza, D., Meléndez, A. B., Strebe, S., and Mera, P. E. (2019).
The B12 receptor BtuB alters the membrane integrity of Caulobacter crescentus.
Microbiology 165, 311-323. doi: 10.1099/mic.0.000753

Mitchell, D., Harneit, K., Meyer, G., Sand, W., and Stackebrandt, E. (2004).
“Systematic analysis of our culture collection for “genospecies” of
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and Leptospirillum
ferrooxidans” in  Biohydrometallurgy: Fundamentals, Technology —and
Sustainable Development, eds V. S. T. Ciminelli, O. Garcia Jr., M. C. Teixeira,
R. P. de Carvalho, and P. F. Pimentel (Amsterdam: Elsevier), 1369-1378.

Muyzer, G., Sorokin, D. Y., Mavromatis, K., Lapidus, A., Clum, A., Ivanova,
N, et al. (2011). Complete genome sequence of “Thioalkalivibrio
sulfidophilus” HL-EbGr7. Stand. Genomic Sci. 4, 23-35. doi: 10.4056/sigs.14
83693

Noinaj, N., Guillier, M., Barnard, T. J., and Buchanan, S. K. (2010). TonB-
dependent transporters: regulation, structure, and function. Annu. Rev.
Microbiol. 64, 43-60. doi: 10.1146/annurev.micro.112408.134247

Ochsner, A. M., Hemmerle, L., Vonderach, T., Niissli, R., Bortfeld-Miller, M.,
Hattendorf, B., et al. (2019). Use of rare-earth elements in the phyllosphere
colonizer Methylobacterium extorquens PA1. Mol. Microbiol. 111, 1152-1166.
doi: 10.1111/mmi.14208

Otsuka, Y. (2016). Prokaryotic toxin-antitoxin systems: novel regulations
of the toxins. Curr. Genet. 62, 379-382. doi: 10.1007/500294-015-0
557-z

Pablo Cardenas, J., Ortiz, R., Norris, P. R, Watkin, E., and Holmes, D. S.
(2015). Reclassification of ‘Thiobacillus prosperus Huber and Stetter, 1989
as Acidihalobacter prosperus gen. nov., sp. nov., a member of the family
Ectothiorhodospiraceae. Int. J. Syst. Evol. Microbiol. 65, 3641-3644. doi: 10.
1099/ijsem.0.000468

Parte, A. C. (2018). LPSN - List of Prokaryotic names with standing in
nomenclature (bacterio.net), 20 years on. Int. J. Syst. Evol. Microbiol. 68,
1825-1829. doi: 10.1099/ijsem.0.002786

Ramisetty, B. C. M., and Sudhakari, P. A. (2019). Bacterial ‘Grounded’ prophages:
hotspots for genetic renovation and innovation. Front. Genet. 10:65. doi: 10.
3389/fgene.2019.00065

Rao, R. T., Sharma, S., Sivakumar, N., and Jayakumar, K. (2020). Genomic islands
and the evolution of livestock-associated Staphylococcus aureus genomes. Biosci.
Rep. 40:BSR20202287. doi: 10.1042/bsr20202287

Rodriguez-R, L. M., and Konstantinidis, K. T. (2014). Bypassing cultivation to
identify bacterial species. Microbe 9, 111-118.

Siguier, P., Gourbeyre, E., and Chandler, M. (2014). Bacterial insertion sequences:
their genomic impact and diversity. FEMS Microbiol. Rev. 38, 865-891. doi:
10.1111/1574-6976.12067

Siguier, P., Perochon, J., Mahillon, J., Lestrade, L., and Chandler, M. (2006).
ISfinder: the reference centre for bacterial insertion sequences. Nucleic Acids
Res. 34, D32-D36.

Song, W., Sun, H.-X,, Zhang, C., Cheng, L., Peng, Y., Deng, Z., et al. (2019).
Prophage Hunter: an integrative hunting tool for active prophages. Nucleic
Acids Res. 47, W74-W80. doi: 10.1093/nar/gkz380

Szekeres, S., Dauti, M., Wilde, C., Mazel, D., and Rowe-Magnus, D. A. (2007).
Chromosomal toxin-antitoxin loci can diminish large-scale genome reductions
in the absence of selection. Mol. Microbiol. 63, 1588-1605. doi: 10.1111/j.1365-
2958.2007.05613.x

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary
genetics analysis version 11. Mol. Biol. Evol. 38, 3022-3027. doi: 10.1093/
molbev/msab120

Tapia, P., Flores, F. M., Covarrubias, P. C., Acufia, L. G., Holmes, D. S., and
Quatrini, R. (2012). Complete genome sequence of temperate bacteriophage
AcaMLI1 from the extreme acidophile Acidithiobacillus caldus ATCC 51756.
J. Virol. 86, 12452-12453. doi: 10.1128/JV1.02261-12

Thouin, H., Battaglia-Brunet, F., Norini, M.-P., Joulian, C., Hellal, J., Le Forestier,
L., et al. (2019). Microbial community response to environmental changes in a
technosol historically contaminated by the burning of chemical ammunitions.
Sci. Total Environ. 697:134108. doi: 10.1016/j.scitotenv.2019.134108

Umezawa, K., Watanabe, T., Miura, A., Kojima, H., and Fukui, M. (2016).
The complete genome sequences of sulfur-oxidizing Gammaproteobacteria
Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T. Stand. Genom.
Sci. 11:71. doi: 10.1186/s40793-016-0196-0

Unterholzner, S. J., Poppenberger, B., and Rozhon, W. (2013). Toxin-antitoxin
systems. Mobile Genet. Elements 3:€26219. doi: 10.4161/mge.26219

Valdes, J., Ossandon, F., Quatrini, R., Dopson, M., and Holmes, D. S. (2011).
Draft genome sequence of the extremely acidophilic biomining bacterium
Acidithiobacillus thiooxidans ATCC 19377 provides insights into the evolution
of the Acidithiobacillus genus. J Bacteriol 193, 7003-7004. doi: 10.1128/jb.
06281-11

Valdés, J., Pedroso, 1., Quatrini, R., Dodson, R. J., Tettelin, H., Blake, R. II, et al.
(2008). Acidithiobacillus ferrooxidans metabolism: from genome sequence to
industrial applications. BMC Genomics 9:597. doi: 10.1186/1471-2164-9-597

Vandecraen, J., Chandler, M., Aertsen, A., and Van Houdt, R. (2017). The impact
of insertion sequences on bacterial genome plasticity and adaptability. Crit. Rev.
Microbiol. 43, 709-730. doi: 10.1080/1040841x.2017.1303661

Waack, S., Keller, O., Asper, R., Brodag, T., Damm, C., Fricke, W. F,, et al.
(2006). Score-based prediction of genomic islands in prokaryotic genomes
using hidden Markov models. BMC Bioinformatics 7:142. doi: 10.1186/1471-
2105-7-142

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., et al.
(2014). Pilon: an integrated tool for comprehensive microbial variant detection
and genome assembly improvement. PLoS One 9:¢112963. doi: 10.1371/journal.
pone.0112963

Wu, S., You, F,, Hall, M., and Huang, L. (2021). Native plant Maireana brevifolia
drives prokaryotic microbial community development in alkaline Fe ore tailings
under semi-arid climatic conditions. Sci. Total Environ. 760, 144019. doi: 10.
1016/j.scitotenv.2020.144019

Zhang, X., Liu, X,, Liang, Y., Fan, F., Zhang, X., and Yin, H. (2016). Metabolic
diversity and adaptive mechanisms of iron- and/or sulfur-oxidizing autotrophic
acidophiles in extremely acidic environments. Environ. Microbiol. Rep. 8, 738-
751. doi: 10.1111/1758-2229.12435

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Yang, Huang, Liu, Li, Huang, Xiong and Liu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org

February 2022 | Volume 13 | Article 826829


https://doi.org/10.1128/jb.05373-11
https://doi.org/10.1038/nsmb.3216
https://doi.org/10.1016/j.scitotenv.2021.149186
https://doi.org/10.1016/j.biortech.2019.01.117
https://doi.org/10.1038/s41396-020-0600-z
https://doi.org/10.1038/nrmicro3569
https://doi.org/10.1006/jmbi.1999.2700
https://doi.org/10.1006/jmbi.1999.2700
https://doi.org/10.1099/mic.0.000753
https://doi.org/10.4056/sigs.1483693
https://doi.org/10.4056/sigs.1483693
https://doi.org/10.1146/annurev.micro.112408.134247
https://doi.org/10.1111/mmi.14208
https://doi.org/10.1007/s00294-015-0557-z
https://doi.org/10.1007/s00294-015-0557-z
https://doi.org/10.1099/ijsem.0.000468
https://doi.org/10.1099/ijsem.0.000468
https://doi.org/10.1099/ijsem.0.002786
https://doi.org/10.3389/fgene.2019.00065
https://doi.org/10.3389/fgene.2019.00065
https://doi.org/10.1042/bsr20202287
https://doi.org/10.1111/1574-6976.12067
https://doi.org/10.1111/1574-6976.12067
https://doi.org/10.1093/nar/gkz380
https://doi.org/10.1111/j.1365-2958.2007.05613.x
https://doi.org/10.1111/j.1365-2958.2007.05613.x
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1128/JVI.02261-12
https://doi.org/10.1016/j.scitotenv.2019.134108
https://doi.org/10.1186/s40793-016-0196-0
https://doi.org/10.4161/mge.26219
https://doi.org/10.1128/jb.06281-11
https://doi.org/10.1128/jb.06281-11
https://doi.org/10.1186/1471-2164-9-597
https://doi.org/10.1080/1040841x.2017.1303661
https://doi.org/10.1186/1471-2105-7-142
https://doi.org/10.1186/1471-2105-7-142
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1016/j.scitotenv.2020.144019
https://doi.org/10.1016/j.scitotenv.2020.144019
https://doi.org/10.1111/1758-2229.12435
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 17 February 2022
doi: 10.3389/fmicb.2022.815044

OPEN ACCESS

Edited by:
Baolei Jia,
Chung-Ang University, South Korea

Reviewed by:

Paul Balmer,

Pfizer, United States

Peter T. Beernink,

University of California,

San Francisco, United States
Luke R. Green,

The University of Sheffield,
United Kingdom

*Correspondence:
Xin Wang
gge8@cdc.gov

Specialty section:

This article was submitted to
Evolutionary and Genomic
Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 14 November 2021
Accepted: 11 January 2022
Published: 17 February 2022

Citation:

Whaley MdJ, Vuong JT, Topaz N,
Chang HY, Thomas JD, Jenkins LT,
Hu F, Schmink S, Steward-Clark E,
Mathis M, Rodriguez-Rivera LD,
Retchless AC, Joseph SJ, Chen A,
Acosta AM, McNamara L,

Soeters HM, Mbaeyi S, Marjuki H and
Wang X (2022) Genomic Insights on
Variation Underlying Capsule
Expression in Meningococcal
Carriage Isolates From University
Students, United States, 2015-2016.
Front. Microbiol. 13:815044.

doi: 10.3389/fmicb.2022.815044

Check for
updates

Genomic Insights on Variation
Underlying Capsule Expression in
Meningococcal Carriage Isolates
From University Students, United
States, 2015-2016

Melissa J. Whaley', Jeni T. Vuong’, Nadav Topaz2, How-Yi Chang?,

Jennifer Dolan Thomas', Laurel T. Jenkins3, Fang Hu?3, Susanna Schmink’,

Evelene Steward-Clark?, Marsenia Mathis?, Lorraine D. Rodriguez-Rivera?,

Adam C. Retchless', Sandeep J. Joseph3, Alexander Chen’, Anna M. Acosta’,

Lucy McNamara', Heidi M. Soeters’, Sarah Mbaeyi', Henju Marjuki’ and Xin Wang'*

" Meningitis and Vaccine Preventable Diseases Branch, Division of Bacterial Diseases, National Center for Immunization

and Respiratory Diseases, Coordinating Center for Infectious Diseases, Centers for Disease Control and Prevention, Atlanta,
GA, United States, 2 CDC Foundation Field Employee assigned to the Meningitis and Vaccine Preventable Diseases Branch,
Division of Bacterial Diseases, National Center for Immunization and Respiratory Diseases, Centers for Disease Control

and Prevention, Atlanta, GA, United States, ° IHRC Inc., Contractor to Meningitis and Vaccine Preventable Diseases Branch,
National Center for Immunization and Respiratory Diseases, Centers for Disease Control and Prevention, Atlanta, GA,
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In January and February 2015, Neisseria meningitidis serogroup B (NmB) outbreaks
occurred at two universities in the United States, and mass vaccination campaigns
using MenB vaccines were initiated as part of a public health response. Meningococcal
carriage evaluations were conducted concurrently with vaccination campaigns at
these two universities and at a third university, where no NmB outbreak occurred.
Meningococcal isolates (N = 1,514) obtained from these evaluations were characterized
for capsule biosynthesis by whole-genome sequencing (WGS). Functional capsule
polysaccharide synthesis (cps) loci belonging to one of seven capsule genogroups (B,
C, E, W, XY, and 2) were identified in 122 isolates (8.1%). Approximately half [732
(48.4%)] of isolates could not be genogrouped because of the lack of any serogroup-
specific genes. The remaining 660 isolates (43.5%) contained serogroup-specific genes
for genogroup B, C, E, W, X, Y, or Z, but had mutations in the cps loci. Identified
mutations included frameshift or point mutations resulting in premature stop codons,
missing or fragmented genes, or disruptions due to insertion elements. Despite these
mutations, 49/660 isolates expressed capsule as observed with slide agglutination,
whereas 45/122 isolates with functional cps loci did not express capsule. Neither the
variable capsule expression nor the genetic variation in the cps locus was limited to a
certain clonal complex, except for capsule null isolates (predominantly clonal complex
198). Most of the meningococcal carriage isolates collected from student populations
at three US universities were non-groupable as a result of either being capsule null or
containing mutations within the capsule locus. Several mutations inhibiting expression
of the genes involved with the synthesis and transport of the capsule may be reversible,
allowing the bacteria to switch between an encapsulated and non-encapsulated state.
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These findings are particularly important as carriage is an important component of the
transmission cycle of the pathogen, and understanding the impact of genetic variations
on the synthesis of capsule, a meningococcal vaccine target and an important virulence
factor, may ultimately inform strategies for control and prevention of disease caused by

this pathogen.

Keywords: Neisseria meningitidis, carriage, capsule, whole genome sequencing, mutations, variation

INTRODUCTION

Neisseria meningitidis (Nm, meningococcus) is a Gram-negative
bacterium that colonizes the human upper respiratory tract.
Approximately 10-15% of the general population, and 35% or
more of individuals living in close communities (e.g., military or
university residences) carry this bacterium without experiencing
any symptoms (Stephens, 1999; Oldfield et al., 2017; Soeters et al.,
2017). Meningococcal carriage may provide some protection
from disease as colonization elicits a mucosal antibody response
(Yazdankhah and Caugant, 2004). Meningococcal transmission
occurs by direct contact with respiratory secretions from carriers.
While mechanisms for the progression from meningococcal
carriage to disease are still not well understood, meningococci can
breach the mucosal barrier and invade the bloodstream to cause
invasive disease such as bacteremia, septicemia, or meningitis,
resulting in death in approximately 10-15% of cases (Tzeng and
Stephens, 2000; Brandtzaeg and van Deuren, 2012).

As the capsule is a major virulence factor, invasive disease is
nearly always caused by meningococci expressing the capsule.
Nm is divided into 12 serogroups based on structure of the
capsular polysaccharide expressed. Of those, serogroups A,
B, C, W, X, and Y cause the majority of invasive disease
(Tzeng et al., 2016). Several vaccines are currently available to
protect against disease caused by Nm, including quadrivalent
meningococcal conjugate vaccines, providing protection against
serogroups A, C, W, and Y, and protein-based serogroup B
meningococcal (MenB) vaccines, providing protection against
serogroup B strains. Non-groupable meningococci (NmNG), or
meningococci that do not express capsule, are more commonly
recovered from asymptomatic carriers. However, rare cases
of invasive disease caused by NmNG have been reported
among patients who are immunocompromised, particularly
those with complement component deficiency (Ganesh et al.,
2017; McNamara et al., 2019).

The meningococcal genes involved in capsule biosynthesis
and transport are well characterized and mapped to a region
on the chromosome called the capsule polysaccharide synthesis
(cps) locus (Dolan-Livengood et al., 2003; Harrison et al., 2013).
Region A is responsible for capsule polysaccharide synthesis,
and genes in this region have been used to categorize isolates
into genogroups by either real-time polymerase chain reaction
(rt-PCR) or whole genome sequencing (WGS) (Mothershed
et al., 2004; World Health Organization, 2011; Marjuki et al,,
2019). Regions A, B, and C are required for expression of the
serogroup-specific capsule (Harrison et al., 2013). The reduction
or loss of meningococcal capsule expression, as a result of phase
variation, loss of the entire cps operon (capsule null, cnl), and/or

incorporation of insertion sequences elements (ISEs) within the
cps locus, may prevent recognition by the host adaptive immune
response and potentially result in polysaccharide-based vaccine
escape (Dolan-Livengood et al., 2003; Tzeng et al., 2016).

In 2015, meningococcal serogroup B outbreaks occurred at
two universities in Oregon (OR) and Rhode Island (RI) in
the United States (US). Mass campaigns with a meningococcal
serogroup B vaccine were implemented to help control the
outbreaks. In conjunction with these campaigns, cross-sectional
meningococcal carriage evaluations were conducted at both
universities as well as at a third university in RI, where no Nm
cases were reported. Most of the carriage isolates collected were
non-groupable by rt-PCR and slide agglutination serogrouping
(SASG) (McNamara et al., 2017; Soeters et al., 2017; Breakwell
et al,, 2018). We further characterized these carriage isolates via
WGS and analyzed the cps loci to better understand the possible
mechanisms of non-groupability, the potential reversibility of
capsule expression, and the likelihood of certain carried isolates
causing disease.

MATERIALS AND METHODS

Carriage Isolate Collection

From 10 cross-sectional meningococcal carriage evaluation
rounds conducted between February 2015 and May 2016 at the
three universities in OR and RI, 8,905 oropharyngeal swabs
were collected. A total of 1,514 Nm isolates were obtained from
1,301 unique individuals. Carriage rates were stable between
evaluation rounds, ranging between 11 and 24% (McNamara
et al., 2017; Soeters et al., 2017; Breakwell et al., 2018). As
carriage rates overall and specific to genogroup B were similar
among the universities (McNamara et al., 2017; Breakwell et al.,
2018), data were aggregated. Carriage evaluation study design
and methods have been previously described (McNamara et al.,
2017; Soeters et al., 2017; Breakwell et al., 2018). Single colony per
participant was selected and subcultured for long-term storage
(McNamara et al., 2017; Soeters et al., 2017; Breakwell et al.,
2018). All isolates were identified as Nm by Gram stain (BD BBL),
oxidase test (Hardy Diagnostics, Santa Maria, CA, United States),
s0dC rt-PCR (Dolan Thomas et al.,, 2011), and API NH tests
(bioMérieux, Durham, NC, United States) (McNamara et al,,
2017; Soeters et al., 2017; Breakwell et al., 2018). Isolates were
plated once from frozen stocks for further characterization. This
evaluation was determined to be public health research, rather
than human subjects research; as such, review by the Centers
for Disease Control and Prevention (CDC) Institutional Review
Board was not required.
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Characterization of Neisseria

meningitidis Capsule Polysaccharide
Synthesis Genes by Whole Genome
Sequencing

For sequencing on Illumina platforms (HiSeq2500 or MiSeq; San
Diego, CA, United States), Nm genomic DNA was prepared with
the 5 Prime ArchivePure DNA Purification kit (Gaithersburg,
MD, United States). Genomic DNA was further prepared
for Illumina sequencing, as previously described, through
mechanical shearing and with the dual-index NEBNext Ultra
DNA library preparation kits (New England Biolabs Inc., Ipswich,
MA, United States) and AMPure XP kit (Beckman Coulter Inc.,
Indianapolis, IN, United States) (Retchless et al., 2016). Each
isolate’s final library was loaded on 250-bp pair-end sequencing
kits. Illumina reads were trimmed with cutadapt (Martin, 2011)
and assembled with SPAdes 3.7.0 (Bankevich et al., 2012).
Multilocus sequence typing (MLST) was performed from genome
assemblies as previously described (Retchless et al, 2016) to
provide sequence type (ST) and clonal complex (CC). The
sequence reads for all isolates used in this analysis are available
under NCBI BioProject PRJNA533315.

Capsule genes were identified in each assembly as previously
described (Marjuki et al., 2019), using allele sequences from
the PubMLST Neisseria database and Insertion-Sequence (IS)
element sequences from the ISFinder database (Altschul et al.,
1997; Siguier et al., 2006; Jolley et al, 2018). Capsule
polysaccharide biosynthesis and transport genes were identified
for each serogroup, specifically in regions A, B, C, and E of
the ¢ps locus (Harrison et al., 2013). The presence of at least
one serogroup-specific gene allowed for genogroup assignment.
Isolates lacking any serogroup-specific gene were referred to as
genogroup non-groupable. Genogroup non-groupable isolates
were further classified by the presence of some cps genes
(NG_undetermined) or absence of the full cps locus (NG_cnl).
The cps locus was examined for completeness and for genetic
mutations, such as frameshift or point mutations resulting in
premature stop codons (referred to as internal stops), missing
or fragmented genes, or disruptions due to insertion elements
(Marjuki et al,, 2019). For this analysis, phase variation was
identified from allele sequences in their phase variable off form as
described by PubMLST; these allele sequences contain frameshift
mutations arising from length variation from mononucleotide
repeats in the sequence. Isolates that did not contain any
mutations in their ¢ps loci and had all expected capsule genes
for the serogroup were designed as containing a “functional cps
locus” indicating that they are predicted to express the capsule.

Phenotypic Characterization of Neisseria
meningitidis Capsule

Capsule type and expression in Nm carriage isolates were
determined by SASG (World Health Organization, 2011;
Breakwell et al., 2018). Isolates were considered groupable if
agglutination of 3-4 + intensity was only observed for a
single antiserum, except for serogroup Z isolates, which may
agglutinate for both E/Z’ and Z antisera as described in the

product insert (DIFCO, Franklin Lakes, NJ, United States). No
agglutination, weak agglutination (1-2 +), polyagglutination
(except for serogroup Z isolates), and autoagglutination (as
observed in saline) were interpreted as non-groupable. We
compared cps locus nucleotide sequences from phenotypically
non-groupable vs. groupable Nm isolates to assess the association
between specific genetic changes and capsule expression. When
isolates with identical mutations produced different SASG results
or when isolates with functional cps loci did not agglutinate, two
or more operators performed repeat SASG testing with the same
lot of antisera, if available.

RESULTS

Characterization of Neisseria

meningitidis Capsule by Whole Genome
Sequencing and Slide Agglutination
Serogrouping

Of the 1,514 meningococcal isolates recovered from the three
universities, 782 (51.7%) contained serogroup-specific genes and
underwent genogrouping; 732 isolates (48.3%) were NG_cnl or
NG_undetermined by WGS. A total of 740 isolates (48.9%) had
mutations in the ¢ps locus, 122 (8.1%) isolates had a functional
cps locus, and 652 (43%) isolates were capsule null (Table 1).

Of the 782 genogroupable isolates, the most common
genogroups were E [426/1,514 (28.1%)] and B [251/1,514
(16.6%)]. Genogroups C, W, X, Y, and Z were also detected [4-36
isolates out of 1,514 (0.3-2.4%)]. Genogroup A was not detected
in this collection. Most of these isolates (660/782) harbored
mutations in the capsule biosynthesis region that may inhibit
capsule expression. These mutations included phase variable
off, frameshift or point mutations resulting in premature stop

TABLE 1 | Genogrouping of Nm carriage isolates from students at three US
universities, 2015-2016.

Genogroup by No. isolates  No. isolates with No. isolates

WGS functional cps predicted to not
loci express capsule?

B 251 56 195

E 426 43 383

Y 36 15 21

C 31 5 26

w 4 1 3

X 12 1 11

Z 22 1 21

NG_undetermined® 80 NA 80

NG_cnl 652 NA 652

Total 1,514 122 1,392

cnl, capsule null; cps, capsule polysaccharide synthesis; NA, not applicable; NG,
non-groupable; Nm, Neisseria meningitidis; No., number.

4Includes isolates harboring capsule mutations including frameshift, phase
variation, point mutations, gene deletions, missing genes, or gene disruptions due
to insertion elements, as well as isolates which were capsule null.

bisolates containing portions of the cps loci but lacking serogroup-specific genes.
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codons, missing or fragmented genes, and/or disruptions due to
insertion elements. The remaining 122 isolates had functional
capsule loci for the following genogroups: B [56 (45.9%)], E [43
(35.2%)], Y [15 (12.3%)], C [5 (4.1%)], W [1 (0.8%)], X [1 (0.8%)],
and Z [1 (0.8%)] (Table 1). By SASG, the majority of isolates
[1,388/1,514 (91.7%)] were non-groupable (McNamara et al.,
2017; Soeters et al., 2017; Breakwell et al., 2018), and 126 isolates
agglutinated with a single antiserum, or two antisera in the case
of some serogroup Z isolates. Most of these isolates were either
serogroup B [65/126 (51.6%)] or E [53/126 (42.1%)]; serogroups
Cn=1),W(mn=1),Y (n=>5)and Z (n = 1) represented the
remaining serogroupable isolates (6.3%).

Genetic Mutations Within the Capsule

Polysaccharide Synthesis Loci

The predominant cps mutations were assessed among the 740
isolates for each genogroup and the NG_undetermined group
(Supplementary Table 1). Phase variable off, which commonly
presented as frameshifts arising from length variation in simple
sequence repeats within the cps locus, was found most commonly
among genogroup B isolates [84/195 (43.1%)], in comparison
to other genogroups [1/26 (3.8%), C; 9/409 (2.2%), E; 0%
for all other genogroups]. Deletions of capsule biosynthesis
and transport genes were observed among the genogroup C
isolates with mutations; 14 of the 26 (53.8%) were missing
cssA, cssB, ¢ssC, ctrA, ctrB, ctrC, and ctrD. The disruption of a
capsule biosynthesis gene by IS1301 in combination with missing
genes or internal stops in other capsule biosynthesis genes was
detected in more than a third of genogroup E [146/383 (38.1%)]
isolates and most of genogroup Z [19/21 (90.5%)] isolates with
mutations. The specific capsule biosynthesis genes disrupted
by ISEs for all genogroups are indicated in Supplementary
Table 2. Internal stops within the capsule biosynthesis genes
(cssC, csy, or cssA) were commonly found among genogroup
Y isolates [12/21 (57.1%)]; some of these genogroup Y isolates
also contained either a fragmented csy (2/12) or a cssA
disrupted by IS1301 (3/12). All mutations (internal stops or
fragmented genes) in the 11 genogroup X isolates affected
csxA, whereas the three genogroup W isolates with mutations
either had an ISE in cssA or had multiple biosynthesis genes
missing along with an internal stop in the polymerase gene.
In addition to lacking serogroup-specific genes, 70/80 (87.5%)
genogroup NG_undetermined isolates contained deletions of the
biosynthesis genes and portions of the capsule translocation
genes in region B.

The Capsule Polysaccharide Synthesis
Genes in Neisseria meningitidis Isolates
With Discrepant Slide Agglutination
Serogrouping and Whole Genome

Sequencing Results

Isolates with functional cps loci are thought to express capsule
polysaccharide (Marjuki et al,, 2019). A total of 126 isolates
expressed capsule polysaccharide as determined by SASG.
Among these 126 isolates, 77 were identified to have a functional
cps locus by WGS [42 (54.5%) for B, 29 (37.6%) for E, 3

(3.9%) for Y, 1 (1.3%) for C, 1 (1.3%) for W, and 1 (1.3%) for
Z]. The remaining 49 isolates had various mutations identified
in their ¢ps loci [23 (46.9%) for B, 24 (49.0%) for E, and
2 (4.1%) for Y]. Internal stops, ISEs, and phase variable off
were commonly found among these isolates (Table 2). Of the
23 serogroup B isolates, 20 contained csb alleles that were
determined to be in the phase variable off state based on their
genome sequence. Most of the serogroup E isolates contained
internal stop codons in either cseA or cseD genes. One serogroup
Y isolate had an internal stop in capsule biosynthesis gene,
whereas one had an ISE.

The mutations identified among the 47 serogroupable
isolates were also detected among non-serogroupable isolates
(Supplementary Table 3), indicating that the same mutation may
or may not prevent capsule expression as determined by SASG.
One of the two (50%) genogroup Y isolates agglutinated with
Y antisera when both isolates possessed an internal stop in the
same location of the cssA. One of 24 (4.2%) genogroup B isolates
with an internal stop in the same location of cssA expressed a
B capsule, as well as 19 of 64 (30%) genogroup B isolates with
csb alleles presumably in the phase variable off state. Six of 48
(11.1%) genogroup E isolates containing a premature internal
stop in cseA and 13/16 (81.3%) of genogroup E isolates with
premature internal stop in cseD agglutinated with the E antisera.
Among 122 isolates containing a functional cps locus, 45/122
(36.9%) isolates were non-groupable by SASG (Table 1 and
Supplementary Table 1), including genogroups B [14 (31.1%)],
E [14 (31.1%)], Y [12 (26.7%)], C [4 (8.9%)], and X [1 (2.2%)]. As
previously described, the remaining 77 isolates with functional
cps loci were serogroupable.

TABLE 2 | The cps mutations in Nm carriage isolates with discrepant capsule
typing results.

Serogroup by  WGS analysis No. (%)
SASG (No.)
B (23) Internal stop in csb 1(4.3%)
Internal stop in cssA 1(4.3%)
Internal stop in cssA, phase variable off® in 1(4.3%)
csb
Internal stop in ctrE 1(4.3%)
Phase variable off in csb 19 (82.6%)
E (24) cseD disrupted by IS73071 3 (12.5%)
Internal stop in cseA 6 (25%)
Internal stop in cseD 10 (41.7%)
Missing cseA, missing cseB, missing cseC, 1(4.1%)
missing cseD
cseG fragmented (31.89% coverage), ctrA 1(@4.1%)
fragmented (20.98% coverage), internal
stop in cseG, missing cseA, missing cseB,
missing cseC, missing cseD, missing cseE
Internal stop in cseC, internal stop in ctrA 1@4.1%)
Internal stop in cseD, internal stop in cseG 2(8.3%)
Y (2 Internal stop in cssA 1 (60%)
cssC disrupted by IS71655 1 (50%)

Nm, Neisseria meningitidis; No., number of isolates; SASG, slide agglutination
serogrouping; WGS, whole genome sequencing.
aDefined as frameshifts arising from length variation in mononucleotide repeats.
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Association Between Genogroup and
Clonal Complex

The CC distribution by genogroup is shown in Figure 1.
Most CCs were unique to a genogroup, except for CC1157,
CC162, CC167, CC174, CC175, CC178, CC213, CC23, CC269,
CC32, CC35, CC44/41, CC60, CC865, and unassigned CC (ST-
5953). The most diverse CC by genogroup, CC1157, was the
predominant CC for genogroup E isolates [232/426 (54.5%)] and
was one of the most common CCs for genogroup X isolates
[5/12 (41.7%)]. The other common genogroup X CC was CC865
[5/12 (41.7%)]. The predominant CCs for the other genogroups
were as follows: CC41/44 for genogroup B [94/251 (37.5%)],
CC269 for genogroup C [15/31 (48.3%)], CC23 for genogroup
Y [21/36 (58.3%)], unassigned CC (ST-5953) for genogroup
Z [7/22 (31.8%)], CC35 for genogroup NG_undetermined
isolates [34/80 (42.5%)], and CC198 for genogroup NG_cnl
isolates [413/652 (63.3%)]. Genogroup W isolates belonged to
either CC175 or CC22.

DISCUSSION

In this study, we characterized the capsule type and expression
of Nm isolates obtained from carriage evaluations at three US
universities in 2015-2016 and identified genetic variations within
the cpsloci of these isolates. Most of these isolates were genetically
non-groupable because of lack of serogroup-specific genes
(NG_undetermined) or the whole cps locus (NG_cnl), followed
by genogroups E and B. A majority of these isolates contained
genetic mutations such as phase variable off, frameshift or point
mutations, missing or fragmented genes, and/or disruptions
due to insertion elements within the cps loci. A functional cps
locus was detected only in a very small proportion of Nm
carriage isolates.

While genogroup composition among Nm carriage isolates
is similar to other carriage studies, E was the most common
genogroup among genogroupable isolates, representing 26% of
the collection. In contrast, carriage evaluations conducted at
universities in Europe and South America identified genogroup
B as the most common genogroup; genogroup E isolates were
between 2 and 9% of their collection (Gasparini et al., 2014;
Rodriguez et al., 2014; Cassio de Moraes et al., 2015; Jeppesen
et al., 2015; Diaz et al.,, 2016; Tryfinopoulou et al., 2016; Moura
et al., 2017; van Ravenhorst et al., 2017; Oldfield et al., 2018).
In earlier US carriage evaluations, genogroup E carriage was
10% among high school students (Harrison et al., 2015). The
higher proportion of genogroup E isolates may be specific to
these US university populations at the time of collection. In a
review, meningococcal carriage differed in serogroup distribution
within and between European countries, across age groups, and
over time (Soriano-Gabarré et al.,, 2011). Serological methods,
such as SASG, were more often used than molecular methods
in earlier carriage evaluations (Soriano-Gabarré et al., 2011).
The carriage of genogroup E and other rare genogroups may
be underestimated in earlier carriage studies as a result of the
limited availability of antiserum for these serogroups (Soriano-
Gabarro et al., 2011; Harrison et al., 2013; Rodrigues et al., 2015).

Genogroup C isolates were rarely detected in carriage evaluations
conducted during a time when NmC conjugate vaccines were
widely available (Gasparini et al., 2014; Harrison et al., 2015;
Moreno et al., 2015; Rodrigues et al., 2015; Tryfinopoulou et al.,
2016; Moura et al,, 2017; McMillan et al., 2019). Consistently,
genogroup C represents only a small proportion of carriage
isolates in our collection, which may be due to the routine
recommendations for use of meningococcal ACWY vaccines
among adolescents (Mbaeyi et al., 2020).

Predominant cps mutations for each genogroup were assessed
to understand their impact on capsule expression. While some
genetic mutations result in irreversible loss of capsule expression,
some mutations, such as frameshifts and point mutations that
were commonly found in the capsule biosynthesis genes of
genogroup B and E isolates in our collection, may serve as
an on-off switch to regulate capsule expression under different
conditions. This on-off switch can down-regulate capsule
expression to allow Nm colonization during carriage and up-
regulate it to allow progression to disease (Hammerschmidt et al.,
1996; Weber et al., 2006; Tzeng et al., 2016) by introducing
or removing premature internal stops. In addition, we also
observed that several genogroup B isolates with ¢sb in the
phase variable off state still expressed a B capsule, suggesting
phase variable status may change during isolation and culturing
of Nm (Lucidarme et al., 2013; Siena et al., 2016). Capsule
expression has also been detected by phenotypic methods for
isolates with ISEs in cssA, cssE, cssF, or csb in earlier studies
(Hammerschmidt et al., 1996; Weber et al., 2006; Germinario
et al., 2010; Kugelberg et al., 2010; Loh et al., 2013; Jones
et al., 2016; Tzeng et al., 2016). In this study, agglutination was
observed among genogroup E isolates containing internal stops
in cseD, suggesting that the disruption cseD did not prevent
capsule expression. Another explanation may be that the function
of cseD, lipopolysaccharide-KDO synthesis, is complemented
elsewhere in the genome (Harrison et al, 2013; Tzeng et al,
2016). An unlinked gene complementation may also explain
agglutination for genogroup B and E isolates with internal stops
in the biosynthesis genes. One of three genogroup B isolates with
an internal stop in csb agglutinated, which was also observed
for three invasive serogroup B isolates in a previous study
(Marjuki et al., 2019). It warrants further investigation whether
the different position of the stop codon(s) may possibly have
permitted translation of gene products among these isolates,
resulting in some capsule expression.

A subset of isolates belonging to genogroups B and Y
with functional cps loci did not agglutinate with the capsule-
specific antisera (non-groupable phenotype). Similar lack of
agglutination has been observed in previous studies evaluating
both invasive and carriage isolates among university students
and general populations (Germinario et al, 2010; Gasparini
et al., 2014; Jones et al., 2016; van Ravenhorst et al., 2017;
Marjuki et al., 2019). These isolates may have had a biosynthesis
gene in the phase variable on state when sequenced and
changed to off state when tested for agglutination, as a result
of subculturing a single colony (Lucidarme et al., 2013; Siena
et al., 2016). To assess the impact of culture preparation on
phase variation-mediated capsule expression, we are sequencing
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FIGURE 1 | CC distribution of Nm carriage isolates by genogroup and serogroup. The proportions of serogroupable (shown in gray) and non-serogroupable (shown
in black) meningococcal isolates were presented for each genogroup-specific clonal complex (CC): genogroup B (A), genogroup C (B), genogroup E (C), genogroup
W (D), genogroup X (E), genogroup Y (F), genogroup Z (G), capsule null (H), and non-groupable undetermined genogroup (l). If a CC was unassigned, the
sequence type (ST) was provided. The “other” category represents the genogroup-specific CCs that contained only one isolate. The serogroupable isolates
belonging to the “other” category were as follows: serogroup B: CC174, ST-11860 and ST-948; and serogroup C: ST-12922.

multiple colonies from a single stock under the same conditions for this observation could be that the expression of capsule

described in the methods (Siena et al., 2016) and testing their
capsule expression using agglutination and other methods. We
are also examining non-capsule genes to see if they have an
impact on capsule expression. These studies in progress may
help address the discrepancies we observed. Other reasons

was at a level so low that was undetectable by SASG
(Mothershed et al., 2004; Soriano-Gabarr¢ et al., 2011; Jeppesen
et al, 2015; Gilca et al, 2018). SASG testing was repeated
on these isolates by different operators and yielded similar
results. Although SASG is a common method for serogrouping
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Nm with relatively good sensitivity and specificity (van der Ende
et al., 1995), we have noted differences between or within lots
of antiserum, which unavoidably affect the performance of this
test and lead to discrepancies when compared with other test
results such as WGS. We have conducted preliminary testing
to investigate other phenotypic tests, but so far, discrepancies
have not resolved by other methods; this is in agreement with
Jones et al. (2016), who assessed specificity and sensitivity of
agglutination and other phenotypic tests (flow cytometry, live-
cell phenotypic assay, and dot blotting) in comparison to WGS.
Others also have observed that, even with the use of other
phenotypic assays (Ouchterlony and live-cell phenotypic assay),
some genogroup B carriage isolates with functional cps loci
remained non-groupable (van Ravenhorst et al, 2017; Gilca
et al., 2018). Genes adjacent to the cps locus and non-coding
regions outside of the cps locus may influence capsule expression
(Swartley et al., 1997). The inactivation of KpsF, encoded by
a gene outside of the cps locus, was shown to reduce capsule
expression (Tzeng et al., 2016). However, the carriage isolates
studied here contained an intact kpsF (data not shown), but this
does not rule out the possibility of the gene expression being
inactivated. Further analysis of non-cps genes and non-coding
regions is warranted to better understand the non-groupability
of isolates with functional cps loci.

In comparison to other carriage studies (Soriano-Gabarro
et al,, 2011; Gasparini et al., 2014; Read et al., 2014; Rodriguez
et al., 2014; Cassio de Moraes et al., 2015; Jeppesen et al., 2015;
Moreno et al., 2015; Diaz et al., 2016; Tryfinopoulou et al., 2016;
Moura et al., 2017; Oldfield et al., 2017, 2018; Tekin et al., 2017;
van Ravenhorst et al., 2017; Gilca et al., 2018; Terranova et al.,
2018; McMillan et al., 2019), similar CC distributions among
genogroups were observed. Capsule null isolates commonly
belonged to CC198 and rarely belonged to CCs associated with
invasive disease (Gasparini et al., 2014; Rodriguez et al., 2014;
Cassio de Moraes et al., 2015; Moreno et al., 2015; Rodrigues et al.,
2015; Tryfinopoulou et al., 2016; Moura et al., 2017; Oldfield et al.,
2018; McMillan et al., 2019). The majority of genogroup Y isolates
from our collection belonged to CC23, similar to the US carriage
evaluation among high school students (Harrison et al., 2015)
and to university carriage studies in Europe (Gasparini et al.,
2014; Rodrigues et al., 2015; Oldfield et al., 2018), South America
(Moreno et al., 2015; Moura et al., 2017), and Australia (McMillan
et al., 2019). Genogroup B isolates predominantly belonged to
CC41/44 (Soriano-Gabarr¢ et al., 2011; Rodriguez et al., 2014;
Jeppesen et al., 2015; Moreno et al., 2015; Rodrigues et al., 2015;
Tryfinopoulou et al.,, 2016; Tekin et al., 2017; Gilca et al., 2018;
McMillan et al., 2019). Genogroup C in this evaluation belonged
to CCs commonly associated with N. meningitidis serogroup
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Antimicrobial resistance in Neisseria gonorrhoeae is an important global health concern.
The genetically related commensal Neisseria act as a reservoir of resistance genes, and
horizontal gene transfer (HGT) has been shown to play an important role in the genesis
of resistance to cephalosporins and macrolides in N. gonorrhoeae. In this study,
we evaluated if there was evidence of HGT in the genes gyrA/gyrB and parC/parE
responsible for fluoroquinolone resistance. Even though the role of gyrB and parE in
quinolone resistance is unclear, the subunits gyrB and parkE were included as zoliflodacin,
a promising new drug to treat N. gonorrhoeae targets the gyrB subunit. We analyzed a
collection of 20,047 isolates; 18,800 N. gonorrhoeae, 1,238 commensal Neisseria spp.,
and nine Neisseria meningitidis. Comparative genomic analyses identified HGT events in
genes, gyrA, gyrB, parC, and parE. Recombination events were predicted in N. gonorrhoeae
and Neisseria commensals. Neisseria lactamica, Neisseria macacae, and Neisseria
mucosa were identified as likely progenitors of the HGT events in gyrA, gyrB, and parE,
respectively.

Keywords: HGT, gyrA, gyrB, parC, parE, Neisseria gonorrhoeae, commensal Neisseria

INTRODUCTION

Neisseria gonorrhoeae, a gram-negative diplococcus, is an obligate human pathogen that causes
the sexually transmitted infection gonorrhea (Ligon, 2005; Tapsall et al, 2009). Neisseria
gonorrhoeae has been remarkably adept at developing resistance to antimicrobials, including
B-lactams, macrolides, and fluoroquinolones. This has resulted in N. gonorrhoeae being included
as a high priority pathogen by the WHO (Willcox, 1970; CDC, 1985; Unemo and Shafer,
2011; Chesson et al., 2014; Blair et al., 2015; Tacconelli and Magrini, 2017). Current treatment
guidelines typically advocate using only ceftriaxone or in combination with azithromycin (Unemo
et al., 2020). Increasing incidence of resistance to both ceftriaxone and azithromycin have led
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to novel treatment strategies. A particularly promising novel
agent, zoliflodacin, a spiropyrimidinetrione, whose target site
is gyrB is currently being evaluated in phase III studies following
successful phase II studies (Alm et al, 2015; Taylor et al,
2018; Bradford et al., 2020). Recent trials have also established
that ciprofloxacin (CIP) can be used to treat gonorrhea if
genotyping confirms the absence of gyrA mutations (Allan-Blitz
et al, 2017). This renewed interest in agents targeting the
DNA gyrases led to the current study to assess if gyrA/B and
parC/E mutations in N. gonorrhoeae can be acquired by horizontal
gene transfer (HGT).

The first-generation quinolone, nalidixic acid, was first used
in 1962 (Lesher et al, 1962). The second-generation
fluoroquinolone, CIP, was first used clinically in the mid-1980s,
and from 1993, it was used to treat uncomplicated gonorrhea
(CDC, 1993; Davis et al., 1996). Fluoroquinolones target DNA
gyrase (topoisomerase II) and topoisomerase IV, the enzymes
involved in the DNA replication process (Drlica and Zhao,
1997; Larkin et al., 2007). During DNA replication, DNA gyrase
catalyzes the unwinding of DNA molecules and topoisomerase
IV decatenates daughter chromosomes following DNA replication
(Reece and Maxwell, 1991; Kato et al., 1992; Zechiedrich and
Cozzarelli, 1995; Zechiedrich et al., 1997). DNA gyrase is
comprised of two subunits, GyrA and GyrB (molecular mass
~96 and 88kDa, respectively), which are homologous to the
C and E subunits of topoisomerase IV, designated as ParC
(molecular mass ~88kDa), and ParE (molecular mass ~70kDa),
respectively. Ciprofloxacin resistance in N. gonorrhoeae is caused
by point mutations in the quinolone resistance-determining
region (QRDR) of gyrA and parC, which results in amino
acid substitutions that alter the target protein structure, thereby
reducing the fluoroquinolone-target enzyme binding affinity,
leading to resistance (Belland et al., 1994; Piddock, 1999; Alcala
et al., 2003; Bodoev and II'ina, 2015; Yahara et al., 2020). The
majority of the resistance mutations in gonococci are located
in the QRDR regions, in codons 67-106 in GyrA and 56-108 in
ParC (Belland et al.,, 1994). The known resistant-associated
mutations (RAMs) include substitutions at amino acid positions
S91 and D95 in GyrA and G85, D86, S87, S88, Q91, and
R116 in ParC (Piddock, 1999; Yang et al., 2006; Bodoev and
II'ina, 2015). Studies have shown that GyrA is the primary
target and that ParC is the secondary target for fluoroquinolones
in N. gonorrhoeae (Wittmann et al., 1973; Belland et al., 1994;
Trees et al, 1999; Tanaka et al, 2000; Shultz et al., 2001;
Lindbick et al., 2002).

The genus Neisseria includes several commensals and two
pathogens—N. gonorrhoeae and Neisseria meningitidis. Neisseria
species are naturally competent and transfer DNA to one
another (Catlin, 1960; Higashi et al., 2011). HGT of penA,
mtrCDE, rpsE, and rplD from commensal Neisseria has been
shown to be important in the genesis of resistance to p-lactams
and macrolides in the pathogenic Neisseria (Bowler et al., 1994;
Shafer, 2018; Wadsworth et al., 2018; Yahara et al., 2018; Fiore
et al, 2020; Manoharan-Basil et al, 2021). A study from
Shanghai has similarly demonstrated that HGT from gyrA in
commensal Neisseria played a critical role in the genesis of
fluoroquinolone resistance in N. meningitidis (Chen et al., 2020).

HGT from commensal streptococci has also been shown to
have played a role in the genesis of fluoroquinolone resistance
in Streptococcus pneumoniae (Irene et al., 1998; Janoir et al,
1999; José et al., 2000). Recently, Yahara et al., 2021 suggested
that fluoroquinolone resistance substitutions at GyrA and ParC
in N. gonorrhoeae isolates have arisen from independent mutations
and evidence of HGT in gyrA/B and parC/E were not available
for N. gonorrhoeae. It is unknown but essential to establish
if HGT has played a role in fluoroquinolone resistance in N.
gonorrhoeae. If commensal Neisseria can serve as a reservoir
of resistance for N. gonorrhoeae, then addressing the resistance
determinants in commensals is important (de Korne-Elenbaas
et al, 2021; Kenyon et al, 2021). The above considerations
led to the current study, where we used a dataset of 20,047
globally sourced N. gonorrhoeae (1928-2020), N. meningitidis
and Neisseria commensals to assess if there was evidence of
HGT in the four fluoroquinolone resistance-conferring genes
(gyrA/B and parC/E). This led to the identification of HGT
in the QRDR regions of gyrA, gyrB, and parE in N. gonorrhoeae.

MATERIALS AND METHODS

Dataset for Analysis

The isolates for the analyses were downloaded from the Pathosystems
Resource Integration Center V3.6.9 (PATRIC) database (Davis
et al, 2020), GenBank,' pubMLST (Jolley et al, 2018), and
pathogenwatch.? Whole-genome sequence (WGS) data from our
previous study with an additional 8,388 isolates were used in the
current study (Manoharan-Basil et al., 2021). WGS data comprised
20,047 isolates, of which 18,800 were N. gonorrhoeae, nine were
N. meningitidis, and 1,238 were commensal Neisseria isolates.
Supplementary Table 1 in Data Sheet 1 summarizes the organisms
used in this study. The European Committee on Antimicrobial
Susceptibility Testing breakpoints was used to define ciprofloxacin
susceptibility’ The minimum inhibitory concentration (MIC) to
ciprofloxacin (CIP) >16mg/L, >0.06mg/L, 0.03<0.06, and
<0.03mg/L are classified as being high-level resistant (HLR),
resistant (R), intermediate (I), and susceptible (S) to CIP, respectively
(Sanchez-Buso et al, 2021). The isolates were categorized into
three distinct eras: pre-antibiotic (pre-1950s), golden (1950-1970s),
and post-modern (1980-20-first century) following the convention
of Golparian et al. (2020).

Gene-By-Gene Analysis, Allelic Profiling,
and Recombination Analysis

The analysis was carried out as described in Manoharan-Basil
et al. (2021). In brief, WGS (n =20,047) were analyzed using
chewBBACA version 2.8.5 (Silva et al, 2018), followed by
recombination analysis using Recombination Detection Program
(RDP4) program version 4.100 (Martin et al., 2015). Firstly, a
training file was created from the complete genome of
N. gonorrhoeae FA1090 using Prodigal and was used in subsequent

'https://www.ncbi.nlm.nih.gov/genbank/
*https://pathogen.watch/ngonorrhoeae
*http://www.eucast.org/clinical_breakpoints/

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 793612


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ncbi.nlm.nih.gov/genbank/
https://pathogen.watch/ngonorrhoeae
http://www.eucast.org/clinical_breakpoints/

Manoharan-Basil et al.

HGT of Fluoroquinolone Resistance Conferring-Genes in N. gonorrhoeae

steps (Hyatt et al., 2010). Secondly, a study-specific Neisseria
scheme was created from two complete Neisseria gonorrhoeae
genomes (FA1090 and MSI11). Thirdly, a FASTA file for each
coding sequence (CDS) was generated, followed by the creation
of whole-genome (wg) multi-locus sequence typing (MLST)
loci. The core-genome (cg) MLST loci were then extracted from
the wgMLST loci and visualized using a grape tree (Zhou et al,,
2018). GrapeTree facilitates the clustering of the isolates based
on their allelic profiles using a minimum spanning algorithm.
The SchemaEvaluator option implemented in chewBBACCA
uses MAFFT that allows multiple sequence alignments of the
alleles of each locus and constructs neighbor-joining (NJ) tree
using ClustalW2 (Katoh et al.,, 2002; Larkin et al., 2007). Finally,
UniProtFinder* was used to retrieve the functional information
of the CDSs. GyrA, gyrB, parC, and parE genes were identified
based on the UniProt identifier. The multiple sequence alignments
and NJ trees of the above genes were extracted from the schema
evaluator. The gene-by-gene analysis was carried out on a server
with Intel(R) Xeon(R) Silver 4114 CPU @ 2.20 GHz with 125Gb
RAM and HDD distributed RAID-5 using 20 CPU. The analysis
took ~15days to complete.

The multiple sequence alignment files were imported in
MEGAX version 10.1.7, and the CDSs were translated (Kumar
et al, 2018). The presence or absence of non-synonymous
substitutions in the QRDR regions for each amino acid position
was denoted as “0” and “1,” respectively. The NJ trees and
the corresponding metadata were visualized using Interactive
tree of life (iTOL) v6 (Letunic and Bork, 2021) and microreact
(Argimoén et al., 2016).

Whole-genome sequence of commensal Neisseria spp.,
(n=1,247) along with N. meningitidis (n=9) and N. gonorrhoeae
(n=18,800) were used in the recombination analysis
(Supplementary Table 1 in Data Sheet 1). The nucleotide
alignments of each gene were screened for recombination events
using the Recombination Detection Program (RDP4) program
(Martin et al., 2015). Recombinant events supported by at
least two of the seven algorithms available in RDP software:
RDP, GENECONYV, Bootscan, Maxchi, Chimera, SiSscan, and
3Seq were used with default settings, except the window size
was increased to 60nt in RDP, 120nt in MaxChi and Chimera,
and to 500 in BootScan and SiScan (Lemey et al., 2009; Gomez-
Valero et al., 2011; Manoharan-Basil et al.,, 2021). NJ trees
were constructed using 1,000 bootstrap replicates (Salminen
et al., 1995). According to the definition in RDP4, the minor
parent is the parental sequence that contributes the smaller
fraction of the recombinant sequence, while the major parent
is the parental sequence that contributes the larger fraction
(Martin et al., 2015). Additionally, for the sequences which
had the same recombination event, the percentage similarities
of the nucleotide were determined between donor and recipient
sequences. Furthermore, to identify the RAM harboring donors
of the gyrA and parC in N. gonorrhoeae and Neisseria commensal
isolates, RDP4 analysis was carried out as above and was
limited to all Neisseria commensal and N. gonorrhoeae alleles
with known RAMs.

*https://www.uniprot.org/

Statistical Analysis

Statistical analyses were performed using JMP®, version 14.0.0
(SAS Institute Inc., Cary, NC, 1989-2021). To evaluate the
correlation between multiple pairs of variables (SNPs) and to
assess the correlations between phenotypic and genotypic patterns
of resistance to ciprofloxacin, Spearman’s rank correlation was
used (Elhadidy et al, 2020). Geometric mean (GM) MICs
were calculated for each allele. A value of p of <0.001 was
considered statistically significant.

RESULTS

Characteristics of Isolates Used in the
Study
A total of 20,047 isolates from 1928 to 2020 were used in
the study and included 18,800 (93.7%) N. gonorrhoeae, nine
(0.47%) N. meningitidis, and 1,247 (6.2%) Neisseria commensal
isolates. Neisseria commensal included the human nasopharyngeal
commensals N. polysaccharea (n=74), N. bergeri (n=66), N.
lactamica (n=699), N. cinerea (n=52), N. subflava (n=98), N.
oralis (n=8), N. mucosa (n=38), N. elongata (n=32), and N.
bacilliformis (n=8), along with several species isolated from
animals and animal-related source (n=163; Supplementary
Table 1 in Data Sheet 1; Figure 1).

Out of the 20,047 isolates, 9,796 (49.8%) samples were from
31 European countries, 3,399 (16.9%) from North America,
3,485 (17.3%) from Oceania, 1,750 from Asia (8.7%), 477
(2.37%) from Africa, and 162 (0.8%) from South America
(Figure 2; Supplementary Table 2 in Data Sheet 1). The
country of isolation was not available for 978 (4.8%) isolates.

Antimicrobial Susceptibility of Neisseria
Isolates

Among the 18,800 N. gonorrhoeae isolates, the CIP MIC was
available for 12,942 (68.8%) isolates. Out of these isolates, 6,192
(47.8%) of the isolates were CIP resistant (R), 45 (0.34%) isolates
were CIP intermediate (I), and 6,705 (51.8%) isolates were
susceptible to CIP (Supplementary Table 2 in Table 2). Out
of the 1,247 Neisseria commensal species, CIP MIC was available
for only 14 isolates. Seven of these isolates had MICs >0.06 mg/L.

Characterization of Resistance-Associated
Mutations in QRDR Regions of gyrA, gyrB,
parC, and parE Genes in Neisseria
gonorrhoeae
Strong positive correlations between CIP MICs and substitutions
in GyrA at amino acid positions 91 (S91E 45.4%) and 95
(D95A, 13.82%; D9I5G, 28.2%; DI5N, 3.04%) and ParC at 85
(G85C, 0.5%; G85D, 0.2%), 86 (D86N, 6.8%), 87 (S87I, 1%;
S87N, 3.4%; S87R, 25.7%), 88 (S88P, 2.1%), and 91 (E91G,
6.3%; E91K, 0.7%; E91Q, 0.9%) were observed (Supplementary
Table 3 in Data Sheet 1).

In vitro generated zoliflodacin-resistant mutants containing
substitutions in GyrB (D429, K450, and S467N) have been
found to be associated with increased MICs of zoliflodacin
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TABLE 1 | Distribution of 5 predominant ST-types of N. gonorrhoeag isolates, country of isolation and their known resistance-associated mutations.

0 CIP resistance Africa Asia Europe North America Oceania South America NA Total no. of isolates
1579 56 251 197 219 1 19 743
HLR 51 4 4 2 61
| 1 2 3
R 4 6 21 5 1 37
S 91 78 214 1 16 400
NA 1 149 92 242
1901 152 1073 1007 126 284 2677
HLR 75 322 567 31 24 182 1201
R 41 102 235 86 iR 76 551
S 1 1 1 13
NA 36 638 204 9 25 912
7359 20 150 483 653
R 1 1
S 20 126 296 442
NA 23 187 210
7363 1 237 446 85 252 1 28 1050
HLR 82 164 15 2 1 10 274
R 47 88 12 230 9 386
S 1 2 12 13 28
NA 106 182 58 7 9 362
9363 597 548 418 9 55 1627
HLR 16 iRl 1 28
| 7 4 iR
R 6 29 4 1 40
S 287 335 412 9 52 1095
NA 281 169 2 1 453
sSpecies

. Neisseria gonorrhoeae [1...
[H Neisseria lactamica [699
. Neisseria subflava [98]
. Neisseria polysaccharea
. Neisseria bergeri [66]

. Neisseria cinerea [52]

[l Neisseria mucosa [38]
:l Neisseria elongata [32]
[l Neisseria sp. [21]

- Neisseria viridiae [21]

[[] Neisseria sicca [16]

[l Neisseria blantyrii [14]
. Neisseria flavescens [11
|:| Neisseria weaveri [10]
. Neisseria meningitidis [
[l Neisseria musculi [9]

. Neisseria uirgultaei [9]
[ Neisseria bacilliformis ...
[l Neisseria oralis [8]

[l Neisseria canis [6]

[l Neisseria macacae [6]
[l Neisseria animalis [5]

. Neisseria animaloris [5]
. Neisseria zoodegmatis [5
. Neisseria dentiae [4]

[l Neisseria perflava [4]

. Neisseria benedictiae [3...
[[] Neisseria shayeganii [3]
[T] Neisseria wadsworthii [3...
[l Neisseria basseii 2]

[l Neisseria brasiliensis [...
[[]Neisseria flava [1]

. Neisseria iguanae [1]

[l Neisseria maigaei [1]

|:| Neisseria zalophi [1]

FIGURE 1 | Minimum spanning tree comparing core-genome allelic profiles in association with the Neisseria species used in the study. Numbers in brackets refer
to the number of isolates. Isolates are displayed as circles. The size of each circle indicates the number of isolates of this particular type.

(Alm et al., 2015; Foerster et al., 2015, 2019). In the current  Japanese isolate (PubMLST ID-31741; Pathogenwatch
study, substitutions in GyrB-D429V were present in a single =~ ID-ERR363582; Adamson et al., 2021) along with GyrA-S91F
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3000

FIGURE 2 | Minimum spanning tree comparing core-genome allelic profiles in association with continents. Numbers in brackets refer to the number of isolates.
Isolates are displayed as circles. The size of each circle indicates the number of isolates of this particular type. Clade A, B of ST1901 are represented as dotted

circles.
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@ Asia [1750]

@ NA[978]
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@
A 4

Oceania [3485]

and ParC-S87R substitutions. Fifty isolates had the GyrB-
S467N substitution [allele 293 (n=12) and allele-446 (n=38);
Pathogenwatch (n=24) and PubMLST (n=26)] along with
mutations in gyrA and or parC. These isolates were from
China (n=1, ST7367), Japan (n=2, ST7363), Norway [n=11;
ST1925 (n=10), ST7363 (n=1)], and Vietnam [n=36; ST7373
(n=34), ST1925 (n=2)]. None of the isolates had the GyrB-
K450 substitution.

Except 27 isolates, all high-level fluoroquinolone (CIP MICs
>16mg/L) resistant gonococcal isolates, n=2,384 (12.7%) had
known substitutions at GyrA-91 (S91F), GyrA-92 (A92P),
GyrA-95 (D95A/G/N), and ParC-85 (G85C), 86 (D86N), 87
(S87I/N/R/Y), 88 (S88P), and 91 (E91G/K) positions
(Figures 3-5; Supplementary Table 2 in Table 2). Twenty-
seven isolates (1.1%; GM MIC=22.3mg/L), 14 (0.5%; GM
MIC=27.5mg/L), 2,040 (85%; GM MIC=21.1mg/L), 273
(11.4%), and 3 (0.1%) had one, two, three, four, and five RAMs,
respectively (Supplementary Table 1 in Table 1). A total of
3,808 (20.2%) N. gonorrhoeae isolates had low level
fluoroquinolone resistance (CIP MICs >0.06 and <16mg/L).
Out of these isolates, 79 isolates (2%, GM MIC=1.53mg/L)
had no known RAMs (Figures 3-5; Supplementary Table 2
in Table 2). Eighty-nine (2.3%; GM MIC=0.64mg/L), 302
(7.9%; GM MIC=275mg/L), 3,017 (792%; GM
MIC=21.18 mg/L), 326 (8.5%), and 5 (0.1%) isolates had one,
two, three, four, and five RAMs, respectively
(Supplementary Table 1 in Table 1). Out of 6,705 (35.7%)
susceptible gonococcal isolates, 6,620 (98.7%) had no GyrA
or ParC substitutions, whereas 46, 9, 33, and 2 isolates had
one, two, three, and four RAMs, respectively
(Supplementary Table 1 in Table 1). Seven Neisseria commensals

(0.08%) with ciprofloxacin MICs >0.06 mg/L, had GyrA-S911/T/V
or GyrA-D95N substitutions.

The different combinations of RAMs and the number of isolates
are presented in Figures 3-5 and Supplementary Figure 1.

Genetic Structure and Geographical
Dispersal of Fluoroquinolone Resistance in
Neisseria gonorrhoeae

A total of 1,323 loci were defined as core to the Neisseria
genome in this dataset. Allelic designations were defined
for approximately 95% of the core-genome. A total of 583
different sequence types (STs) characterized the available
population. The most frequent ST was ST1901 (n=2,677)
followed by ST9363 (n=1,627), ST7363 (n=1,054), ST1579
(n=743), and ST7359 (n=653; Figure 6; Supplementary
Table 2 in Table 2). MLST types were not available for
2,424 isolates, and 93 isolates were classified as new ST
types. Of the 2,384 CIP HLR isolates detected, half of the
isolates [1,201 (50.4%)] belonged to ST1901, followed by
ST7363 (11.49%) and ST1579 (2.5%). ST types were not
available for 231 (9.6%) isolates. The total number of
HLR, I, R, and S isolates and their prevalence in each
continent is listed in  Supplementary Table 4
in Data Sheet 1.

The three most prevalent ST types (>1,000 isolates) were
further characterized. ST1901 was split into two clades, referred
to as Clade A and Clade B (Figure 6). Isolates of clade A
were predominately from North America, while clade B isolates
were predominately from Europe (Figure 2). Both clades had
substitutions at  GyrA-S91F  (n=2,616, Figure 4A;
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gyrA_gyrB_parC_parE
. 0[10078]
[]317223)
B 1 11251]
[] 4[870]
- 2[612]
[] NA[12]

FIGURE 3 | Minimum spanning tree comparing core-genome allelic profiles with the number of substitutions in GyrA, GyrB, ParC, and ParE. Numbers in brackets
refer to the number of isolates. Isolates are displayed as circles. The size of each circle indicates the number of isolates of this particular type.

A . gyrA_S91FILTVY gyrA_A92P
\\ = ? E} 22;;;] = 0 [20004]
1(41]
[TINAT12] [INA[12]

gyrA_D9SAEGHNQY

\\ [l 0 [11503]
W 1(8542]

CINA[12]

FIGURE 4 | Minimum spanning tree comparing core-genome allelic profiles with GyrA substitutions at amino acid (A) position 91, (B) position 92, and (C) position
95. Numbers in brackets refer to the number of isolates. 1 and O denotes the presence and absence of RAMs, respectively. Isolates are displayed as circles. The
size of each circle indicates the number of isolates of this particular type.

Supplementary Table 2 in Table 2), GyrA-D95G (n=2,585, ST9363 isolates were distributed across Europe (36.69%),
Figure 4C), and ParC-S87R (n=2,663, Figure 5C). Around North America (33.68%), and Oceania (25.69%; Table 1;
0.4, 20.5, and 44% of isolates belonging to ST1901 were S, R,  Figure 2). The first HLR isolate was found in North America
and HLR, respectively. About 34% of isolates had no MIC in 2011. About 67.3, 0.6, 2.4, and 1.7% of isolates were S, I,
information (Table 1). R, and HLR, respectively. About 27.8% of isolates had no
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FIGURE 5 | Minimum spanning tree comparing core-genome allelic profiles with ParC substitutions at amino acid (A) position 85, (B) position 86, (C) position 87,
(D) position 88, (E) position 91, and (F) position 116. Numbers in brackets refer to the number of isolates. 1 and 0 denotes the presence and absence of RAMs,
respectively. Isolates are displayed as circles. The size of each circle indicates the number of isolates of this particular type.
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X

MIC information. The resistant isolates had one or more of
the following substitutions: GyrA-S91F (n=78, Figure 4A),
GyrA-D95A/G (n=76/2, Figure 4C), ParC-D86N (n=71,
Figure 5B), and the ParC-S87R (n=10, Figure 5C).

At least three clades for ST7363 were observed (Figure 6).
Isolates that belonged to ST7359 were mostly from Oceania
(Figure 2). Out of the 653 isolates, 442 were susceptible, and
MIC was not available for 210 isolates. Only one isolate from
Europe (Ireland) was CIP resistant (MIC-2mg/L) with no
known RAMs. Further details pertaining to the distribution
of MLST, CIP MICs, and the prevalence in each continent

are provided in Table 1 and Supplementary Table 4
in Data Sheet 1.

The Time of Emergence of
Fluoroquinolone Resistance-Associated
Mutations in Neisseria gonorrhoeae
Substitution at position 91 (S91T) of GyrA was first observed
in one of two of the oldest isolates in the collection obtained
in 1928. The MICs were not available for the pre-antibiotic
and the golden era isolates. GyrA S91E which leads to high-
level resistance to CIP, was first observed in 1992 (post-modern
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Clade-A

ST1901 are represented as dotted circles.

FIGURE 6 | Minimum spanning tree comparing core-genome allelic profiles with MLST resulting in isolates with similar allelic profiles forming clusters. Isolates are
displayed as circles. The size of each circle indicates the number of isolates of this particular type. Numbers in brackets refer to the number of isolates. Clade A, B of
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era). Four isolates were available from the same year. Two
isolates were from the Philippines and had GyrA-S91F along
with additional substitutions, and two isolates had no RAMs.
Out of the two isolates with RAMs, one isolate belonged to
ST1901 (D95G; ParC-S87R), and the other to ST7367 (D95G).
Substitutions at position 95 of GyrA (D95G/N) and positions
86, 87, 88, and 91 of ParC were first observed in 1996. A
substitution in position 85 of ParC was first observed in 1998
(Figure 7; Supplementary Table 6 in Data Sheet 1).

Prevalence of HGT in QRDR Region of
gyrA, gyrB, parC, and parE

The lengths of gyrA, gyrB, parC, and parE of the reference
isolate FA1090 were 2,751, 2,391, 2,307, and 1,986 bp, respectively.
The length of the alleles ranged between 2,454-3,054bp for
gyrA, 2,388-2,644bp for gyrB, 2088-2,538bp for parC, and
1,629-2,151bp for parC. Multiple alignment files of each gene
were trimmed to the gene length of the FA1090 isolate and
were used in the recombination analysis.

About 688, 631, 898, and 595 alleles were found for gyrA,
gyrB, parC, and parE genes, respectively (Figures 8A-D;
Supplementary Tables 6A-D in Data Sheet 1). Putative HGT
events were predicted in all the genes (Figures 9A-D). Unique
recombination events were supported by at least two out of
seven detection methods. A total of 63, 8, 80, and 67
recombination events were identified for gyrA, gyrB, parC, and

parE, respectively. For the sequences that included only the
RAMs in gyrA and parC, a total of 58 recombination events
were identified for gyrA (Supplementary Table 7E
in Data Sheet 1) and 16 for parC gene (Supplementary Table 7F
in Data Sheet 1). Each recombination event was checked
manually. Examples of recombinant events with known RAMs
in QRDR regions of gyrA and parC and in QRDR regions of
gyrB and parE are presented below.

gyrA
For gyrA, the QRDR region is present between 169 and 432bp.

Putative recombination event 32 in the QRDR region with N.
gonorrhoeae as a recombinant was identified. The event was
supported by five methods (RDP, GENECONY, Bootscan, Maxchi,
and Chimaera). Neisseria gonorrhoeae (allele—488; n=2, GM
MIC-0.02mg/L, ST11702, Year-1940) was the recombinant, and
evidence of the same recombinant event was present in four
other alleles (allele-93, n=3, ST1175, Year-2010-2012; allele-491;
n=2, ST1688, Year-1928; allele-496, n=2, ST11703, Year-1951;
and allele-508, n=2, ST11708, Year-1951). The corresponding
minor parent was N. lactamica (allele-270; n=1; recombinant
region—197-396nt), and major parent was N. cinerea
(allele-12; n=1; recombinant region—1-199 and 397-3,168nt;
Figure 9A; Supplementary Table 7A in Data Sheet 1;
Supplementary Figure 2). The minor parent N. lactamica and
the recombinants had the S91T substitution (Supplementary
Table 6A in Data Sheet 1).
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FIGURE 7 | Time of emergence of ciprofloxacin resistance-associated mutations. Asterisks denote the first occurrence of the mutation.

Recombination events were also found in the commensal five alleles; N. bergeri (alleles- 28, 214, 215, and 223; n=9)
Neisseria. In event 5, for example, N. polysaccharea (allele—361;  and N. oralis (allele-29, n=1). The corresponding minor parent
n=1) was the recombinant, and the sequences with the same  was N. cinerea (allele-61; n=1; recombinant region—1-172 and
recombinant event were present in 10 isolates belonging to  2,946-3,168nt) and major parent was N. elongata (allele-637;
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N. iguanae
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N. shayeganii N. zalophi
N. sicca N. zoodegmatis
N. subflava Neisseria commensals (>1)
N. uirgultaei

FIGURE 8 | Phylogenetic trees of (A) gyrA, (B) gyrB, (C) parC, and (D) parE based on Neisseria spp. Figure was generated by iTOL using cgMLST profile data determined
by the chewBACCA software. Purple node denotes N. gonorrhoeae, and the rest denotes Neisseria commensals. Filled and outlined black rectangle denotes the presence
and absence of non-synonymous SNPs, respectively. The geometric mean (GM) ciprofloxacin MIC SIR profiles are denoted as green, yellow, and red, respectively.

n=2; GM MIC-0.25mg/L) recombinant region—173-2,945nt
(Supplementary Table 7A in Data Sheet 1). The major parent
N. elongata (allele-637), the recombinant N. polysaccharea
(allele—361), and isolates with the same recombinant (n=10)
had the S91V substitution (Supplementary Table 6A
in Data Sheet 1). The event was supported by all seven
methods.

gyrB
The QRDR region of gyrB is between 1,255 and 1,488bp, which

is also the zoliflodacin resistance-conferring region (Figure 9B).
Recombination event 3 was supported by all seven methods (RDP,
GENECONYV, Bootscan, Maxchi, Chimera, SiSscan, and 3Seq;
Figure 9B) and N. meningitidis (n=1; allele-577) was the
recombinant. The same recombination event was present in five
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FIGURE 9 | Potential putative recombination events between Neisseria strains. (A) Recombination event 3 in gyrA between N. gonorrhoeae (recipient) and N.
lactamica (donor); (B) Recombination event 3 in gyrB between N. gonorrhoeae/N. meningitidis (recipient) and N. macacae (donor); (C) Recombination event 21 in
parC between Neisseria sp. (recipient) and N. zoodegmatis (donor); (D) Recombination event 19 in parkE between N. gonorrhoeae (recipient) and N. mucosa (donor).
Top—The functional map of N. gonorrhoeae reference strain FA1090 with QRDR and known resistance-associated mutations (RAMs) are shown within inverted
commas. Bottom—Bootscan (A,B) and maxchi (C,D) plots generated using RDP4 software are depicted.
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alleles, including N. gonorrhoeae (n=13, allele-472, 518, and 562)
and N. meningitidis (n=2; allele-544 and 567). The minor and
major parents were N. macacae (allele-386; n=1; region—96-
1,690nt) and N. mucosa (allele-330; n=1; region—1-95 and
1,691-2,431nt), respectively (Figure 9B; Supplementary Tables 5,
7B in Data Sheet 1). The recipient and the donor had no known
RAMs (Supplementary Table 6B in Data Sheet 1).

parC
The QRDR region lies between 121 and 452 bp. Recombination
event 21 took place in the QRDR region and involved the

transmission of known RAMs between commensal
Neisseria. The recombinant was Neisseria sp. (allele—34; n=2).
Neisseria animaloris (allele—203; n=1; recombinant region—
1-141 and 1,499-2,417nt) and N. zoodegmatis. (allele—207;
n=1; recombinant region—142-1,498nt) were the major
and minor parents, respectively (Figure 9C). The same event
was seen in another allele (allele-35, n=2). The minor
parent and the recombinant had the S87A and E91A
RAMs (Supplementary Table 6C in Data Sheet 1). The
event was supported by three methods (Maxchi, Chimera,
and 3Seq).
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parE

The QRDR region lies between ~1,140 and 1,600 bp. Recombinant
event 19 for parE was supported by three methods (Maxchi,
Chimera, and 3Seq). The recombinant was N. gonorrhoeae
(allele-252; n=1). The corresponding major parent was N.
cinerea (allele 280, n=1; recombinant region—92-837nt), and
the unknown parent was inferred from N. mucosa (allele-243;
n=3; recombinant region—1-91 and 838-2,021nt; Figure 9D).
The recipient and the donor had no known RAMs
(Supplementary Table 6D in Data Sheet 1).

DISCUSSION

The large and diverse collection of Neisseria isolates used in this
study enabled us to investigate the temporal and spatial patterning
of fluoroquinolone RAMs as well as the evidence of HGT in
gyrA, gyrB, parC, and parE genes in N. gonorrhoeae and related
Neisseria spp.

In accordance with previous studies, we found that the
global spread of ciprofloxacin-resistant N. gonorrhoeae is
associated with three STs 1,901, 9,363, and 7,363 being
responsible for 65% of all high-level resistance to ciprofloxacin
(Osnes et al., 2020; Reimche et al., 2021). ST1901, with
substitutions in GyrA-S91F, D95G, and ParC-S87R, was by
itself responsible for over half of all high-level resistance.
Osnes et al. have recently demonstrated that this ST emerged
in East Asia before spreading globally between 1987 and
1996 (Osnes et al., 2021). Its emergence and spread were
facilitated by the increasing use of fluoroquinolones as a
treatment for gonorrhea at this time (Osnes et al., 2020).
The widespread use of fluoroquinolones in the general
population may also have played a role (Kenyon et al,
2018a). Notably, no global distribution of ST1901 clones
with substitutions in GyrA-S91Y and ParC-R116H during
the same period from East Asia was observed.

The GyrA-S91T substitution was first reported in 1928 in
N. gonorrhoeae and cannot be plausibly linked with
antimicrobial pressure. GyrA-S91T is not associated with
reduced susceptibility to ciprofloxacin (Golparian et al.,
2020). Notably, two isolates from 1928 had different amino
acid substitutions at position 91. One isolate belonging to
ST11688 had the threonine (T) amino acid at position 91,
whereas the other isolate from ST11680 had the serine (S)
at position 91. Interestingly, the meningococci have the
threonine (T) substitution at position 91 (Hong et al., 2013).
Resolving the parental isolate of gonococci could resolve
the ST types of gonococci, especially the two clades of
ST1901. Further analysis pertaining to the above was not
carried out as this was beyond the scope of the present
study. The next mutation to occur in the four genes under
consideration was a substitution in ParC-E91D in 1962 in
N. canis. This occurred at the time when the first-generation
quinolone, nalidixic acid, was introduced (Lesher et al., 1962).

Our analyses suggest that 199bp of the QRDR region
in gyrA with GyrA-S91T substitution was acquired from N.
lactamica. Fourteen isolates of N. gonorrhoeae belonging to

five alleles had obtained this section of the QRDR region,
including the GyrA-S91T. All the isolates belonged to the
pre-antibiotic/golden era except three isolates from allele-93
that belonged to the post-modern era with a GM MIC of
0.006 mg/L. Evidence of HGT in QRDR regions of Neisseria
spp- and mutation harboring commensals with substitutions
in known amino acid positions, GyrA-S91, ParC-S87, and
ParC-E91 were identified. The recombinants with GyrA-S91V
and ParC-S87A, ParC-E91A were N. polysaccharea and
Neisseria sp., respectively. The mutation harboring commensal
of GyrA-S91V in the recombinant N. polysaccharea (n=1,
MIC-NA) was N. elongata (n=2, GM MIC—0.25mg/L) and
ParC-S87A, E91A in the recombinant Neisseria sp. (n=2,
MIC-NA) was N. zoodegmatis (n=1, MIC-NA). Twenty-one
Neisseria commensal isolates had the GyrA-S91V substitution,
but only one isolate, N. elongata had the data for ciprofloxacin
susceptibility (MIC 0.25mg/L). It was therefore not possible
to determine if the mutation is associated with reduced
susceptibility to ciprofloxacin. The same implies to the
substitutions in ParC.

The analysis of whole-genome sequences identified non-
synonymous mutations in the GyrB-D429V and S467N, that
is, where zoliflodacin first- or second-step resistance mutations
have been previously selected in vitro (Alm et al., 2015;
Foerster et al., 2015, 2019). Substitutions in GyrB-D429V
was present in one isolate belonging to ST7363 (Adamson
et al., 2021; Unemo et al,, 2021). GyrB-S467N substitution
was present in 50 isolates and belonged to ST7367 (n=1),
ST7363 (n=37), and ST1925 (n=12). Evidence of HGT in
the QRDR region of gyrB was identified, and the commensal
donor was N. macacae.

Caveats of our study include that only a few early isolates
were available, and very few isolates from some continents,
such as Africa and South America, were available. The study
included only nine N. meningitidis isolates. The probability of
detecting HGT events could have been maximized using a
greater number of N. meningitidis. Moreover, MIC values were
not available for many commensal isolates. Some of the
Pathogenwatch MICs are estimated based on genotype using
485.toml.” These estimated MICs may differ slightly from MICs
obtained via phenotypic testing. We were also not able to
identify the commensal donors for parC RAMs. This could
be due to the paucity of commensal isolates with known RAMs.
We did not include other genetic mutations, such as the norM
promoter mutation, which can lead to increased fluoroquinolone
resistance (Rouquette-Loughlin et al., 2003). Finally, the HGT
events were not confirmed experimentally.

Studies have shown that chromosomal gyrA and parC
mutations from commensal Neisseria have been responsible
for most fluoroquinolone resistance in meningococci
(Chen et al., 2020; Shen and Chen, 2020). With the current
dataset, we showed evidence of HGT in genes gyrA/B and
parC/E and found that HGT played a lesser role in acquiring
fluoroquinolone  resistance mutations in  gonococci.
Nevertheless, our findings add to the growing evidence base

*https://gitlab.com/cgps/pathogenwatch/amr-libraries/blob/0.0.17/485.toml
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that commensal Neisseria species act as a reservoir of
antimicrobial resistance that can be taken up by the pathogenic
Neisseria (Bowler et al., 1994; Shafer, 2018; Yahara et al,
2018; Fiore et al., 2020; Goytia et al., 2021; Manoharan-
Basil et al., 2021). The study highlights the significant role
that HGT can play in transferring QRDR regions to N.
gonorrhoeae. Zoliflodacin is a promising new drug to treat
N. gonorrhoeae (Foerster et al., 2019; Bradford et al., 2020;
Adamson et al, 2021; Kenyon et al, 2021). Our finding
that zoliflodacin resistance-conferring region of gyrB in N.
gonorrhoeae can be taken up from N. macacae has important
consequences. Extensive use of zoliflodacin could lead to
resistance in commensal Neisseria, which could then
be transferred to N. gonorrhoeae via transformation. This
provides an additional rationale to conduct surveillance of
antimicrobial susceptibility in Neisseria commensals to prevent
the emergence of AMR in the pathogenic Neisseria (Kenyon
et al., 2018b; Dong et al., 2020; Fiore et al., 2020).
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tRNA™ gene, which is a conserved gene locus for the integration of genomic islands in
Shewanella. Upon expressing integrase and excisionase, CGl48 and Gl21 are excised
from chromosomes via site-specific recombination. The shorter attachment sites of Gl21
facilitated the capture of GI21 into CGIl48. Moreover, Gl21 encodes a functional HipAB
toxin—antitoxin system, thus contributing to the maintenance of CGI48 in the host bacteria.
This study provides new insights into Gl evolution by performing the excision process of
the inserting Gl and improves our understanding of the maintenance mechanisms of
composite Gl.

Keywords: Shewanella putrefaciens, mobile genetic element, stability, genomic island, toxin-antitoxin

INTRODUCTION

Genomic islands (GIs) are discrete DNA segments acquired by horizontal transfer, and they
always differ among closely related strains. GIs vary in size from a few to several kilobase
pairs and have a mosaic structure that evolves by gene acquisition and loss (Bellanger et al,
2014). Horizontal transfer of GIs can be advantageous for the host, influencing traits, such
as pathogenicity, symbiosis, metabolism, phage resistance, and fitness (Dobrindt et al., 2004;
Bellanger et al., 2014). Therefore, an understanding of GI evolution is critical for understanding
the acquisition of these important adaptive traits.

Composite GI formation is a special type of GI evolution in which one mobile genetic
element (MGE) is inserted within another or into the attachment sites of a resident GI (tandem
accretion; Bellanger et al., 2014). Many composite GIs have been found through genome
comparison (Bellanger et al., 2014), such as the SGI1 variant SGI1-B2 from Proteus mirabilis
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(Lei et al., 2015), ICEStI and CIME302 elements of Streptococcus
thermophilus (Burrus et al, 2000), and ICE6013 from
Staphylococcus aureus (Smyth and Robinson, 2009). The native
composite GIs have likely undergone some complicated
recombination events; therefore, it is difficult to reconstruct
their precise evolutionary history. To date, the formation processes
of a few native composite GIs have been determined, such as
the tripartite integrative and conjugative element (ICE) assembled
through recombination from two GIs with integrases and one
ICE without an integrase in Mesorhizobium ciceri (Haskett
et al,, 2016), the tandem structure of GL,« inserting in the
integration site for SXT/R391 ICEs in Pseudoalteromonas sp.
SCSIO 11900 in our previous study (Wang et al., 2017). Native
composite islands that can replicate their evolutionary processes
under laboratory conditions would be especially useful for
improving our understanding of GI evolution. Interestingly,
how composite GIs maintain structural stability should also
be explored.

Toxin-antitoxin (TA) systems were originally discovered
on conjugative plasmids and participated in their stable
maintenance in host bacteria (Ogura and Hiraga, 1983; Roberts
et al, 1994). The TA system consists of two neighboring
genes, encoding a stable toxin killing the cell or inhibiting
cell growth and an unstable antitoxin that masks its toxicity
(Wang et al., 2021). A proposed mechanism post-segregationally
killing (PSK) was established based on the differential stability
of the antitoxin and toxin components. In PSK, plasmid-loss
cells do not survive, so the plasmid is maintained in the
population (Jurenas et al., 2022). Currently, TA systems have
also been found to be ubiquitous in bacterial chromosomes
and have been suggested to contribute to the maintenance
of integrative MGEs. For example, the MosAT system promotes
the maintenance of SXT family ICE carried by some Vibrio
cholerae strains (Wozniak and Waldor, 2009); the ParEgy/
CopAyo system stabilizes prophage CP4So in Shewanella
oneidensis (Yao et al., 2018). Whether the TA system also
participates in the maintenance of composite GI is unknown.
In this study, a new composite island CGI48 was identified
and characterized from Shewanella putrefaciens CN32 using
genome comparison and excision assay. It evolved by inserting
a 21-kb genomic island GI21 into the internal region of
CGI48. We further show that GI21 carries a functional HipAB
toxin-antitoxin system and contributes to the maintenance
of CGI48 in the bacterial host.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The bacterial strains and plasmids used in this study are listed
in Table 1. Shewanella was grown in LB medium at
30°C. Escherichia coli WM3064 was grown in LB medium
containing 0.3mM 2,6-diamino-pimelic acid (DAP) at
37°C. Chloramphenicol (Cm; 30 pgml™), kanamycin (50 pgml™),
and ampicillin  (100pgml™) were used in E. coli, and
chloramphenicol (10 pgml™) was used in Shewanella. Isopropyl-
p-D-thiogalactopyranoside (IPTG) was used as an inducer.

TABLE 1 | Strains and plasmids used in this study.

Strains/plasmids Description® Reference
Shewanella putrefaciens strains
CN32 Shewanella putrefaciens CN32 wild type  Lab stock
AhIpAB Deletion of hipAB genes in CN32 This study
AGI21 Deletion of GI21 in CN32 This study
ACGI48 Deletion of CGI48 in CN32 This study
CNB2 Py::lacZ Integration of plasmid pHGIO1 in int This study
promoter to monitor the CGI48 and GI21
loss in CN32 wild type
AhipAB Py::lacZ  Integration of plasmid pHGIO1 in int This study

promoter to monitor the CGI48 and GI21
loss in strain AhipAB

W3-18-1 Shewanella putrefaciens W3-18-1 wild Caro-Quintero
type etal., 2011

ANA3 Shewanella sp. ANA-3 wild type Lab stock

Escherichia coli strains

WM3064 RP4(tra) in chromosome, DAP-, 37°C Dehio and

Meyer, 1997

K-12 BW25113 lacl® rrByy, AlacZy,is hsdR514 Baba et al.,
AaraBADags ArhaBAD, g 2006

Plasmids

pCA24N CmF; lacl®, IPTG inducible expression Kitagawa et al.,
plasmid in E. coli 2005

pHipA CmP; lacl?, Prs jue::hipA This study

pHipB CmP; 1acl®, Prs.::hipB This study

pHipAB CmP; laclt, Prs..q::hipA-hipB This study

pHGECmM Cm®; Kan®; IPTG inducible expression Wang et al.,
plasmid 2017

pMD19-T Amp", E. coli cloning vector Invitrogen

pMD19-T-hipAB Amp", expressing hipAB with its native This study
promoter

PXisy CmP, expression plasmid for Xis,; from This study
Gl21

PXiSpoy CmR, expression plasmid for Xiszo; from — This study
GISpuPO1

PXiSanas CmP, expression plasmid for Xisaas from — This study
GISspANA3

pint,s CmP, expression plasmid for Intyg This study

pHGIO1 Kan®, Integrative lacZ reporter plasmid Fuetal, 2014

pInt2894 CmP, expression plasmid for This study
Sputcn32_2894

pHGIO1-Pyy pHGIO1 containing 213 bp upstream of This study
int (Sputcn32_2900)

pHGRO1 Kan®, replicative /acZ reporter plasmid Fuetal, 2014

pHGRO1-Pyon Fuse hipAB promoter from CN32 with This study
lacZ in pHGRO1

pK18mobsacB- KmPR, CmP, SacB, and suicide plasmid Wang et al.,

Cm used for gene knockout 2015

pK18Cm-hipAB pK18mobsacB-Cm containing the This study

homologous arms of hipAB

aCm", chloramphenicol resistance; Kan", kanamycin resistance; and Amp", ampicillin
resistance.

Construction of Plasmids

The primers used in this study are listed in Table 2. The
encoding regions of Xis,;, XiSpoi, XiSanaz ifly, and int2894
were amplified from the original bacterial host and cloned
into the EcoRI and BamHI sites of pHGECm using T4
ligase, generating pXis,,, pXispo, pXisanas and plnts. The
encoding regions of hipA, hipB, and hipAB were amplified
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from CN32 and inserted into the Sall and PstI sits of
pCA24N, generating pHipA, pHipB, and pHipAB. The
promoter and encoding region of hipAB was amplified from
CN32 and inserted into pMD19-T, generating pMDI19-T-
hipAB. To construct the lacZ reporter plasmid pHGIOI-P;,,
the reporter region of the integrase gene Sputcn32_2900
was amplified with the primer pair pHGIO1-P;,-F/—R and
fused with the lacZ gene in pHGIO1. Then, the integrative
plasmid pHGIO1-P;, was transferred into CN32 and AhipAB
by conjugation and integrated into the promoter region of
Sputcn32_2900, generating CN32 Pj,:lacZ and AhipAB
Pi:lacZ. The primer sets mob-F/int-R and Int-F/lacZ-R
were used to confirm the construct. To construct pHGRO1-
Phipa» the promoter of hipAB was amplified with primers
pHGRO1-Py,,s-F/—R from CN32, and inserted into the
promoterless-lacZ reporter plasmid pHGROI.

Construction of hipAB Deletion Mutant in
CN32

The deletion mutant AhipAB was constructed based on
pK18mobsacB-Cm as described previously (Wang et al,
2015). Briefly, the upstream and downstream regions of
hipAB were amplified from CN32 using the primers listed
in Table 2 and inserted into pK18mobsacB-Cm using T4
ligase, producing pK18Cm-hipAB. Then, pK18Cm-hipAB was
introduced into CN32 by conjugation. After mating, cells
were spread on LB plates containing Cm to screen the single
crossover mutant in which pK18Cm-hipAB had integrated
into the CN32 genome. The mutant was then grown on
LB medium without antibiotics for 8h. To select mutants
in which the second recombination had occurred, the culture
was diluted, spread on LB medium containing 10% sucrose,
and grown at 30°C for 24-36h. Single colonies were transferred
onto LB- and LB-containing Cm plates simultaneously, and
colonies sensitive to Cm were collected and confirmed by
PCR followed by DNA sequencing.

Conjugation Assays

The plasmids in this study were transferred from E. coli
WM3064 into Shewanella strains by conjugation assays as
described previously (Wang et al., 2015). Briefly, equal amounts
of donor and recipient cells were mixed and dropped onto
LB medium containing DAP. The plates were incubated at
30°C for 6-8h, and cells were collected from the lawn and
streaked on LB medium with antibiotics to select
for transconjugants.

Reporter Activity Assay

Specific f-galactosidase activity was determined by monitoring
the absorbance at 420nm using the Miller assay (Miller,
1972). To determine the promoter activity of hipAB under
overexpression of HipB and HipB-HipA, plasmids pHipB
or pHipAB were transformed into the E. coli host carrying
the reporter plasmid pHGRO1-Py,;,4. Overnight cultures were
diluted 1:100 in LB with Kan and Cm and induced with

0.1mM IPTG at an ODg, of 1.0. After induction for 2h,
cells were collected to determine the pf-galactosidase
activity.

Quantification of the Excision Rate of GI21
and CGI48

For GI21, GISspANA3, GISpuPOl, and CGI48, attB/gyrB
indicated the excision rate of the target GIs after excision.
We conducted real-time quantitative PCR (qPCR) assays to
quantify the attB of these Gls as previously reported methods
(Burrus and Waldor, 2003; Wang et al,, 2017). The primers
used for the qPCR assays are listed in Table 2, and chromosomal
gyrB was used as the reference gene. To test the regulation
of Xis and Int on the excision of GI21, GISspANA3, GISpuPO1,
and CGI48, pXis,;-, pXispo;-» pXisanas-> and plnty-containing
strains were induced with 1.0mM IPTG for 6h at an ODg,
of 0.8-1.

Calculation of % CGI48- and Gl21-Free
Cells

Both CGI48 and GI21 are non-replicable, and loss of CGI48
and GI21 only occurs after their excision. Therefore, to visualize
the loss of CGI48 and GI21, the wild-type and AhipAB strains
carrying pXis,, or plnty were induced with 1mM IPTG for
6h to overproduce Xis,, (to induce GI21 excision) or Int48
(to induce CGI48 excision). Then, the cells were plated on
LB plates containing X-gal to calculate the numbers of white
colonies (losing CGI48 or GI21) plus blue colonies, and the
white colonies were also confirmed by PCR assay.

Plasmid Stability Assay

The contribution of HipA/HipB TA system to plasmid stability
was tested as described previously (Yao et al., 2015). Overnight
cultures of E. coli BW25113 containing plasmid pHipAB or
empty vector pCA24N were grown in LB medium with
Cm. Then, the preculture was used to inoculate 3ml LB
without antibiotics. Every 12 h of growth, bacterial suspensions
were diluted 1,000-fold in 3 ml fresh LB medium. The cultures
were serially diluted in 10-fold dilution steps from 0 to
108h, and 10pl was dropped on LB plates with or without
Cm. The colony-forming unit (CFU) assay was conducted
every 12h for 108 h, and the number of CFUs was determined.
Each experiment was performed in triplicate with two
independent cultures.

RESULTS

CGl48 Is a Composite Island Containing
Gl21

Comparing the genome sequence of S. putrefaciens CN32
with the related strain S. putrefaciens W3-18-1, a large region
within 3,340,000-3,400,000 of CN32 was absent in the same
gene locus (1,160,000-1,170,000) of W3-18-1 (Figure 1A),
suggesting that this region was acquired horizontally. Moreover,
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TABLE 2 | Primers used in this study.

Primers Sequence (5'-3) Purpose
Plasmid construction

Int48-F CCGGAATTCATGGGTAGTATTAACTCTCG pintss
Int48-R CGCGGATCCTTATCCTCTTAGTTTTTGGTTC

Xis21-F CCGGAATTCATGAACCCATCAAATCACG pXis,,
Xis21-R CGCGGATCCTAATTGATACTTTCGCGG

Int2894-F CCGGAATTCTTGTCTAAGGACTCGACGGAG pInt2894
Int2894-R CGCGGATCCTTATTTGTTGTTCATCATCATTATTCC

Xispoi-F CCGGAATTCGTGAACATGAACCCATCAAATC PXiSpo+
Xispo1-R CGCGGATCCCTAATTGATACTTTCGCGGTTGG

Xisanas-F CCGGAATTCGTGAGCATGAACTCATTAAATAAAC PXiSanas
Xisanas-R CGCGGATCCTTAGTACTTCCCATCTTCGACTG

hipA-Sall-F ACGCGTCGACGAACAGTTGACCATTCAGGC pHipA
hipA-Pstl-R TGCACTGCAGTCATACCAATCCCCAACGCG

hipB-Sall-F ACGCGTCGACAGTGATAAACAAACGACTAC pHipB
hipB-Pstl-R TGCACTGCAGTCATAAAAGCCATGTGACAC

hipA-Sall-F ACGCGTCGACGAACAGTTGACCATTCAGGC pHipAB
hipB-Pstl-R TGCACTGCAGTCATAAAAGCCATGTGACAC

pHGRO1-Pyyoa-F
pHGRO1-Pppa-R
pMD19-T-hipAB-F
pMD19-T-hipAB-R
Construction of AhipAB
hipAB-up-F
hipAB-up-R
hipAB-down-F
hipAB-down-R
hipAB-wF
hipAB-wR

CCGGAATTCACTGTAGCGCATATTTAATAA
CGCGGATCCgtaatcatgg TCATGAAAGCTCCCAAAGACATTATG
TCATAAAAGCCATGTGACAC

GTCACCACATTAGTCCCACT

ACATGCATGCGAGATGAAACGCTTCAACTCG
CCGGAATTCCAGTGGATAGCATTGACCAAC
CCGGAATTCGCTCGTAATCTAACGAGGTAAG
AGCGTCGACCCAGGTTACTAATTCTAGTCAC
GTTTACATAAACCAGCAGCAC
GTCCATATTACTCACCTTAGC

Construction of AhipAB P,.::lacZ and CN32 P::lacZ

pHGIO1-P-F CCGGAATTCAACGTCGAATGACGTTTTTAGCG
pHGIO1-P,-R CGCGGATCCgtaatcatggGTAGTTAAGTCCAAAATGGTGAC
mob-F CAGAGCAGGATTCCCGTTGAGCA

LacZ-R TATTACGCCAGCTGGCGAAAGG

Int-F ATGATTAAGTGTCACTTTTCAAGG

Int-R CATTTGGCTGCGATTAGCTC

Primers used in determination of the excision and circled form of CGl48 and GI21

21F CCAAAGCGAGGTAAGACGT

21R TCGGAGACAGCGATGTATCG

21cirF AGTGGGACTAATGTGGTGACTAGAATT

21cirR TGCAAGTGCATGGTTTTATGATG

48F CCAAGTGAACGTTTATGATCGC

48R GGTGTGTTTTTCATCGTTATGC

48cirF CGAGAGTCTATTCGTAGAGAC

48cirR AGAATATGGTCTAACCAAGC

oF CCGGAATTCATGATTAAGTGTCACTTTTCAAGG
oR CGCGGATCCTTAGTCTGTACCTTGGATTTC

Primers used in gPCR for CGl48 and GI21
q48F

g48R

q21F

g21R

q48cF

g48cR

g21cF

g21cR
CN32gyrB-gF
CN32gyrB-gR

in CN32
GGCTCGCATATTTCTGTGCAA
CCTTTGAGAGTGCTTTTAGCATAATG
TTGGCGAGTTGCTCGAAATC
GGAACTGGGATGTGTTTTATTGC
CGAGAGTCTATTCGTAGAGAC
AGAATATGGTCTAACCAAGC
AGTGGGACTAATGTGGTGACTAGAATT
TGCAAGTGCATGGTTTTATGATG
TTCGTACTTTGCTGTTGACCTTCT
CTACGGTGCCATCCAATGCT

Primers used in gPCR for GISpuPO1 in W3-18-1

GISpuPO1-gF
GISpuPO1-gR

AGGTCGCCGTCTCGA A
TGAGTCGGAAACATCATTAGACGTT

pHGRO1-Pya

pMD19-T-hipAB

pK18Cm-hipAB

Confirmation of AhipAB

pHGIO1-P;

Confirmation of AhipAB Piy::lacZ and CN32 P,::lacZ

AGI21

The circled Gl21
ACGI48

The circled CGI48

cro/cl gene

Determine the excision rate of CGl48
Determine the excision rate of Gl21
Determine the circular form of CGl48
Determine the circular form of Gl21

Reference gene

Determine the excision rate of GISpuPO1
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TABLE 2 | Continued

Purpose

Primers Sequence (5'-3')
W3181gyrB-gF GCTCAGCCGCCTTTGTTTAA
W3181gyrB-gR CGGCTCACCCGACATACC

Primers used in gPCR for GISspANA3 in ANA-3

GISspANA3-gF GTCGAGCTCAAAGTACTCATCGAA
GISspANA3-gR GCTACAGCAGAAGCTAATCTCATTACTC
ANA3gyrB-gF CTGGTGAGCCTGTGCTCGAT
ANA3gyrB-gR CAAGCGCCGCACCTAACTTA

Reference gene

Determine the excision rate of GISSpANA3

Reference gene

Restriction sites included in oligonucleotide sequences are underiined.

3340000 3350000 3360000

3330000

3370000

L Ijll.llrt

3380000 3390000 3400000 3410000

CN32 I

CGl48

M 1200000 1210000 1220000 1230000
,,,,,,, e e ..Jh,h_._,. 511 S e
B
3330000 3340000 3350000 3360000 3370000 3380000 3330000 3400000 3410000
GIR1 /
oo Tl q il — — |
mtT—1ao I]I_LLJ_I UDI"ED]DD[P] [I:IEI:EI[I (| I[IDEI:IDDD U_II_LI]:DIII

W3-18-1

386000 290000 285000 300000 308000 310000 316000 320000 325000 330000 335‘an_ 340000

0 350000 356000 360000 365000 370
-

GISpuPO1

FIGURE 1 | Schematic view of the composite island CGI48 in the CN32 genome. CGI48 (A) and its component genomic island GI21 (B) were identified by
comparing the genome sequence of S. putrefaciens CN32 (CP000681) with S. putrefaciens W3-18-1 (CPO00503) with Mauve.

the internal sequence within 3,360,000-3,380,000 of this
large region showed high homology with another region
335,000-360,000 of W3-18-1 (Figure 1B). These results
suggested that the region within 3,340,000-3,400,000 of CN32

is a putative composite genomic island. It is 48 kb in length;
thus, it is designated CGI48 hereafter (Table 3). Further
analysis showed that region 3,360,000-3,380,000 of CN32
contains a 21kb genomic island (designated GI21), which
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TABLE 3 | Sequence analysis of composite island CGI48.

Gene Start End Strand  Functions

attl g 3,346,221 3,346,273 + Left attachment site of CGI48

Sputcn32_2886 3,346,726 3,347,073 + Hypothetical protein

Sputcn32_2887 3,347,409 3,347,561 + Pseudo

Sputcn32_2888 3,348,921 3,347,632 - Beta-lactamase domain protein

Sputcn32_2889 3,349,853 3,348,921 — Hypothetical protein

Sputcn32_2890 3,350,524 3,349,859 - Metallophosphoesterase

Sputcn32_2891 3,351,168 3,350,566 — Conserved hypothetical protein

Sputcn32_2892 3,351,518 3,352,093 + Hypothetical protein

Sputcn32_2893 3,352,083 3,354,299 + Hypothetical protein

Sputcn32_2894 3,354,292 3,357,321 + Phage integrase

Sputcn32_2895 3,357,533 3,358,846 + Conserved hypothetical protein

Sputcn32_2896 3,359,598 3,359,224 — Conserved hypothetical protein

Int,s, Sputcn32_2897 3,361,269 3,360,109 - Phage integrase

Sputcn32_2898 3,361,484 3,361,278 - Transcription-repair coupling factor (superfamily Il helicase)
Sputcn32_2899 3,361,613 3,361,819 + Predicted transcriptional regulator, Cro/Cl family

attl ,, 3,361,829 3,361,837 + Left attachment site of GI21

Sputcn32_29007 3,362,021 3,363,319 + Phage Integrase

Sputcn32_29012 3,363,329 3,364,162 + Hypothetical protein

Xis,;, Sputcn32_2902* 3,364,278 3,364,487 + AlpA family phage transcriptional regulator
Sputcn32_2903? 3,364,910 3,365,845 + Hypothetical protein

Sputcn32_29042 3,366,023 3,366,676 Conserved hypothetical protein

Sputcn32_29057 3,367,222 3,366,839 - Hypothetical protein

Sputcn32_2906° 3,367,382 3,367,798 + Putative DNA-binding protein

Sputcn32_2907° 3,367,890 3,368,189 + Protein of unknown function UPFO150

Sputcn32_2908° 3,368,533 3,370,104 + Type | restriction-modification system, M subunit, N-6 DNA methylase
Sputcn32_2909? 3,370,094 3,371,416 + Type | restriction-modification system, specificity subunit S (EC 3.1.21.3)
Sputcn32_29107 3,371,431 3,374,133 + ATPase associated with various cellular activities, AAA_5"
Sputcn32_29112 3,374,133 3,375,440 + Conserved hypothetical protein

Sputcn32_29122 3,375,839 3,378,976 + Type | restriction-modification system, restriction subunit R (EC 3.1.21.3)
Sputcn32_2913? 3,379,461 3,379,039 - Transcriptional regulator, XRE family

Sputcn32_29142 3,379,625 3,380,281 + Conserved hypothetical protein

HipB, Sputcn32_29152 3,380,923 3,380,465 - Transcriptional regulator, XRE family

HipA, Sputcn32_29167 3,382,266 3,380,920 - HipA domain protein

attRy 3,382,740 3,382,748 + Right attachment site of Gl21

Sputcn32_2917 3,383,263 3,383,625 + Conserved hypothetical protein

Sputcn32_2918 3,384,571 3,383,654 - Transposase, 1S4 family

Sputcn32_2919 3,385,229 3,384,696 - Conserved hypothetical protein

Sputcn32_2,920 3,386,826 3,385,240 - Von Willebrand factor, type A

Sputcn32_2921 3,388,288 3,386,819 - ATPase associated with various cellular activities, AAA_5
Sputcn32_2922 3,389,920 3,388,445 - Sigmab4 specific transcriptional regulator, Fis family
Sputcn32_2923 3,390,290 3,390,066 - Hypothetical protein

Sputcn32_2924 3,390,847 3,390,707 - Pseudo

Sputcn32_2925 3,392,615 3,390,858 - Methyltransferase type 11

Sputcn32_2926 3,393,959 3,393,004 - Pseudo

Sputcn32_2927 3,394,306 3,394,382 + tRNA-Trp

attRag 3,394,303 3,394,355 Right attachment site of CGl48

@The genes in GI21.

exhibits sequence identity with genomic islands integrated
in the conserved yicC gene, such as GISpuPOLl in S. putrefaciens
W3-18-1, GISspANA3 in Shewanella sp. ANA-3, and
GIPspSM9913 in Pseudoalteromonas sp. SM9913 (Figure 2A).
GI21 exhibits 99% sequence identity with the two ends of
GISpuPO1 in W3-18-1. The left region of GI21 contains
an integrase and an excisionase gene next to the left attachment
site (attL, ), and the right region contains a putative hipA-
hipB toxin-antitoxin pair next to the right attachment site
(attR,). The middle region contains 12 genes encoding a
restriction-modification system and hypothetical proteins
(Figure 2A).

Excision of GI followed by formation of circular forms
of GI is prequisite for its horizontal transfer. Integrase is
essential for GI excision and integration, and some GIs also
encode recombination directionality factors (or excisionases
Xis) directing the reaction toward excision (Lewis and Hatfull,
2001). We wondered whether GI21 can be excised from
the CGI48 genome by recombining the attachment attL,,
and attR,, and producing attB,, and attP,, sites (Figure 2B).
Quantitative PCR (qPCR) was used to quantify the excision
rate by measuring the percentage of cells in the culture
containing attB,,, which is only present after GI21 excision.
In this assay, the amount of attB,, sites is compared to the
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FIGURE 2 | The composite island CGI48 and its component GI21 can be excised from the CN32 genome. (A) Sequence analysis of CGl48 with the related
genomic islands. Open reading frames with putative functions are shown in different colors. The attL and attR attachment sites of CGI48 and GI21 are shown in red
and black, respectively. The sequence of the Gl integrated into tRNA™ of ATCC 39565 genome was in L876DRAFT _scaffold 00018.18_C (82,217-85,620bp) to
scaffold 00033.33_C (1,478-38,068bp). (B) Schematic of the excision of CGI48 and Gl21. (C) The excision rate of GI21, GISpuPO1, and GISspANA3 was
quantified when cognate excisionase was overexpressed. (D) Comparison of the excision rate (attB,,) and circular form of GI21 (attP,;) in CN32 when Xis21 was
overexpressed. ND indicates not detected. (E) Sequence comparison of the attachments of Gl21, GISpuPO1, and GISspANAS. (F) The excision rate of
CGl48 when Int,s was overexpressed. (G) Comparison of the excision rate (attB.g) and circular form of CGl48 (attP.s) in CN32 when Int48 was overexpressed.
ND indicates not detected. (H) Sequence comparison of the attachment sites of CGI48 and Gl in ATCC 39565 compared with the 3" end of RNA™
in Shewanella.

amount of the reference gene gyrB, which is used to quantify
the total number of cells in the culture. Excisionase
Sputcn32_2902 (Xis,;) was induced in strain CN32 with
1mM IPTG for 6h. Additionally, the excisionases Xispo,
and Xis,ya; were also overexpressed in W3-18-1 and ANA-3
as a control. The results showed that Xis,, mediated GI21

excision, resulting in a 440-fold increase in the excision
rate of GI21 and reaching (3.8+0.3) x 10~*. However, the
excision rate of GISpuPO1 and GISspANA3 reached 17.9%-
55.6% when Xispo, and Xisyya; were overexpressed, which
was much higher than that of GI21 (Figure 2C). qPCR
was also used to quantified the circular form of GI21 by
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measuring attP,, which is present after GI21 is circularized
or replicated after excision. The number of attP,, is less
than attB,,, suggesting that GI21 is non-replicable in wild-
type CN32 or expressing Xis,, (Figure 2D). PCR sequencing
showed that the attachment sites of GISpuPO1 and GISspANA3
were 21bp in length, and the attachment sites of GI21 were
9bp (Figure 2E). In CGI48, GI21 was integrated in the
untranslated  region  between  Sputcn32_2899  and
Sputcn32_2917, which encoded a predicted transcriptional
regulator of the Cro/CI family and a conserved hypothetical
protein, respectively (Figure 2A). The excision and integration
of GI21 did not cause any sequence changes in the neighboring
genes. The results suggested that GI21 can be excised from
CN32 by site-specific recombination of attL, and attR,,
and the shorter attachment sites may greatly limit the
recombination efficiency.

We then evaluated the excision of CGI48 (Figure 2B),
and the integrase genes Sputcn32_2894 and Sputcn32_2897
were cloned into pHGECm for their overexpression.
Overproduction of Sputcn32_2897 (named Inty) resulted in
a 1.070-fold increase in the excision rate of CGI48 and
reached (4.7+0.6)x 107, and Sputcn32_2894 did not affect
the excision of CGI48 (Figure 2F). Quantification of attP,
indicated that CGI48 is non-replicable in wild-type CN32
or expressing Int,; (Figure 2G). Sequence analysis showed
that CGI48 was integrated in the 5 end of tRNA™, a
conserved integration locus of GIs, such as the GI in
S. colwelliana ATCC 39565 (Figure 2A). PCR sequencing
confirmed that CGI48 and GI in S. colwelliana ATCC 39565
shared 100% identical attachment sites of 50bp in length,
and the excision and integration did not cause sequence
changes in tRNA™ (Figure 2H). Phylogenetic tree analysis
of Int21 and Int48 revealed that GI21 homologs are widely
distributed in Shewanella, Pseudoalteromonas, Halomonas,
and Vibrio strains (Figure 3A), and CGI48 homologs are
widely distributed in Shewanella, Pseudomonas, Halomonas,
and Photobacterium strains (Figure 3B). Collectively, CGI48
and the component GI21 can be excised from the CN32
genome, suggesting that CGI48 is an active composite island
in host bacteria.

Gl21 Encodes a HipAB Toxin-Antitoxin
System

In GI21, two neighboring genes that are only 4bp apart,
Sputcn32_2916 and Sputcn32_2915, were identified as a
putative hipA-hipB TA pair. In HipA/HipB TA system
characterized in E. coli K-12, HipAg ;, toxin functions as a
serine/threonine protein kinase that inhibits cell growth,
and HipByg ,, antitoxin encoded by the gene upstream to
hipA blocks its effects (Germain et al., 2013). Here, the
putative hipA-hipB TA pair in GI21 has a genetic architecture
reversed to that of hipB-HipA in E. coli K-12 (Figure 4A).
Sputcn32_2916 encodes a HipA domain protein that is 448
aa in length, and it has 40% identity and 6% coverage with
HipAg 1. Sputcn32_2915 encodes a XRE family transcriptional
regulator of 152 aa that contains a Helix-turn-helix (HTH)

domain in the C-terminal and has 33% amino acid sequence
identity and 23% coverage with HipBy,, (Figure 4B) To
determine whether Sputcn32_2916 and Sputcn32_2915
constitute a functional TA pair, open reading frames of the
two genes were cloned into plasmid pCA24N to obtain
pHipA and pHipB, respectively. Expression of hipA or hipB
was induced in E. coli BW25113 with 0.5mM IPTG. Cell
growth (turbidity) and cell viability (CFU ml™") were measured
for 8h. Overproducing HipA in BW25113 cells led to growth
inhibition (Figures 4C-E). To further assess whether HipB
can block the toxicity of HipA, we cloned the coding regions
of hipA and hipB into plasmid pCA24N to construct
pHipAB. Coexpression of hipA and hipB via plasmid pHipAB
in BW25113 cells showed that HipB could partially neutralize
the toxic effect of HipA (Figures 4C-E); this may result
from the too high load of toxins driven by the strong lac
promoter on the high copy number plasmid pCA24N. Then,
we cloned hipA-hipB with its native promoter into pMD19-T
to generate pMD19-T-hipAB. The strain BW25113/pMD19-
T-hipAB exhibited similar cell viability with that of BW25113/
pMD19-T, suggesting that HipB could fully neutralize the
toxic effect of HipA under the native promoter (Figure 4F).
Taken together, HipA and HipB in GI21 form a TA pair
in which HipA is a potent toxin and HipB 1is the
cognate antitoxin.

In HipAg ,/HipBk 5, the antitoxin HipBg ,, or the TA
complex bind DNA and autoregulate the transcription of
the TA operon (Black et al., 1994). Similar to HipBg.,,
HipB in CN32 also contains a HTH domain, thus we wondered
whether HipB in GI21 can regulate the hipA-hipB operon.
Using the plasmid by fusing lacZ with the hipA-hipB promoter
as the reporter, we found that overproduction of HipB
exhibited 2.1+0.1-fold decrease in the promoter activity
compared to empty vector. Moreover, overproduction of
HipA/HipB complex via pHipAB showed a 2.9+0.4-fold
decrease in the promoter activity (Figure 4G). These results
suggested that GI21-encoded HipB and the HipA/HipB
complex can repress the TA operon.

Gl21-Encode HipAB Stabilizes CGl48

To test whether the HipA/HipB TA system affects the excision
of CGI48, we deleted the hipAB region in CN32. qPCR
assays showed no significant difference in the excision rate
of CGI48 in the hipAB deletion mutant compared to wild-
type CN32 (Figure 5A). As reported in our previous study,
the TA system in prophage CP4So in S. oneidensis stabilizes
CP4So after its excision (Yao et al, 2018). We wondered
whether GI21-encoding HipA/HipB played a role in the
maintenance of CGI48 after its excision. A blue-white reporter
screening assay was designed to detect the loss of GI21
and CGI48 after their excision. In brief, the lacZ gene was
fused with the promoter of the integrase gene Sputcn32_2900
to generate a P;,::lacZ fusion and cloned into the integrative
plasmid pHGIO1, generating pHGIO1-P;,. The constructed
plasmid was site specifically integrated into GI21 in CN32.
Blue colonies indicated the presence of GI21 in CN32,
irrespective of whether it was integrated in the host
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FIGURE 3 | Phylogenetic analysis of Int,; and Int,s homologs. (A) Neighbor-joining phylogenetic tree of 32 homologs of Int,;, and (B) 37 homologs of Int,s based on
amino acid (aa) sequences. Proteins with homology to Int,; and Int,s were selected by BLASTp at the NCBI server. CN32 was indicated in red, and other genomic
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chromosome or existed in a circular form after GI21 or
CGI48 was excised. White colonies indicated a complete
loss of GI21 from CGI48 or a complete loss of CGI48 from
the CN32 genome (Figure 5B). To activate the excision of
GI21 and CGI48, Xis,, and Int,; were induced with 1 mM
IPTG for 6h, and cells were then plated on X-gal plates
to detect GI21- and CGI48-free cells using the reporter
plasmid (Figure 5C). No loss of GI21 was detected in wild-
type CN32, and 0.39% of GI21-free cells were exhibited in
the hipAB deletion mutant when Xis,, was overexpressed.
Similarly, no loss of CGI48 was detected in wild-type CN32,
and 0.82% of CGI48-free cells was exhibited in the hipAB
deletion mutant when Int48 was overexpressed (Figure 5D).
Then, two white colonies (indicated with blue arrows) from
the Xis,,-induced plates and two (indicated with blue arrows)
from the Int,-induced plates were randomly selected to
confirm the loss of GI21 and CGI48 (Figure 5E) by PCR. In
addition, we also test the contribution of GI21-encoded
HipA/HipB on plasmid stability. As shown in Figure 5F,
plasmid pCA24N was completely lost from E. coli BW25113
after 72h, while pHipAB which contains hipAB in pCA24N
was stably maintained in E. coli after 108h of culturing.
Altogether, these results thus demonstrate that HipA/HipB
not only stabilizes GI21 and CGI48 but also provides
plasmid stabilization.

CONCLUSION AND DISCUSSION

In this study, a new composite island, CGI48, was detected
in the genome of S. putrefaciens CN-32. CGI48 harbors genes
encoding adaptive traits, such as antibiotics and restriction-
modification systems. CGI48 evolved by inserting a genomic
island, GI21, showing high identity with GIs integrated in
the yicC locus. Because the conserved yicC locus is intact
and available in CN32 genome, GI21 might integrated into
CN32 accompanied by the composite CGI48. Another possibility
is that GI21 is integrated into the secondary attachment site
within CGI48 genome after horizontal gene transfer. Many
genomic islands preferentially integrated into a primary
attachment site in the bacterial genome. Studies on the ICEs,
ICEBs1 found that ICEBsl can also integrate into secondary
attachment site, especially when the primary site is absent.
However, the excision of ICEBsl from secondary sites is
greatly reduced compared to the primary site, limiting the
dissemination of ICEBs1 (Menard and Grossman, 2013). In
vitro assays showed that the efficiency of integrase-mediated
site-specific recombination is related to the length of the
attachment site, and the reduction of the core attachment
site produced a dramatically decrease in the recombination
activity (Ghosh et al., 2003). Thus, we speculated that the
shorter attachment sites flanking GI21 may limit its excision
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FIGURE 4 | HipA and HipB in GI21 constitute a Toxin—antitoxin (TA) pair. (A) Comparison of the hipA-hipB operon in GI21 and hipB-hipA operon in E. coli K-12.
(B) Sequence alignment was carried out using ClustalX to compare the amino acid sequence identity of HipA/HipB in S. putrefaciens CN32 and E. coli K-12. Cell
growth (C) and cell viability (D) of cells overexpressing hipA, hipB, and hipA-hipB via pCA24N-based plasmids in E. coli BW25113. (E) Growth of BW25113 cells
overexpressing hipA, hipB, and hipA-hipB via pCA24N-based plasmids on LB plates with and without 0.5 mM isopropyl-$-D-thiogalactopyranoside (IPTG). (F) CFU
of strain BW25113 containing pMD19-T-hijpAB or empty vector pMD19-T on LB plates with ampicillin. (G)The activity of the hipA-hipB promoter in GI21 was
measured by overexpressing hipB or hipA-hipB.

and stabilize the composite structure. Some composite GIs  found that a functional TA system maintain the stability of
are also found to be stabilized by truncated attachment sites  the composite GI. All these mechanisms explain the complexity
or integrases (Bellanger et al., 2014). In this study, we also  and diversity of GIs.
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FIGURE 5 | Gl21-encoded HipAB promotes the maintenance of CGI48. (A) The excision rate of GI21 and CGI48 in the CN32 wild-type and AhijpAB mutant
strains. (B) Schematic of the lacZ reporter constructs in the CN32 wild-type and AhipAB strains. (C) Observation of GI21 loss when Xis,; is overexpressed
(upper plates) and of CGl48 loss when Int,gs is overexpressed (lower plates) on X-gal plates using the lacZ reporter system. (D) % of Gl21-free cells (left panel)
and % CGl48-free cells (right panel) were quantified by counting five plates, a representative image as shown in (C). Asterisks indicate that the frequency of
Gl21 and CGl48 loss was below the limit of detection of the assays (<1 x 1075). (E) Confirmation of GI21 (upper panel) and CGl48 (lower panel) loss by PCR
using the indicated primers in (B). 1 and 2 indicate the DNA templates extracted from the colonies with blue arrows in (C); 3 and 4 indicate the DNA
templates extracted from the colonies with red arrows in (C); wt indicates the DNA templates from wild-type CN32 used as a control. Lane M indicates DNA
Marker DL5k. The expected product sizes are indicated at the top of the primer sets. (F) GI21-encoded HipAB confers plasmid stability in E. coli. E. coli
BW25113 harboring plasmids pHipAB and empty vector pCA24N were used in this assay. Three independent cultures were conducted, and the data are
shown as means + SDs.
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Recent reports have indicated a rise of invasive disease caused by Haemophilus
influenzae serotype a (Hia) in North America and some European countries. The
whole-genome sequences for a total of 410 invasive Hia isolates were obtained
from 12 countries spanning the years of 1998 to 2019 and underwent phylogenetic
and comparative genomic analysis in order to characterize the major strains causing
disease and the genetic variation present among factors contributing to virulence and
antimicrobial resistance. Among 410 isolate sequences received, 408 passed our quality
control and underwent genomic analysis. Phylogenetic analysis revealed that the Hia
isolates formed four genetically distinct clades: clade 1 (n = 336), clade 2 (n = 13), clade
3 (n = 3) and clade 4 (n = 56). A low diversity subclade 1.1 was found in clade 1 and
contained almost exclusively North American isolates. The predominant sequence types
in the Hia collection were ST-56 (n = 125), ST-23 (n = 98) and ST-576 (n = 51), which
belonged to clade 1, and ST-62 (n = 54), which belonged to clade 4. Clades 1 and 4
contained predominantly North American isolates, and clades 2 and 3 predominantly
contained European isolates. Evidence of the presence of capsule duplication was
detected in clade 1 and 2 isolates. Seven of the virulence genes involved in endotoxin
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biosynthesis were absent from all Hia isolates. In general, the presence of known factors
contributing to p-lactam antibiotic resistance was low among Hia isolates. Further tests
for virulence and antibiotic susceptibility would be required to determine the impact of
these variations among the isolates.

Keywords: serotype a, genomics, phylogenetic analysis, invasive isolates, Haemophilus influenzae

INTRODUCTION

Haemophilus influenzae (H. influenzae) is a gram negative,
commensal organism found in the human respiratory tract
that can occasionally cause serious disease such as meningitis,
pneumonia and bacteremia (Turk, 1984). There are six
encapsulated serotypes (Hia, Hib, Hic, Hid, Hie and Hif), as
well as unencapsulated H. influenzae, referred to as non-typeable
Haemophilus influenzae (NTHi). Isolates of each encapsulated
serotype produce a unique polysaccharide capsule encoded by the
H. influenzae capsule locus (Potts et al., 2019), whereas NTHi do
not possess this gene locus.

Historically, Hib was the primary cause of meningitis in
children under 5 years of age, as well as a major cause of other
serious infections such as pneumonia and sepsis, but invasive
Hib disease has been dramatically reduced in countries that
have incorporated Hib conjugate vaccines into immunization
schedules (Peltola, 2000). In the post Hib vaccine era, NTHi and
non-Hib serotypes have continued to cause invasive disease, as
indicated by reports from both the United States (Soeters et al.,
2018) and Europe (van Wessel et al., 2011; Whittaker et al.,
2017). While Hif has remained the predominant encapsulated
serotype causing invasive disease in the United States (Soeters
et al., 2018), there have been reports indicating an increase of
invasive Hia disease, particularly in North America (Bender et al.,
20105 Soeters et al., 2018) and in indigenous populations (Kelly
et al,, 2011; Bruce et al,, 2013; Tsang et al., 2014). Additionally,
Hia infection and disease have been reported in other parts of
the world, including in some European countries (Giufre et al.,
2017; Deghmane et al., 2019; Heliodoro et al., 2020). As a result,
efforts have been undertaken to develop a vaccine targeting Hia
(Cox et al., 2017).

The Hia capsule is known to be a major virulence factor, and
its structure has been previously well characterized (Ulanova and
Tsang, 2014; Potts et al., 2019). The capsule locus contains three
regions, regions I and III are shared across the six encapsulated
serotypes, and region II contains genes unique to the serotype.
Some strains of Hia harbor two copies of the capsule locus,
with one copy containing a partial deletion in the bexA gene
(Kroll et al., 1994). This mutation has been reported to increase
production of the capsule polysaccharide and increase virulence
(Kroll et al., 1993). Another major virulence factor is the IgA
protease; this protein plays a key role in disrupting the defense of
the mucosa conferred by human IgA1 and enabling H. influenzae
to colonize the respiratory tract (Kilian et al., 1996). Two types
of IgA proteases have been previously reported, with each type
being associated with certain serotypes: type 1 are produced by
serotypes a, b, d, and f, while type 2 are produced by serotypes
c and e (Mulks et al., 1982). Other key virulence factors in

H. influenzae include genes involved in adhesion (Guerina et al,,
1982; van Ham et al., 1994), iron uptake, immune evasion, and
endotoxins (High et al., 2015).

Treatment for H. influenzae meningitis typically consists
of a third generation cephalosporin such as cefotaxime or
ceftriaxone (Kimberlin et al., 2018), or ampicillin after antibiotic
susceptibility testing of the isolate. Certain genetic markers in
H. influenzae have been previously reported to confer resistance
to B-lactam antibiotics, including the expression of the blargy-
1 or blagpp-1 B-lactamases (Doern et al., 1997; Hasegawa et al.,
2003) and amino acid variations in the penicillin-binding protein
3 (PBP3, encoded by ftsI) (Ubukata et al, 2001; Deghmane
et al., 2019) which reduce the affinity of this protein to bind to
B-lactams such as cephalosporins.

The increase of Hia in North America as a cause of invasive
H. influenzae disease along with its recent detection in other parts
of the world supports the need to better understand the global
distribution of this pathogen. We therefore sought to perform a
genomic analysis of Hia strains collected from multiple countries
in order to identify the major strains in circulation and the factors
contributing to their virulence and antimicrobial resistance.
Here, we describe the phylogenetic structure of Hia, including
placing Hia in the phylogenetic context of other encapsulated
serotypes and identifying which Hia strains are circulating
in various regions. Additionally, we performed comparative
genomics across the Hia strains to identify genetic differences in
virulence genes and genes involved in antimicrobial resistance.
Finally, we assessed associations between genotype of the Hia
strain and clinical disease phenotype and age group.

MATERIALS AND METHODS

Isolate Collection and Whole-Genome

Sequencing

The whole genome sequences for 410 invasive Hia isolates were
collected from 12 countries, including the United States, Canada,
France, Germany, England, Portugal, Spain, Netherlands,
Norway, Italy, Poland and Ireland. The isolate counts, time-
period and metadata were collected from each participating
country and are described in Table 1. The isolates sequenced
in this study were collected between 1998 and 2019. All isolates
were sequenced using Illumina technologies (HiSeq 2500 or
MiSeq) with the exception of four isolates from the United States
which were sequenced using PacBio as previously described
(Retchless et al., 2016) and one isolate from Italy sequenced
using Ion Torrent technology (ThermoFisher Scientific). All
sequence reads were transferred to the Bacterial Meningitis
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TABLE 1 | Sequences received and metadata used in the study.

Country Sequenced Time period Clinical Age group
received presentation

United States 284 1998-2019 Yes Yes
Canada 30 2006-2011 Yes
France 24 2010-2019 Yes Yes
Germany 20 2008-2019 Yes Yes
England 18 2008-2018 Yes Yes
Portugal 11 1999-2019 Yes Yes
Spain 8 2014-2019 Yes

Netherlands 5 2014-2018 Yes Yes
Norway 3 2017-2019 Yes Yes
[taly 3 2015-2018 Yes Yes
Poland 2 2017 Yes Yes
Ireland 2 2018-2019 Yes Yes

Lab at the Centers for Disease Control and Prevention for
assembly and genomic analysis. The non-PacBio sequence reads
for each sample were trimmed using Cutadapt (Martin, 2011)
and subsequently mapped against the human reference genome
hg38 as well as a collection of common contaminants and any
matching sequence reads were removed. The final sequence
reads were used to generate a de novo assembly using SPAdes
3.7.0 (Bankevich et al.,, 2012). Following assembly, contigs with
a depth of coverage of less than one-tenth the genome-wide
coverage were marked as spurious and removed. Each assembly
underwent quality control by checking for the expected genome
assembly size of 1.8-2.0 mb along with a minimum of 20x
average coverage across the genome to ensure confidence for
the subsequent genomic analyses. The sequence data for the
Hia isolates used in the project are provided under NCBI
Bioproject PRINA766550.

Genomic Analysis

Each genome assembly was annotated using BLAST (Altschul
et al, 1997) against a custom database consisting of the
PubMLST Haemophilus influenzae allele collection (Jolley and
Maiden, 2010) supplemented with additional loci for manually
curated genes involved in antimicrobial resistance. The ORFs
for gene sequences in each assembly were confirmed with by
two gene prediction software, Prodigal (Hyatt et al., 2010) and
GeneMarkS2 (Lomsadze et al., 2018). The MLST schemes from
PubMLST (Jolley and Maiden, 2010) were used to identify the
sequence type (ST) of each H. influenzae isolate. Additional
sequences for invasive non-Hia isolates collected between 1998
and 2019 from the United States were included for the
phylogenetic analysis and comprised of the following: 109 Hif,
78 Hie, 44 Hib, 6 Hic, and 5 Hid. The phylogenetic analyses
comprising Hia genomes and non-Hia genomes were performed
using kSNP v3 (Gardner et al,, 2015) and annotated using the
Interactive Tree of Life platform (Letunic and Bork, 2016). The
protein specific phylogenetic trees were generated by aligning
protein sequences using clustal omega (Sievers et al., 2011) and
using the subsequent alignment to create a maximum-likelihood
phylogenetic tree using RAXML (Stamatakis, 2014). The Single

Nucleotide Polymorphism (SNP) difference calculations were
performed using custom python scripts with the SNP alignment
generated by kSNP as input. Genes involved in virulence were
identified using the Virulence Factor Database platform (Liu
et al., 2018). For the comparative genomics analyses, custom
python scripts were used to create spreadsheets looking at
gene presence or absence across clades, identify alleles of genes
harboring internal stop codons within specific clades, and
to characterize the variant present in antimicrobial resistance
genes. The genome-wide association study was performed using
the PySeer (Lees et al,, 2018) package on 319 invasive Hia
isolates for which clinical presentation data was provided. The
presence or absence of the capsule duplication was detected
by mapping the sequence reads for isolates sequenced using
Mumina technologies against their overall genome assembly and
only against the capsule region and calculating the difference in
average depth of coverage.

Statistical Analysis

The hypergeometric enrichment test was used to calculate
significant over-enrichment of major sequence types observed in
the study within age groups; this was limited to sequence types
that contained at least 30 isolates to ensure sufficient sample size
for statistical confidence.

RESULTS

The Hia Isolates Formed Four Major
Clades

Among the 410 Hia isolate genome sequences obtained for the
study, 76.59% (314/410) were obtained from North American
countries, while 23.41% (96/410) were obtained from European
countries. The two isolate sequences from Ireland failed our
quality control checks and were therefore excluded from
further genomic analysis. Phylogenetic analysis revealed that
the remaining 408 Hia isolates formed four major clades
(Figure 1A) consisting of the following: clade 1 (n = 336), clade
2 (n = 13), clade 3 (n = 3) and clade 4 (n = 56). Each of the
four clades contained isolates from both North America and
Europe; specifically, clade 1 contained similar percentages of
isolates from North America and Europe (80.57 and 88.30%,
respectively), clades 2 and 3 contained higher percentages of
European isolates (8.51 to 1.59%, and 2.13 to 0.32%, respectively),
and clade 4 contained a higher percentage of North American
isolates (17.52 to 1.06%) (Supplementary Material 1). These
clades were genetically diverse from one another, with clades
1 and 2 differing by an average of 9,800 SNPs, clades 3 and
4 differing by an average of 7,500 SNPs, and clades 1 and 2
differing from clades 3 and 4 by an average of 16,000 SNPs.
Each of these major clades contained one or more predominant
sequence types, with ST-56 (n = 125), ST-23 (n = 98) and ST-576
(n = 51), comprising 81.50% (274/336) of clade 1; ST-4 (n = 12)
comprising 92.31% (12/13) of clade 2, ST-60 (n = 2) comprising
67% (2/3) of clade 3, and ST-62 (n = 54) comprising 96.40%
(54/56) of clade 4. The Hia isolate genomes were compared
against other encapsulated serotypes, including Hib, Hic, Hid,
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FIGURE 1 | (A) Phylogeny showing the phylogenetic structure of the Hia isolates. Each clade is marked with the number of isolates and the major sequence types
and their counts. The SNP difference between each clade is shown. (B) The phylogeny is shown including all Hia isolates and the additional encapsulated serotypes.

The four Hia clades are shown in bold.

Hia Clage 2 12 €1ade 1

Hia Clade 3

Hia Clade 4

Hie

Hif and Hie (Figure 1B). A clear delineation was observed
with Hia clades 1 and 2 being more closely related to Hib,
Hid and Hic, while Hia clades 3 and 4 were more closely
related to Hif and Hie.

Most Hia Isolates Belonged to Clade 1

The vast majority (82.3%; 336/408) of the Hia collection belonged
to clade 1. The phylogeny for this clade is shown in Figure 2.
While this clade was diverse with a total of 24 unique STs
identified, 16 STs differed by only one MLST allele to one
of the three major STs identified in this clade (ST-56, ST-23
and ST-576), with the remaining 5 differing by two MLST
alleles. Among the major STs identified within this clade, ST-
56 was predominantly found among North American isolates
(90.4%; 113/125), while ST-23 was found across isolates collected
from both North America (65.3%; 64/98) and Europe (34%,
34/99). Across each of these sequence types, subclades were
formed within the tree containing isolates from both Europe and
North America, indicating the circulation of these strains across
both regions. A low-diversity subclade was formed within this
phylogeny and has been labeled as subclade 1.1. The isolates
belonging to subclade 1.1 differ by an average of 115 SNPs,
as compared to clade 1 overall which differs by an average of
1,300 SNPs. The vast majority of the isolates in subclade 1.1
were obtained from North America (98.1%; 160/163). ST-576 was
entirely found within this subclade and was only found among
North American isolates. As shown in Supplementary Material
2, the clade harboring the ST-576 isolates shares an ancestral
lineage with ST-56 and diverged from a most recent common
ancestor with ST-56. The earliest ST-576 isolate in our collection
was collected in 2006, indicating that ST-576 diverged from ST-
56 prior to 2006, and that this strain has been in circulation in
North America since.

Genetic Differences in Major Virulence
Factors Were Identified Among the Four
Clades

All Hia isolates were confirmed to contain the genes encoding
the serotype a capsule locus. There were genetic differences

identified within the capsule locus among the clades. Most
notably, the capsule locus in clades 1 and 2 were flanked by
IS1016 and contained two genes encoding a transposase and
integrase downstream of hcsB that were not present in clades 3
and 4 (Figure 3). The presence of the previously reported capsule
duplication in Hib was checked in the Hia isolates. As most
isolates were sequenced using short read WGS methodologies,
the capsule duplication would not be evident in the resulting
genome assemblies. As such, a read mapping approach was
undertaken to confirm the presence of the capsule duplication
in the isolates (Supplementary Material 3). All Hia isolates
belonging to clades 3 and 4 had similar average depth of coverage
of the capsule region as compared to the rest of the overall
genome (0.8-1.2x fold difference), indicating that the capsule
duplication was likely not present in these isolates. Conversely,
the vast majority of isolates belonging to clades 1 and 2 (74.6%;
259/347) had 1.5x or greater average depth of coverage in the
capsule region as compared to the entire genome (1.5x-7.2x
fold difference), indicating that the capsule duplication is likely
present in these isolates. In addition to the capsule locus, the
Hia collection was scanned for the sequences of 90 known
H. influenzae virulence factors as defined by the Virulence Factor
DataBase (Liu et al., 2018). Information about the virulence
genes identified is provided in Supplementary Material 4. The
following seven virulence factors were absent from all isolates:
HAEMO0992 (hypothetical protein), kfiC, orfE, siaA, wbaP, rffG
and lex2B. The hifABCDE genes were only present in clades 3 and
4, with all isolates in these clades harboring the genes. All isolates
in clade 4 (n = 56) contained a disrupted pilB gene harboring
a point mutation at position 682 C- > T creating a premature
internal stop codon. Two distinct hgpC genes were identified in
165 isolates belonging to clade 1, with 100 of these belonging to
subclade 1.1. The iga gene was identified in all Hia isolates but was
disrupted in 10.2% (42/408) of the collection. Three distinct indel
mutations introducing frameshifts were identified comprising
73% (30/42) of the isolates with disrupted iga genes. Each of these
indel mutations are represented in Figure 4. These mutations
consist of the following: 1121delG (black box), 1122insG (red
box) and 1161delA (yellow box). The remaining 27% (17/63) of
the disrupted iga genes consisted of various point mutations and

Frontiers in Microbiology | www.frontiersin.org

104

March 2022 | Volume 13 | Article 856884


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

Topaz et al. Genomics of Haemophilus influenzae Serotype a

Region

- Europe

. North America

Sequence Type
B s
576

B 2

[:] Other

Subclade
1.1
Years
[l 1998-2005
Il 2006-2010
Bl 2011-2015

2016-2019

Tree scale: 0.01

FIGURE 2 | The phylogeny for clade 1 is shown in this figure. Metadata such as region, sequence type and years are included for reference. Other sequence type
refers to STs with less than 15 isolates. A red “T” is included next to subclades that contain isolates from both North America and Europe. Subclade 1.1 is labeled in
the figure.
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FIGURE 3 | The capsule regions for Hia isolates belonging to each of the four clades is shown. Clades 1 and 2 contain genes encoding an integrase and
transposase proteins and are flanked by IS1016 elements.
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indels with no distinct pattern. Nearly all isolates belonging to
clade 1 and subclade 1.1 (99.4%; 334/336) harbored the outer
membrane protein P5 allele 1, while the isolates from other clades
harbored different alleles for the P5 protein.

Genetic Elements Associated With
Antimicrobial Resistance of Hia

The Hia genome collection was scanned for the presence of genes
known to confer resistance to antimicrobials. The cat gene was
identified in 1.7% (7/408) of the isolates in the collection. All
7 of these isolates belonged to clade 2, ST-4 and were collected
from the following countries: United States (n = 3), France
(n = 1), England (n = 1), Italy (n = 1) and Netherlands (n = 1).
The blargy-1 gene was identified in 1.7% (7/408) of the isolate
collection. These isolates belonged to the following clades: clade 1
(n=2),clade 2 (n=3) and clade 4 (n = 2), and were collected from
the following countries: United States (n = 4), England (n = 2)
and Canada (n = 1). The blarpp-1 gene was not identified in any
of the Hia isolates.

The diversity of the penicillin-binding protein 3 (PBP3) was
assessed across the Hia isolate collection (Figure 5). There
was a predominant PBP3 variant for each of the major clades.
The majority of clade 1 isolates (91%; 306/336) harbored the
variant containing amino acid substitutions P31S, L50F, V5471
and E603D. None of the clade 2 isolates harbored a variant
that was different than the reference. Only one PBP3 variant
was detected within clades 3 and 4. Seven European isolates
within clade 1 harbored a distinct PBP3 variant containing only
amino acid substitution A239E; these isolates consisted of six
from England and one from Portugal. Additionally, there were
three clade 1 isolates that harbored a PBP3 variant that was
more closely related to the main variant in clade 4, and these
were collected from the following countries: Norway (n = 1),
United States (n = 1) and Canada (n = 1). Finally, three isolates
from clade 1, as well as the isolates of clade 4, harbored the D350N
substitution that was previously reported in beta-lactamase
negative ampicillin resistant (BLNAR) isolates (Deghmane et al.,
2019), but has not been reported to confer resistance on its own.
However, no other BLNAR-linked substitutions were observed
among Hia isolates of this study (Figure 5). Furthermore, none
of the isolates harbored either of the BLNAR defining N526K or
R517H substitutions.

Genetic Association With Clinical and
Epidemiological Characteristics

We obtained clinical presentation data for 319 Hia isolates
in the collection. These clinical presentations were as follows:
101 pneumonia, 85 meningitis, 73 bacteremia, 24 septicemia,
20 other infections, 6 septicemia and meningitis, 5 arthritis,
4 epiglottitis, and 1 osteomyelitis. A genome wide association
study was conducted on these 319 Hia genomes in order
to identify regions of the DNA that may be significantly
associated with the clinical presentation. Both k-mers and SNPs
were considered in this analysis. This analysis revealed a low
heritability (h?) estimate of 0.1, indicating that very little of the
phenotypic variation was due to the genetic variation present

in this population. Additionally, no k-mers or SNPs were
identified to be significantly associated with any of the given
clinical phenotypes.

Age group data was available for a total of 336 Hia isolates.
These age groups were as follows: < 1, 1-4, 5-10, 11-17, 18-
34, 35-49, 50-64 and > 65. Age groups 5-10, 11-17, and 18-34
were merged into one age group (5-34) to provide sufficient
sampling for the analysis. A hypergeometric test for enrichment
was performed to determine if any of the major sequence types
in our study were significantly over-enriched within any of these
age groups (Supplementary Material 5). The following sequence
types with 30 or more isolates that had age group data were
included in this analysis: ST-56 (n = 109), ST-23 (n = 77), ST-
62 (n = 46) and ST-576 (n = 34) for a total of 266 isolates. No
sequence type was identified to be significantly over-enriched
within any of the tested age groups.

DISCUSSION

In this study, the genomes for Hia isolates collected from 12
countries were compared in order to better understand the
genomic factors of this rising cause of H. influenzae disease.
We identified four major clades that were distinct from each
other and from other encapsulated H. influenzae serotypes. Most
isolates belonged to clade 1, suggesting that the isolates belonging
to clade 1 are the major cause of Hia disease. It would be
interesting to further investigate whether the strains belonging to
clade 1 are more virulent or transmissible compared to strains
of the other Hia clades. The predominant sequence types in
clade 1 were ST-56, ST-23 and ST-576. ST-576 was identified
in a low diversity subclade within clade 1 and only contained
isolates from North America. ST-576 shares an ancestral lineage
with ST-56 and diverged from a most recent common ancestor
of ST-56 sometime prior to 2006. Obtaining more Hia isolates
from other countries would be needed to confirm if this subclade
1.1 is exclusively circulating within North America or in other
countries as well.

Previously, two distinct Hia clades have been reported (Potts
et al, 2019) which correspond to clades 1 and 4 in our
study. The genome sequences belonging to clades 3 and 4
became available more recently, providing additional resolution
on the phylogenetic structure of this serotype. While the
presence of four major clades suggests that Hia may be more
diverse than other encapsulated serotypes, including additional
encapsulated H. influenzae isolates in our comparison would
be needed to confirm this result. Hib contained two distinct
clades and was the only other serotype to contain more than one
phylogenetically distinct group.

Our collection was largely dominated by isolates collected
from North America. This could be explained by the fact that Hia
is much less prevalent in Europe as compared to North America
(Whittaker et al., 2017), suggesting that our sampling is likely
representative of the Hia disease burden in these countries for
recent years. Furthermore, we did identify isolates from both
North America and Europe in each of the four major clades, as
well as several instances of subclades containing isolates from
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FIGURE 4 | Sequence alignment of the iga gene consisting of regions 1,100-1,180 with respect to the reference sequence. The three sites of indels are boxed in
black, yellow and red. Each variant is labeled with the count of isolates harboring that variant.

Ftsl variants

Clade 1 Counts
P31S, L50F, V5471, E603D 306
P31S, L50F, V5471, A595S, E603D 10
A239E 7
P31S, L50F, V5471, A586S, E603D 8
P31S, L50F, G510S, V5471, E603D 1
P31S, L50F, D346G, V5471, EG03D 1.
S7P, Q28K, V34L, N75S, E135Q, S152A, L165S, S166N, L219I,
A239E,D350N, V5471, N569S, A586S, S594T, A595T, E603N 3
Clade 2

None 13
Clade 3

S7P, V34L, N75S, E135Q, S152A, L165S, S166N, 1180M,

L219I, A239E, S273A, V5471, N569S, E603N 3
Clade 4

S7P, V34L, N75S, E135Q, S152A, L165S, S166N, L219I,

A239E, D350N, V5471, N569S, A586S, S594T, A595T, E603N 56

FIGURE 5 | The PBP3 variants are shown in the table for each of the major Hia clades. The phylogeny consists of PBP3 protein sequences and is annotated with
the respective country of the isolate. The branches include which of the four major Hia clades the isolates belong to.

Country

W France
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[ United States
. Italy

W Germany
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[ England
W spain

[ Norway
[l Netherlands

[ Poland

Tree scale: 0.001 +~¢

both North America and Europe, indicating that these strains
have been transmitted across these regions.

It has been observed previously that Hia can cause severe
disease similar to Hib (Ulanova and Tsang, 2014; Plumb et al.,
2018) in the pre-Hib vaccination era. In our study, we checked
for virulence genes that may have been shared among Hia and
Hib which could explain this similarity in disease severity but
did not identify anything remarkable. We also examined our
Hia isolate collection for the presence of the duplicated capsule
locus, which has been previously reported to be associated with
increased virulence in both Hia and Hib, and found evidence
of this mutation being present in the vast majority of the Hia
isolates belonging to clades 1 and 2 and absent in the clade 3
and 4 isolates. This finding is supported by the isolates in Hia
clades 1 and 2 sharing the same lineage as Hib. Furthermore,
we showed that the most predominant Hia strains in circulation,
those belonging to clade 1, were most closely related genetically
to Hib than the other serotypes. Additionally, it has been
previously shown that the Hia and Hib genomic capsular
region share stark similarities (Potts et al., 2019), specifically in
region II, which encodes biosynthesis genes unique to each

serotype. Among these, acsl (Hia) and bcsI (Hib) are highly
similar, sharing a minimum of 96.13% nucleotide sequence
similarity (Potts et al., 2019). These factors, including the
presence of the capsule duplication and the overall higher level
of genetic similarity across the genome and in the capsule
region could explain the similar levels of disease severity
among Hia and Hib.

Among the four Hia clades, the capsule region of isolates
belonging to clades 1 and 2 were flanked by insertion sequence
IS1016 and additionally contained two genes encoding a
transposase and an integrase. This same pattern of capsule
being flanked by IS1016 and containing a transposase and
integrase gene was also observed in Hib, Hic and Hid, and
seems to be a trait shared among all serotypes in that lineage.
Conversely, this pattern was absent from Hia clades 3 and 4,
Hif and Hie. This finding is consistent with previous literature
describing two phylogenetically distinct divisions of encapsulated
H. influenzae, one containing capsule regions flanked by I1S1016,
and the other with IS1016 being absent from the capsule
region (Musser et al.,, 1988; Satola et al., 2008). The presence
of a transposase and integrase within the IS1016 flanked

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 856884


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

Topaz et al.

Genomics of Haemophilus influenzae Serotype a

region of the capsule of these genomes suggests that these
strains likely acquired the capsule at some point and could
be an additional factor in the similar level of disease severity
among Hib and Hia.

A total of 90 virulence genes were examined for notable
differences between the four major Hia clades. These genes
spanned several different classes of virulence factors, such
as adherence, endotoxin, immune evasion and iron uptake.
Seven of the virulence genes involved in the lipooligosaccharide
(LOS) endotoxin biosynthesis were absent from all Hia isolates:
HAEMO0992 (hypothetical protein), kfiC, orfE, siaA, wbaP, rffG
and lex2B. Four of these, kfiC, orfE, siaA and wbaP, have been
reported previously to be absent in Hia, as well as in other
serotypes (Pinto et al,, 2019). The pilus genes pilABCD were
present across all of the four Hia clades, with all isolates in
clade 4 harboring a disrupted pilB with the same point mutation
introducing a premature internal stop. These four genes are
required for biogenesis and function of the type IV pilus (Tfp),
and each gene has been shown to be required for pilus function
(Carruthers et al., 2012). Further experiments would be required
to confirm the lack of expression of the PilB protein in clade
4 isolates as a result of this mutation and subsequently assess
the potential impact on the virulence of these strains. All Hia
isolates across the four clades contained both the hgpB and
hgpC gene, with many isolates in clade 1 harboring two distinct
hgpC genes. Two other hgp genes have been described in the
literature, hgpA (Morton et al., 1999) and hgpD (Harrison et al.,
2005), but we did not identify any Hia isolates harboring either
of these genes in our collection. The iga gene was identified
in all Hia isolates, with a small fraction of the isolates (14%)
containing genes harboring disrupted ORFs; these disruptions
were most commonly introduced by indels in guanine or adenine
simple sequence repeat (SSR) regions resulting in frameshift
mutations. SSRs serve as an important mechanism for adaption
in H. influenzae across many genes (Power et al.,, 2009), and
similar mutations in iga genes have been previously described
in strains of NTHi collected from the airways of patients with
Chronic Obstructive Pulmonary Disease (Gallo et al., 2018).
Almost all isolates in clade 1 and subclade 1.1 shared an exclusive
allele (allele 1) encoding the outer membrane protein P5, while
the isolates from other clades harbored different P5 alleles. These
different P5 alleles primarily vary by four outer surface loops that
are likely involved in the capacity of binding the complement
negative regulator, factor H, which is an important inhibitor of
alternative pathway activation (Rosadini et al., 2014).

The rise of mutations reported to confer resistance to
B-lactam antibiotics is of concern, particularly since this
antibiotic class is a primary treatment for H. influenzae
meningitis (Kimberlin et al, 2018). In general, the presence
of known factors contributing to p-lactam resistance were low
in our collection, as the blarop—1 gene was not identified
in any of the Hia isolates, and the blargy—1 gene was
only identified in 7 Hia isolates. While we did identify a
primary PBP3 variant for each of the four Hia clades, there
was genetic variation present in several isolates that was
based on region. None of the variants identified have been
previously reported to confer resistance, and additional antibiotic

susceptibility would be necessary to determine the effects of these
specific mutations.

The mechanisms for invasion of H. influenzae into the
respiratory tract and bloodstream have been previously well
described (Clementi and Murphy, 2011; King, 2012) and is
dependent on a variety of factors, including those within the host
and those within the bacteria. In our study, we did not identify
any regions of the Hia genomes to be significantly associated
with any of the given clinical disease phenotypes, suggesting that
the clinical disease manifestation is a likely a result of the host’s
response to the pathogen. Among the predominant Hia sequence
types in our study, none were significantly more frequent in any
age groups considered; however, the highest percentage of the Hia
isolates with age data in our study were collected from patients
below the age of 4 (150/336; 45%), and the second highest was
from patients above the age of 50 (125/336; 37%).

CONCLUSION

In the post-Hib vaccination era, strains of NTHi and
encapsulated non-b serotypes have continued to be major
causes of H. influenzae disease. Among these, Hia is of particular
interest given increases in cases reported in North America
and in indigenous populations. The results of our study have
shown that the reported cases of Hia in North America and
Europe in the past two decades have belonged to four genetically
distinct clades, with ST-56, ST-23, ST-576, and ST-4 being the
predominant sequence types. Variations in virulence genes, such
as mutations disrupting the ORFs, as well as the presence/absence
and variation of antimicrobial resistance markers were identified
within the clades. Additional tests of virulence and antibiotic
susceptibility would be needed to determine the impact of these
variations among the isolates.
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Genome Sequencing of Rahnella
victoriana JZ-GX1 Provides New
Insights Into Molecular and Genetic
Mechanisms of Plant Growth
Promotion
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" Co-Innovation Center for Sustainable Forestry in Southern China, College of Forestry, Nanjing Forestry University, Nanjing,
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Genomic information for bacteria within the genus Rahnella remains limited. Rahnella
sp. JZ-GX1 was previously isolated from the Pinus massoniana rhizosphere in
China and shows potential as a plant growth-promoting (PGP) bacterium. In the
present work, we combined the GridlION Nanopore ONT and lllumina sequencing
platforms to obtain the complete genome sequence of strain JZ-GX1, and the
application effects of the strain in natural field environment was assessed. The
whole genome of Rahnella sp. JZ-GX1 comprised a single circular chromosome
(65,472,828 bp, G + C content of 53.53%) with 4,483 protein-coding sequences,
22 rBNAs, and 77 tRNAs. Based on whole genome phylogenetic and average
nucleotide identity (ANI) analysis, the JZ-GX1 strain was reidentified as R. victoriana.
Genes related to indole-3-acetic acid (IAA), phosphorus solubilization, nitrogen fixation,
siderophores, acetoin, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, gamma-
aminobutyric acid (GABA) production, spermidine and volatile organic compounds
(VOCs) biosynthesis were present in the genome of strain JZ-GX1. In addition, these
functions were also confirmed by in vitro experiments. Importantly, compared to
uninoculated control plants, Pyrus serotina, Malus spectabilis, Populus euramericana
(Dode) Guinier cv. “San Martino” (I-72 poplar) and Pinus elliottii plants inoculated with
strain JZ-GX1 showed increased heights and ground diameters. These findings improve
our understanding of R. victoriana JZ-GX1 as a potential biofertilizer in agriculture.

Keywords: complete genome sequence, Rahnella victoriana, biofertilizer, volatile organic compounds, natural
field environment

INTRODUCTION

According to the latest statistics of the United Nations, the global population is expected to reach
9.7 billion by 2050 (Goswami and Deka, 2020). To meet the growing demand for food, excessive use
of chemical fertilizers and pesticides in agricultural production has damaged soil health and ecology
(Ruzzi and Aroca, 2015). At the same time, abiotic stresses, including drought, high salinity, and
toxic heavy metals are prevalent worldwide (Rosier et al., 2018; Mondal et al., 2021). It is estimated
that abiotic stresses affect approximately 10 hectares of land per minute, with three hectares affected
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by soil salinization around the world (Ha-Tran et al, 2021).
Similar to high salinity, extremely dry conditions lead to an
annual harvest loss of 17% of harvests in tropical, arid and
semiarid areas (Chandra et al., 2021). Trees suffer even more
from the recurrence of abiotic stress owing to their long
lifecycle and the global forest cover is gradually decreasing
(Teshome et al., 2020). Therefore, appropriate measures need
to be taken to make the whole agricultural and forestry
ecosystem develop in the direction of sustainable intensification
(Pretty et al., 2018).

With progress in the development of genetic tools
and technology, our understanding of the “black box” of
microorganisms in soil has become more transparent, and
we are at a moment when rhizosphere microbial research is
likely to be of great application value (Olenska et al., 2020).
A large number of studies have determined the important
contributions of specific rhizosphere growth-promoting
bacteria to sustainable agricultural production. The plant
growth-promoting rhizobacteria (PGPR) reported to date are
mainly concentrated in Bacillus, Pseudomonas, Enterobacter,
Burkholderia, Klebsiella, Azospirillum, and Serratia (Liu
et al, 2020a; Alexandre et al., 2021; Kusale et al, 2021;
Wang et al, 2021; Yasmin et al, 2021). These rhizosphere
colonizing microorganisms employ a variety of mechanisms
to alleviate adverse soil conditions, thus promoting plant
growth. They mobilize soil nutrients by secreting organic acids,
siderophores, fixed nitrogen, and dissolved phosphate (Kong
et al., 2020a; Liu et al., 2020b; Mariotti et al., 2021). They can
also secrete a series of substances, such as 1-aminocyclopropane-
1-carboxylate (ACC deaminase), volatiles, spermidine,
gamma-aminobutyric acid (GABA), and phytohormones to
induce plant resistance to abiotic stress (Zhou et al., 2016b;
Liu et al, 2020c; Nascimento et al., 2020; Choudhury et al,
2021). Up to now, PGPR strains have been studied in detail in
agricultural crops, but their application in woody plants has not
been well-explored.

Strain JZ-GX1 was screened with a high yield phytase as
the index in our laboratory and was first classified as Rahnella
aquatilis based on the 16S rRNA gene sequence. However, with
the advancement of taxonomic research, many members of
Rahnella have been gradually reported, so it is necessary to
identify strain JZ-GX1 at a greater resolution. Previous studies
have reported that the JZ-GX1 strain exhibited a significant
growth-promoting effect on poplar and corn in greenhouse
conditions (Li et al., 2013, 2021), so does it have the characteristics
of plant growth-promoting in addition to the degradation of
phytate? Moreover, the growth-promoting effect of this strain
on woody plants in the field needs to be further studied.
Therefore, the whole genome sequencing technique was used
in this study to provide new insights into the molecular and
genetic mechanism of Rahnella sp. JZ-GX1 in promoting plant
growth. Furthermore, two ecologically important trees and
two economic trees were selected for use in field experiments
to further explore the growth-promoting ability of strain JZ-
GX1 under natural conditions. The overarching goal was to
assess this strain as a new microbial inoculant for sustainable
agricultural practices.

MATERIALS AND METHODS

Bacterial Strain and DNA Preparation
Rahnella sp. JZ-GX1 was isolated from the rhizosphere soil of
a 28-year-old Pinus massoniana in Guangxi, China, on April 8,
2011, and was deposited in the Chinese Center for Type Culture
Collection (Accession No. CCTCC M2012439). This strain was
routinely incubated in Luria-Bertani (LB) liquid media at 28°C
with shaking for 24 h. Genomic DNA was extracted using a
modified freeze-thawing method (Chen et al., 2020).

Genome Sequencing, Assembly, and

Annotation

Rahnella sp. JZ-GX1 genome was sequenced by the single
molecule real-time (SMRT) method at Biomarker Technology
Co., Ltd. (Beijing, China). The genome assembly was created
using Nanopore long reads, and Illumina paired-end sequences
were used for base and indel correction. The filtered subreads
was assembled using Canu v1.5 software. Finally, the Pilon
software is used to further correct the assembled genome
using second generation data, and the final genome with high
accuracy was obtained.

The predicted gene sequences were compared with the
Clusters of Orthologous Groups (COG), Kyoto Encyclopedia
of Genes and Genomes (KEGG), Swiss-Prot, TrEMBL, non-
redundant (Nr), and other functional databases by BLAST, and
gene functional annotations were obtained (Tatusov et al., 2003).
Based on the results from comparison with the Nr database
(Aziz et al,, 2008), the application software Blast2GO was used
to annotate functions according to the GO database. HMMER
software was applied for functional annotation based on the
Pfam database (El-Gebali et al., 2019). In addition, the functions
of genes were annotated and analyzed using COG and KEGG
metabolic pathway enrichment analysis.

Phylogenetic Tree Construction and
Average Nucleotide Identity Analysis

A phylogenetic tree was constructed by combining the genome
of JZ-GX1 with a set of closely related genomes selected from all
public KBase genomes using the Insert Genome Into Species Tree
2.1.10 tool." Relatedness was determined by alignment similarity
with a selected subset of COG domains. Next, a phylogenetic
tree was reconstructed using FastTree (version 2.1.10). Average
Nucleotide Identity (ANI) analysis was performed between strain
JZ-GX1 and other Rahnella isolates included in the phylogenetic
tree using an online ANI calculator.?

Nucleotide Sequence Accession

Numbers

The chromosome, plasmid 1 and plasmid 2 sequences are
available under NCBI BioProject PRJNA720502, with accession
numbers CP089919, CP089920, and CP089921, respectively.

Uhttp://kbase.us
Zhttps://www.ezbiocloud.net/tools/ani
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Assessment of Indole-3-Acetic Acid and
1-Aminocyclopropane-1-Carboxylate

Deaminase Activity

To induce the production of indole-3-acetic acid (IAA),
250 pL of a culture of strain JZ-GX1 grown overnight
in LB medium was transferred into 25 mL of TSB
medium supplemented with sterile-filtered L-tryptophan
(500 pg/mL). The liquid culture was grown at 28°C and
180 rpm, and cells were separated from the exhausted
medium by centrifugation (10,000 x g for 15 min). The
concentration of IAA in the bacterial solution was sampled
and determined at 96 h after inoculation. The collected
supernatant was filtered through 0.22 pm cellulose acetate
filters (DISMIC®; Frisenette ApS, Knebel, Denmark). The
bacterial supernatant (1 mL) was mixed with 4 mL of
Salkowski’s reagent (50 mL of 35% HCIO4, 1 mL of 0.5 M
FeCl3) and allowed to rest for 30 min in the dark. After
incubation, absorbance was measured at 530 nm (pink color)
(T60 UV-VIS Spectrophotometer; PG Instruments, Leicester,
United Kingdom) and quantified using the calibration curve
of an TAA standard with linear regression analysis (Kang
et al, 2020). The ACC deaminase activity was determined by
previously described method (Penrose and Glick, 2003). The
experiment was repeated two times, and each treatment was
conducted in triplicate.

Evaluation of Siderophore Production,
Nitrogen Fixation, Phosphorus, and
Potassium Solubilizing Ability

For siderophores production, strain was cultivated in a Chrome
Azurol-S agar assay (Schwyn and Neilands, 1987), and positive
results were indicated by the formation of a clear orange zone
around the colonies. Burkholderia pyrrocinia JK-SH007 was used
as a positive control.

Nitrogen fixation ability using N-free Ashby medium agar
plates contained 5 g of glucose, 5 g of mannitol, 0.1 g of
CaCl,-2H;0, 0.1 g of MgSO4-7H,0, 0.005 g of Na;MoOy4-2H, 0,
0.9 g of KyHPOy, 0.1 g of KH,POy, 0.01 g of FeSO4-7H,0, 5.0 g
of CaCOs3, 15.0 g of agar in 1 L of distilled water, the final pH was
adjusted to 7.3 (Liu et al.,, 2017).

The rhizosphere bacteria were assessed for potential inorganic
phosphate solubilization on the National Botanical Research
Institute’s phosphate (NBRIP) growth medium [per liter: 10.0 g
of glucose, 5.0 g of MgCl,-6H,O0, 0.25 g of MgSO4-7H,0, 0.2 g of
KCl and 0.1 g of (NH4)2SO4] supplemented with Caz(POy); at a
final concentration of 0.5% (Chandran et al., 2014).

Organophosphorus detection medium contained 0.1 g of
Calcium phytate, 10.0 g of Glucose, 5.0 g of MgCl,, 0.2g of KCl,
0.25 g of MgSQOy, 0.1 g of (NH4),S0y4, 16.0 g of agar in 1 L of
distilled water, the final pH was adjusted to 7.3 (Shen et al., 2016).

Potassium dissolving ability using modified Aleksandrov
medium including 5.0 g of glucose, 0.5 g of MgSO4-7H,0, 0.1 g of
CaCO0s3, 0.006 g of FeCls; 2.0 g of Caz(POy)s, 3.0 g of potassium
aluminium silicate and 20.0 g agar in 1 L of distilled water, the
final pH was adjusted to 7.2 (Etesami et al., 2017). The JZ-GX1

colonies were stabbed in triplicate on all agar plates using sterile
toothpicks and positive results were expressed by the presence
of solubilization zone around bacterial colony after 120 h of
incubation at 28°C.

Each plate detection was composed of nine replicates, and the
experiment was repeated twice.

Voges-Proskauer Test for Detection of
Acetoin

The strain was inoculated in Methyl Red-Voges-Proskauer
(MR-VP) broth (glucose 0.5 g, K,HPO, 02 g, water
1,000 mL, pH 7.2-7.4). After shaker culture at 30°C for
2 days, the culture medium was mixed with 40% NaOH,
a small amount of creatine was added and the mixture
was heated in a boiling water bath to test for a positive
reaction (shown as a red color) (Rath et al., 2018). Escherichia
coli DH5a was used as a negative control. Each treatment
was composed of three replicates, and the experiment
was repeated twice.

Detection of Key Genes Related to Plant
Growth-Promoting Traits in JZ-GX1

Genomic DNA was extracted using a modified freeze-
thawing method (Chen et al, 2020). Then, polymerase
chain reaction (PCR) assays were used to detect the
acdS, gadB, gadD, gabT, speA, speD, Glpase, pstA,

pstC, and nirB  genes by designing PCR primers
based on the genome sequence of JZ-GX1 strain.
The primers wused in the experiment are listed in
Supplementary Table 1.

Plant-Bacterial Dual Growth Experiments
Arabidopsis thaliana Col-0 was used in this study. Seeds were
surface sterilized and sown on 1/2 MS agar medium. The
Petri dishes were positioned vertically in a growth chamber
under a long photoperiod (16 h light/8 h dark) and 70%
relative humidity at 22°C. Seven days later, five seedlings
were transferred to a new 1/2 MS agar medium, and at
the same time, 10 WL of bacterial solution was added to
the other compartment, and LB medium without bacterial
solution was used as the control. After the bacterial solution
was homogeneously distributed in the culture medium, the
Petri dish was sealed with parafilm and grew vertically in the
same conditions. After 14 days, A. thaliana seedlings were
removed and weighed with a 1/10,000 balance; the length of
the main root of A. thaliana was measured and recorded with
a Vernier calliper. Then, the seedlings were placed in a Petri
dish filled with clear water so that the roots could be fully
elongated, and the number of lateral roots was counted and
recorded. The root hair of A. thaliana was photographed with
a Zeiss stereomicroscope (Zeiss Microscope System Standard
16; Carl Zeiss Ltd.; Wetzlar, Germany) (Bhattacharyya et al,
2015; Perez-Flores et al, 2017; Li F. et al, 2020). Each
treatment was composed of ten replicates, and the experiment
was repeated twice.
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Antagonistic Assay of the Volatile
Organic Compounds Produced by
Rahnella sp. JZ-GX1 Against Plant

Pathogenic Fungi

The antifungal effect of the volatile organic compounds (VOCs)
produced by Rahnella sp. JZ-GX1 was evaluated using I plates
(90 mm in diameter). I plates are plastic Petri dishes with a
partition in the center that divides the plate into two parts.
The microorganisms grown on side thus cannot spread to the
other side. However, gas exchange can proceed normally. One
compartment of the I plates, containing LB agar medium, was
inoculated with Rahnella sp. JZ-GX1. The other compartment
of the I plates, containing PDA medium, was inoculated with
pathogenic fungi using mycelial discs (6 mm diameter). I plates
with pathogenic fungi on one half served as the control. The
fungal plant pathogens used in this study were preserved in
the Forest Pathology Laboratory of Nanjing Forestry University.
All plates were sealed with Parafilm and cultured for 5-
7 days at 25°C (Zhang et al., 2019¢, Zhang et al., 2021). Each
treatment was composed of three replicates, and the experiment
was repeated twice.

Field Experiment

The experiment was conducted at nurseries in Changzhou
(31°47'N, 119°58'E) and Sugqian (33°72'N, 118°68'E), Jiangsu
Province. The areas have a subtropical monsoon climate, with
an average annual precipitation of approximately 1,056 mm and
an annual average temperature of approximately 15°C. The soil
type is paddy soil. Two-year-old Pyrus serotina, Malus spectabilis,
and 1-72 poplar and 1-year-old Pinus elliottii were selected as

indicator tree species. Three replicates were applied following in
a randomized block design. Each plant was irrigated with 800 mL
of bacterial liquid (including 50 mL of bacterial suspension), and
seedlings that were not inoculated with JZ-GX1 were used as
controls, with 90 plants per treatment. The whole experiment
was carried out in open air, with drip irrigation provided when
the weather was dry. After 8 months, plant height and ground
diameter were recorded.

Statistical Analysis

Analysis of variance (ANOVA) followed by Duncan’s multiple
comparison test was performed for comparisons among all
means, and Students t-test was performed for comparison of
pairs of means with SPSS 22.0 software (IBM Inc., Armonk,
NY, United States). Error bars show the standard deviation and
significance was defined as p < 0.01. Graphs were generated using
GraphPad Prism 8.0 (GraphPad Software, Inc., United States).

RESULTS

General Genome Features and
Phylogenetic Analysis of Strain JZ-GX1

The complete genome of Rahnella sp. JZ-GX1 contained one
gapless circular chromosome of 5,472,828 bp and two plasmids,
with a G + C content of 53.53%. Twenty two rRNAs,
and 77 tRNAs were found in the chromosome, including 0
pseudogenes, 12 CRISPR sequences, 12 gene islands, and two
pre-bacteriophages (Figure 1). A total of 4,483 protein-coding
genes were predicted, of which 88.85% were annotated to
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FIGURE 1 | The whole genome of Rahnella victoriana JZ-GX1. The genome map is composed of seven circles. From the outer circle to inner circle, each circle
displays information regarding the genome of (1) forward CDS, (2) reverse CDS, (3) forward COG function classification, (4) reverse COG function classification, (5)
nomenclature and locations of predictive secondary metabolite clusters, (6) G + C content, and (7) GC skew.
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COG functional categories, 80.68% to GO functional categories
and 68.77% to KEGG pathways. Details are presented in
Supplementary Table 2.

Phylogenetic analysis based on the whole genome further
confirmed the close taxonomic relationship of strain JZ-GX1 with
Rahnella victoriana (Figure 2). On the basis of ANI, the similarity
between genomes of strain JZ-GX1 and other R. victoriana strains
was approximately 98%; when the strain was compared with
other species, the ANI threshold was less than 90% (Table 1).
All the data indicated that strain JZ-GX1 belongs to R. victoriana
rather than R. aquatilis, as formerly proposed.

Gene Function Annotation of Rahnella

victoriana JZ-GX1

Based on the COG analysis, the identified proteins were classified
into 25 functional categories. Among these proteins, in addition
to the high content of COG R (general function), the content
of COG E (amino acid transport and metabolism) was the
highest, followed by COG K (transcription) and COG G (heredity
and basic metabolism), indicating that the functional proteins
encoded by the cell genome play an important role in maintaining
cellular life and genetic metabolism (Figure 3A).

Using gene KEGG annotations, 20 functional classes were
predicted in the genome of R. victoriana JZ-GX1, which can be
divided into five categories: (1) systems related to cell processes,
such as cell movement (68); (2) systems related to environmental
information processing, such as signal transduction (139)
and transmembrane transport (340); (3) systems related to
genetic information processing; (4) systems related to immunity
(39); and (5) systems related to metabolism. Among them,
metabolism-related systems accounted for the highest proportion
of R. victoriana JZ-GX1 metabolic pathways (Figure 3B). These
results showed that JZ-GXI1 strain has strong genetic potential

to synthesize secondary metabolites, which is consistent with the
above protein annotation results.

Identification of Genes Responsible for
Plant Growth-Promoting Property of
Rahnella victoriana JZ-GX1

Functional analysis of R. victoriana JZ-GX1 genome revealed the
presence of several genes contributing directly to plant hormones
and nutrient availability. We identified 11 genes encoding key
enzymes involved in the synthesis and secretion of IAA through
the IPyA (ipdC) and IAM (amiE) pathways. For the N cycle,
genes encoding nodulation protein (nodN), nitrate reductase
catalytic subunit (nasA), and nitrite transporter (nirC) were
detected. These enzymes are involved in the denitrification
process, catalyzing the conversion of nitrate to nitrite to nitric
oxide, followed by the conversion of nitric oxide to nitrous
oxide. Strain JZ-GX1 possessed genes encoding the synthesis
of enterobactin and rhizobactin, which form the main part of
catechol and hydroxamic acid type siderophores, and a ferric
enterobactin transport system (fepACDG) was detected. The
annotation information also revealed the presence of several gene
clusters involved in mineral phosphate solubilization, including
the phosphate-specific transport operon (pstAC) as well as a
two-component signal transduction system for phosphate uptake
consisting of phoPRH genes (Table 2).

Gene Mining for Improving Plant Stress
Resistance by Rahnella victoriana
JZ-GX1

In addition to the genes that directly promote growth,
many genes responsible for synthesis and transport of
compatible solutes were predicted, such as Nat/H* antiporter
(NhaAB), glycine betaine transporter (opuD), proline/betaine

0.02
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Rahnella aceris ZF458
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Rahnella victoriana BRK18a

JZ-GX1

Rahnella bruchi DSM 27398

Rahnella laticis SAP17

Rahnella contaminans LacM11

Rahnella inusitata Se8.10.12

FIGURE 2 | Taxonomic assignment of strain JZ-GX1. Escherichia coli 042 uid161985 was used as outgroup. Bar, 0.02 substitutions per nucleotide position.

Escherichia coli 042 uid161985
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TABLE 1 | Average nucleotide identity (ANI) values based on alignment of the
whole genome of strain JZ-GX1 and the most closely related members of the
genus Rahnella.

Subject strain Genome size Biosample ANI threshold
(bp) accession (%)

JZ-GX1 5,472,828 SAMN18652319 /
R. victoriana SAP-10 5,489,796 SAMN16733768 98.87
R. victoriana DSM 27397 5,309,719 SAMN10987324 98.92
R. victoriana BRK18a 5,563,295 SAMNO05249967 98.78
R. aquatilis CIP 78.65 5,448,900 SAMN12024752 89.10
R. aquatilis KM12 4,878,627 SAMN10579152 89.03
R. aquatilis ZF7 5,536,721 SAMN10032142 88.90
R. aceris ZF458 5,602,983 SAMN17207067 88.93
R. bruchi DSM 27398 5,501,702 SAMN10095204 87.07
R. contaminans Lac-M11 5,230,797 SAMN13909976 85.58
R. inusitata Se8.10.12 5,471,205 SAMN16814261 84.45
R. laticis SAP-17 5,727,497 SAMN16734072 85.28

transporter (proP), and exopolysaccharide production protein.
Genes encoding acetolactate synthase (alsD and alsS) and
2,3-butanediol (bdh and budABC), which are involved in the

synthesis of acetoin, a volatile molecule associated with plant
growth promotion, were detected in the genome. The gene gadB
responsible for GABA production, as well as gabT and gabD,
encoding GABA aminotransferase and succinate-semialdehyde
dehydrogenase involved in GABA degradation, were predicted.
Moreover, arginine decarboxylase (speA), agmatinase (speB),
S-adenosylmethionine decarboxylase proenzyme (speD) and
spermidine synthase (speE), related to spermidine biosynthesis,
were present in R. victoriana JZ-GX1 (Table 3).

Plant Growth-Promoting Rhizobacteria
Traits Found in Rahnella victoriana

JZ-GX1 Genome Are Expressed in vitro

To verify the accuracy of genome sequencing, we investigated
the PGP characteristics of strain JZ-GX1 in vitro. The results
demonstrated that R. victoriana JZ-GX1 appeared as a yellow
halo on the CAS plate and Aleksandrov plate, indicating that it
can secrete siderophores and dissolve potassium (Figures 4A,F).
The dissolution circle method showed that JZ-GX1 has the
ability to degrade insoluble organic phosphorus and inorganic
phosphorus at the same time (Figures 4B,C). Moreover, it
could grow on Ashby medium, which proved that it has a
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TABLE 2 | Genes related to plant growth-promoting activities in the Rahnella
victoriana JZ-GX1 genome.

TABLE 3 | Genes related to plant stress resistance improving in the Rahnella
victoriana JZ-GX1 genome.

GeneID Gene name Gene function

Gene ID Gene name Gene function

Auxin biosynthesis

GE03900 troE Anthranilate synthase component |
GE03901 trpD Anthranilate phosphoribosyltransferase
GEO3903 trpB Tryptophan synthase subunit beta
GE03904 trpA Tryptophan synthase alpha chain
GEO1768 trpS Tryptophanyl-tRNA synthetase
GE00882 troR Trp operon repressor

GE04238 mtr Tryptophan permease

GE02592 ipdC Indole-3-pyruvate decarboxylase
GEO01577 amiE Aliphatic amidase

GE02518 aec Auxin efflux carrier family protein
GEO03903 TSB Phosphoribosylanthranilate isomerase
Nitrogen metabolism

GE00696 nodN Nodulation protein

GE03474 Nitrogen fixation

GEO1773 nirB Nitrite reductase (NADH) large subunit
GEO1772 nirD Nitrite reductase (NADH) small subunit
GE03448 nasA Nitrate reductase catalytic subunit
GEO3466 nrtP MFS transporter, NNP family, nitrate/nitrite transporter
GE04729 nirC Nitrite transporter
Siderophores

GEO02035 fes Enterobactin esterase

GEO00216 entB Isochorismatase

GE02737 entC Isochorismate synthase

GEO2242 fepA TonB-dependent receptor

GEO02036 fepC Ferric enterobactin transport ATP-binding protein
GE02038 fepD Ferric enterobactin transport system permease protein
GE02037 fepG Ferric enterobactin transport system permease protein
GEO3776 RhbF Rhizobactin siderophore biosynthesis protein
GE03029 CirA Catecholate siderophore receptor
GE00738 FhuD Fe®*-hydroxamate-binding protein
GE03426 FhuF Ferric iron reductase protein
Phosphorus metabolism

GE00522 PhoB Phosphate regulon transcriptional regulatory protein
GEO3390 PhoH Phosphate starvation-inducible protein
GE00521 PhoR Phosphate regulon sensor protein
GE01248 PstA Phosphate transport system permease protein
GEO01484 PstC Phosphate transport system permease protein
GE03803 PQgA Alkaline phosphatase

GE04682 pqgB Pyrroloquinoline quinone biosynthesis protein
GE04681 pPqqC Pyrrologuinoline quinone biosynthesis protein
GE04680 pggD Pyrrologuinoline quinone biosynthesis protein
GEO04679 folelel= Pyrroloquinoline quinone biosynthesis protein
GE04678 pPqgF Pyrrologuinoline quinone biosynthesis protein
GE01596 4-Phytase activity

GE00546 G1Pase Glucose-1-phosphatase

certain autogenous nitrogen fixation ability (Figure 4E). The VP
test showed that R. victoriana JZ-GX1 could produce acetoin
(Figure 4D). In addition, the IAA content and ACC deaminase
activity were 9.0934 pg/mL and 17.9794 mmol a-keto/mg
protein/h, respectively (Figure 4G).

Salt tolerance

GE00864 NhaA Nat/H* antiporter

GEO03750 NhaB Na*/H* antiporter

GE02187 opuD Glycine betaine transporter

GE02874 dhaS Betaine-aldehyde dehydrogenase

GE02188 opuBA Glycine/betaine ABC transporter ATP-binding protein
GE04729 proP Proline/betaine transporter

GE03756 eps
ACC deaminase

Exopolysaccharide production protein

GE03645 acds 1-aminocyclopropane-1-carboxylate deaminase activity
GABA production

GE04695 gadB glutamate decarboxylase

GE04546 gabD Succinate-semialdehyde dehydrogenase

GEO04524 gabT Gamma-aminobutyrate: alpha-ketoglutarate

aminotransferase
Spermidine biosynthesis

GE00638 SpeA arginine decarboxylase

GE00638 SpeB Biosynthetic arginine decarboxylase
GEO0775 SpeD S-adenosylmethionine decarboxylase proenzyme
GE00774 SpeE Spermidine synthase

Volatile organic compounds

GE00932 alsD Alpha-acetolactate decarboxylase
GE00822 alsS Acetolactate synthase

GE04344 badh (R, R)-butanediol dehydrogenase activity
GE00932 budA Alpha-acetolactate decarboxylase
GE00933 budB Acetolactate synthase, catabolic
GE04344 budC Diacetyl reductase [(S)-acetoin forming]

We tested the JZ-GXI1 strain for the presence of operons for
the biosynthesis of ACC deaminase, GABA, and spermidine,
the fixation of nitrogen and the dissolution of phosphorus
by PCR using specific primers. A fragment of the predicted
size for each of these compounds was observed in the DNA
of the genome sequence, which indicates that the strain
produces these compounds. Fragments of the predicted sizes
for acdS (~1,002 bp), gadB (~1,473 bp), gadD (~1,392 bp),
gabT (~1,269 bp), speA (~1,983 bp), speD (~795 bp),
Glpase (~1,302 bp), pstA (~846 bp), pstC (~957 bp),
and nirB (~2,550 bp) were amplified from strain JZ-GX1
DNA (Figure 4H).

Volatile Organic Compounds Produced

by Rahnella victoriana JZ-GX1 Can
Promote Plant Growth and Inhibit
Phytopathogenic Fungi

To investigate the effect of VOCs produced by R. victoriana JZ-
GX1 on plant growth, we performed I-plate assays as these avoid
any physical contact between A. thaliana and R. victoriana JZ-
GX1. Biomass production was stimulated in Arabidopsis plants
exposed to R. victoriana JZ-GX1 in this manner (Figure 5A).
Following exposure to R. victoriana JZ-GX1, the fresh weights
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FIGURE 4 | Detection of plant growth-promoting characteristics of Rahnella victoriana JZ-GX1. (A) Siderophore production, (B) inorganic phosphorus dissolution,
(C) organophosphorus dissolution, (D) acetoin production, (E) nitrogen fixation, (F) potassium solubilization, (G) IAA and ACC deaminase production, and (H)
detection of key gene related to PGP traits in JZ-GX1 by PCR ampilification (lane M, DNA marker; 1, acdS; 2, gadB; 3, gadD; 4, gabT; 5, speA; 6, speD; 7, G1pase;
8, pstA; 9, pstC; 10, nirB). One-way ANOVA was performed, and Duncan’s post-hoc test was applied. Different letters indicate statistically significant differences

(o < 0.01) among treatments (n = 3).

{

of shoots and roots increased significantly by 1.71- and 1.68-
fold, respectively, compared to the controls (Figures 5B,C). In
addition, Arabidopsis exposed to strain JZ-GX1 VOCs showed
denser root hairs (Figure 5D). The bacterial VOCs significantly
inhibited primary root growth and stimulated lateral root
formation at the same time (Figures 5E,F). These data indicate
that VOCs from JZ-GX1 can promote plant growth and modulate
rhizogenesis in A. thaliana.

The VOCs emitted by PGPR often show an inhibitory effect on
pathogens. As shown in Figure 6, strain JZ-GX1 VOCs showed
significant antifungal activities against six plant pathogenic fungi,
namely, Guignardia camelliae, Fusicoccus aesculin, Fusarium
oxysporum, Alternaria tenuissima, Sphaeropsis sapinea, and
Verticillium dahlia. The fungi not exposed to R. victoriana JZ-
GX1 were covered with plates, while the hyphae of all test fungi
except V. dahlia in the presence of VOCs were limited to one
side of the partition plate, and the pigments of F. oxysporum and
V. dahlia were inhibited.

Growth-Promoting Effect of Rahnella
victoriana JZ-GX1 on Different Forest
Trees in Field Trials

Eight months after inoculation, the microbial agent had a marked
growth-promoting effect on the height and ground diameter of
I-72 poplar compared with that of the CK, with growth rates
of 9.7 and 16.1%, respectively. The growth rates of plant height
and ground diameter of P. elliottii inoculated with strain JZ-
GX1 were 23.6 and 14.6% greater than those of uninoculated
trees, respectively. The height of pear trees with root application

of strain JZ-GX1 was 14% higher than that of the control
trees, but the treatment had no effect on ground diameter. For
M. spectabilis, the plant height after inoculation increased to
varying degrees compared with the ground diameter, but the
difference was not significant (Table 4). These results of this field
experiment support the discovery of multiple PGP mechanisms
in the genome of R. victoriana JZ-GX1.

DISCUSSION

Plant growth-promoting rhizobacteria have been demonstrated
to produce the auxin IAA to enhance plant growth by controlling
many physiological processes, such as cell division, vascular tissue
differentiation and root elongation (Liu et al., 2019; Luziatelli
et al., 2020). However, the biosynthetic pathways of IAA in
bacteria are different. Five tryptophan-dependent IAA synthesis
pathways have been identified in bacteria, namely, the indole-
3-acetonitrile (IAN), tryptamine (TAM), indole-3-acetamide
(IAM), indole-3-pyruvate (TPyA), and tryptophan side-chain
oxidase (TSO) pathways, and a tryptophan-independent pathway
(Zhang et al., 2019b). It has been reported that R. aquatilis ZF7
can synthesize IAA through the IPyA pathway (Yuan et al., 2020),
and in this study, R. victoriana JZ-GX1 was predicted to contain
two IAA production pathways (TPyA and IAM). PGPR usually
interacts with plant root exudates and synthesizes IAA with the
corresponding tryptophan as the precursor (Bhattacharjee et al.,
2012; Liu et al., 2016). The JZ-GX1 strain has more than one IAA
synthesis pathway, which indicates that it has a stronger ability to
secrete IAA than the same microorganism.
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FIGURE 5 | Effect of Rahnella victoriana JZ-GX1 VOCs on plant growth and root morphology of Arabidopsis thaliana compared to the control (CK). (A) Plant
phenotype, (B) shoot fresh weight, (C) root fresh weight, (D) root morphology, (E) primary root length, (F) lateral root length. The scale is 1,000 um. Different letters
indicate statistically significant differences among treatments (Student’s t-test, p < 0.01) (n = 100).
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Phosphorus (P) is one of the most limiting nutrients required
for the growth and development of plants (Zeng et al., 2017;
Li et al., 2018). Phytic acid mineralizing rhizobacteria (PMR)
play an important role in promoting the dissolution of insoluble
organic phosphorus in soil (Kour et al., 2021). R. victoriana JZ-
GX1 was initially isolated with high phytate-degrading activity
as an index, which can promote an increase in the total P
content in maize (Li et al., 2013, 2021). However, the mechanism
of organophosphorus dissolution has not been clearly revealed.
The preliminary determination of the enzymatic properties of
R. victoriana JZ-GX1 showed that it has a strong ability to
hydrolyze phytate under acidic conditions (Li and Wu, 2014).
In this study, we found that R. victoriana JZ-GX1 harbors
two phytase-encoding genes (acid glucose-1-phosphatase and
4-phytase) but lacks appA-like phytase genes. The results of
this study are consistent with previously reported enzymatic
properties. Until now, there has been very little information
available regarding the regulation of phytate-degrading gene
expression in bacteria. The presence of phytase genes in this
genome could open up opportunities for future molecular
cloning and application studies of phytase from R. victoriana JZ-
GX1.

In the rhizosphere, long-distance interactions through VOCs
are an important method of signal transmission between bacteria
and plants (Fincheira and Quiroz, 2018; Kong et al, 2021;
Li et al, 2021). To date, many bacteria have been shown
to stimulate plant growth by releasing volatiles. For example,
B. subtilis SYST2-derived VOCs can promote tomato growth both
in vitro and in pot experiments by triggering growth hormone

activity (Tahir et al, 2017). Similar findings were obtained
for Arabidopsis treated with volatiles from B. megaterium B55,
and the combined effects of blended compounds increased leaf
number and leaf surface area up to 2- and 4-fold, respectively,
compared with those of the control (Meldau et al., 2012).
B. amyloliquefaciens GBO03 generates 3-hydroxy-2-butanone
(acetoin) and 2,3-butanediol as its primary volatiles, which
were shown to promote plant growth in trials on Arabidopsis
(Ryu et al,, 2003). The role of these two compounds in plant
growth promotion was also confirmed by the addition of the
pure acetoin and a mutant bacterium lacking a 2,3-butanediol
biosynthesis gene (Farag et al., 2006). In our research, we
also detected acetoin in the JZ-GXI strain by gene prediction
and physiological detection, and confirmed that JZ-GX1-derived
VOCs could promote an increase in fresh weight and root
development without contact with A. thaliana. Although the
specific mechanism needs to be further explored, this is the first
report on the biological activity in plant growth promotion of the
VOCs produced by Rahnella sp.

When plants are faced with abiotic stress, several important
metabolites, including osmotic regulators and active molecules,
accumulate in large quantities (Zhou et al., 2017). Spermidine
(Spd) is an important plant growth regulator and has also been
identified as a protector against various abiotic stressors, such
as high salinity, drought, low temperature, and iron deficiency
(Zhou et al, 2016a; Li G. et al., 2020; Qian et al., 2021).
Reportedly, B. subtilis STU6 induces and uses plant arginine
to produce more Spd, which promotes bacterial colonization
and absorption by the host, thus enhancing the iron acquisition
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FIGURE 6 | The antifungal spectrum of Rahnella victoriana JZ-GX1 VOCs. Plate on the left untreated, plate on the right treated with VOCs. (A) Guignardia camelliae,
(B) Fusicoccus aesculin, (C) Fusarium oxysporum, (D) Alternaria tenuissima, (E) Sphaeropsis sapinea, and (F) Verticillium dahlia.

TABLE 4 | Growth-promoting effect of Rahnella victoriana JZ-GX1 on
different plants.

Plant height (m) Ground diameter (mm)

P, euramericana (Dode) CK 4.55 + 0.28a 39.90 + 4.69a
Guinier cv. “san
Martino” (I-72 poplar)

JZ-GX1 4.99 £ 0.20b 46.32 + 3.54b
P, elliottii CK 49.98 + 13.49a 13.62 £ 3.79a

JZ-GX1 61.79 + 13.42b 15.49 £ 3.12b
P, serotina CK 147.85 + 12.99a 17.82 +1.70a

JZ-GX1  168.53 + 11.05b 17.81 £ 2.98a
M. spectabilis CK 212.36 + 7.86a 25.55 + 3.07a

JZ-GX1 215.20 + 10.92a 26.10 &+ 3.39a

Means + standard deviations (n = 90). Different letters indicated a significant
difference between control and inoculation treatment based on student’s t-test
(o < 0.05).

system and cell wall iron remobilization in a NO-dependent
manner (Zhou et al,, 2019). Three genes of spermidine synthase
(GE00638, GE00674, and GE00675) were identified in strain JZ-
GXI1. Furthermore, GABA plays a vital role in plant responses
to multiple stressors (Al-Quraan et al., 2013). Guo et al. (2020)
found that GABA can improve the tolerance of cucumber to iron

deficiency in an auxin-dependent manner. In a previous study,
we demonstrated the potential roles of R. victoriana JZ-GX1
in alleviating iron deficiency-induced chlorosis in C. camphora
(Kong et al., 2020b). Here, strain JZ-GX1 was found to possess
the genes encoding glutamate decarboxylase, which is involved
in GABA production and degradation (GE04524, GE04546,
and GE04695). Combined with the previous results, we further
clarified the potential mechanism by which R. victoriana JZ-GX1
promotes iron uptake in plants. However, the contents of these
two substances in plants should be determined, and the genes
for the synthesis of these two substances by R. victoriana JZ-GX1
should be knocked out to prove this conjecture.

At present, the genus Rahnella consists of six closely related
species, including R. aquatilis, R. variigena, R. victoriana, R.
bruchi, R. woolbedingensis, and R. inusitata (Yuan et al., 2020).
Among them, R. aquatilis has been widely reported to promote
plant growth (Peng et al., 2019; Zhang et al., 2019a; Sun et al,,
2020). There are few reports regarding the other species, and so
far the only reports of R. victoriana was considered associated
with decline symptoms on oak and hornbeam (Yousef et al,
2019). In this study, R. victoriana JZ-GX1 was proven to be
a PGPR strain with a variety of beneficial features, including
IAA production, phosphate solubilization, nitrogen fixation,
siderophores, acetoin, ACC deaminase, GABA production,
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spermidine and VOCs biosynthesis. In addition, the ability of
strain JZ-GX1 to promote forest growth has also been well-
verified in complex field environments. Overall, the data obtained
in this study provide more clues for the potential application
of R. victoriana JZ-GX1 in the development of eco-friendly
biofertilizers, which can promote soil fertility and crop yield.
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Laribacter hongkongensis is a new emerging foodborne pathogen that causes
iditede by:  community-acquired gastroenteritis and traveler's diarrhea. However, the genetic
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were carried out for comprehensively understanding of this new foodborne pathogen.
Human clinical strains were genetically more related to some strains from frogs inferred
from phylogenetic trees. The distribution of virulence genes and carbohydrate-active
enzymes exhibited different patterns among strains of different sources, reflecting
their adaption to different host environments and indicating different potentials to
infect humans. Thirty-two AMR genes were detected, susceptibility to 18 clinical used
antibiotics including aminoglycoside, chloramphenicol, trimethoprim, and sulfa was
checked to evaluate the availability of clinical medicines. Resistance to Rifampicin,
Cefazolin, ceftazidime, Ampicillin, and ceftriaxone is prevalent in most strains, resistance
to tetracycline, trimethoprim-sulfamethoxazole, ciprofloxacin, and levofloxacin are
aggregated in nearly half of frog-derived strains, suggesting that drug resistance of frog-
derived strains is more serious, and clinical treatment for L. hongkongensis infection
should be more cautious.

Keywords: pan-genome analysis, L. hongkongensis, virulence gene, carbohydrate-active enzyme, antimicrobial
resistance

INTRODUCTION

Laribacter hongkongensis (L. hongkongensis) is a gram-negative foodborne organism. It is firstly
discovered in the stool of six patients with diarrhea in Hong Kong and then reported to be
associated with community-acquired gastroenteritis and stomach and intestinal infection or
traveler’s diarrhea (Yuen et al., 2001; Woo et al., 2004), and is suggested to be distributed around
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the world according to the global case reports (Teng et al., 2005;
Woo et al., 2005; Kim et al., 2011; Beilfuss et al., 2015; Engsbro
et al., 2018; Hung et al., 2020). L. hongkongensis has been also
discovered in the gut of diverse aquatic animals, birds, drinking
water reservoirs, aquatic environments, as well as wastewaters
(Lau et al., 2007a,b, 2009; Ni et al., 2011; Greay et al., 2019). Frog
and freshwater fish have been recognized to be the primary hosts
for L. hongkongensis and the sources of human infection. Eating
raw fish, as well as inadequate food cleaning and disinfection, can
lead to an increase in foodborne L. hongkongensis infections.

Since L. hongkongensis was identified and confirmed as
pathogenic by Kochs Law (Beilfuss et al., 2015), a series of
studies have been conducted to understand its pathogenicity
and epidemiology. The serological detection methods were
established (Tse et al, 2014; Wang et al, 2017). The
adaptive response and transcriptional regulation patterns of
L. hongkongensis coupled with different nutritional sources,
aerobic or anaerobic conditions, and different temperatures were
also studied (Xiong L. et al., 2015; Kong et al., 2016, 2017; Xiong
et al,, 2017, 2019). Researchers also discussed the pathogenicity
factors of L. hongkongensis (Xie et al., 2014). Drug-resistant
properties and the presence of clinical multiple drug-resistant
strains have also been reported (Raja and Ghosh, 2014; Wu et al,,
2018; Teng et al., 2021). However, these studies were conducted
on specific isolated strains. And all 4 genomes published were
isolated from clinical human samples. To better understand
the genetic and pathogenic features of L. hongkongensis, and
to assess the risk of infection from the main primary hosts of
L. hongkongensis, a large-scale genome-based analysis involving
strains from Frogs and freshwater fishes should be carried out.

Here, we conducted a pan-genome analysis of 45 aquatic frogs
and grass carps isolated strains and all 4 clinically reported strains
with genome data. A comprehensive analysis of the genetic
evolution, virulence factors, carbohydrate-active enzymes, drug-
resistant genes, and phenotypes were performed to assess the
influence of bacteria’s source and lineage on pathogenicity risk,
providing a reference for further studies on source tracing and
treatment of L. hongkongensis related infections.

MATERIALS AND METHODS

Bacterial Isolation

Intestinal specimens of grass carp and frog were collected from
retail markets in Guangzhou. Through isolation, culture,
biochemical identification, 45 strains were identified as
L. hongkongensis. Among the 45 strains, 21 strains were isolated
from grass carps, and 24 strains from frogs. Strains isolated from
frog were named with an initial letter W (indicating WA in
Chinese), and strains isolated from grass carp were named with
an initial letter Y (indicating YU in Chinese).

Preparation of Genomic DNA and

Whole-Genome Sequencing

Genomic DNA was extracted from freshly grown cells by a
bacterial DNA extraction kit (Dongsheng Biotech, CHN). The
genomic DNA was mechanically sheared using a Nebulizer

instrument (Invitrogen) to select fragments of approximately
550 bp. A DNA library was prepared using the Illumina
TruSeq™ Nano method and sequenced on the Illumina MiSeq
platform with the 2 x 250 bp paired-end (PE) reagent kit v2. The
quality of the raw reads was checked in Fast QC v0.11.5," and low-
quality reads were filtered. Reads with adapter, > 10% unknown
bases, or > 40% low-quality bases (Q < 10) were designated
as low-quality reads. Filtered clean reads were assembled into
contigs with edena v3 by default parameters (Hernandez et al.,
2014), which is based on the classical graph approach and
known for its efficiency in handling base errors and detecting
potentially spurious reads. The genome assembly quality was
further evaluated by quast v5.0.2 (Gurevich et al., 2013).

The genome sequences and associated data for 45 new
sequenced L. hongkongensis strains reported in this study
were deposited in NCBI under the BioProject accession
number PRJNA770832.

Genome Preparation, Annotation, and

Pan-Genome Inference

Four L. hongkongensis genome sequences of human clinical
strains were downloaded from NCBI.> All 49 L. hongkongensis
genomes were annotated de novo with Prokka (Seemann, 2014)
version 1.14.5. Function annotation and orthology prediction of
all genes was conducted using eggNOG 5.0 (Huerta-Cepas et al.,
2019). The Prokka produced GFF3 format annotation files were
provided to the rapid large-scale prokaryote pan-genome analysis
tool Roary version 3.12.0 (Page et al, 2015) to calculate the
pan-genome of L. hongkongensis. Coding regions were extracted
from the input and converted to protein sequences, filtered
to remove partial sequences, and iteratively pre-clustered with
CD-HIT, then an all-against-all comparison was performed
with a built-in BLASTP on the reduced sequences with the
default sequence identity cutoff of 95%. Roary produced a gene
presence/absence matrix, a multi-FASTA alignment of core genes
using PRANK (31) version 170427, and determined the subsets
genes of core and pan-genomes. The gene presence/absence
matrix was visualized using the built-in heatmap function of R
with presence shown in red and absence in blue. The strains
were clustered by row-side dendrogram generated with the
default complete linkage clustering method using the euclidean
distance measure.

For the statistical extrapolation, non-linear least squares curve
fittings of the observed core and pan genome sizes as functions of
the number of analyzed genomes were performed with GraphPad
Prism 8 following the models/regression algorithms given by
researchers (Tettelin et al., 2005, 2008; Nourdin-Galindo et al.,
2017). Curve fitting the pan-genome was performed using a
power-law regression based on Heaps law [y = ApaanP“”],
as previously described (Tettelin et al., 2008; Nourdin-Galindo
et al., 2017), where y was the pan-genome size, x was the
number of analyzed genomes, Apan and Bpan, were the fitting
parameters. Bpan, was equivalent to the y parameter in estimating
an open or closed pan-genome (Tettelin et al., 2008). When

Uhttps://www.bioinformatics.babraham.ac.uk/projects/fastqc/
Zhttps://www.ncbi.nlm.nih.gov/
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0 < Bpan < 1 indicates an open pan-genome, while Bpan < 0
or Bpan > 1 indicate a closed pan-genome. Curve fitting of
the core-genome was performed using an exponential decay
regression model [y = Agore€ " Beore ¥y, where y was the
core-genome size, x was the number of analyzed genomes,
Ceore Was the extrapolated size of the core genome for x— 00,
Acore and Beore were the fitting parameters. Curve fittings of
new genes discovered with the availability of additional genome
sequences were performed using both a power-law regression
based on Heaps law [y = Ayewx Brev] and an exponential
decay regression model [y = ChewePrew D, .1, where y
was the new gene number, x was the number of analyzed
genomes, and Anew, Bnew> Cnew> Dnew> and Eney were the fitting
parameters. The Bpe, was equivalent to the o parameter in
estimating an open or closed pan-genome (¢ < 1, the pan-
genome is open; o > 1, the pan-genome is closed), while Eje was
equivalent to the tg(0) parameter representing the number of new
genes asymptotically predicted for further genome sequencing
(Tettelin et al., 2008).

Phylogenetic Analyses Based on Core

Genome

A phylogenetic tree of 49 L. hongkongensis strains was built based
on protein sequences of core genes with the PhyloPhlAn pipeline
v3.0.60 (Asnicar et al., 2020). Core genes were determined by
Roary, and their corresponding protein sequences from HKU1
were extracted as markers. Amino acid sequences predicted by
prokka for core genes were extracted from genomes as inputs.
The programs FastTree and RAXML (Stamatakis, 2014) were
used to build the trees using the PhyloPhlAn 3.0.60 database in
an accurate mode with the diversity level set as low. Specifically,
homologs were first identified and extracted using Diamond
0.9.21 (Buchfink et al., 2021) with the following command
“blastp —more-sensitive —id 50 —max-hsps 35 -k 0.” Each variant
of each marker was then aligned using MAFFT 7.487 (Katoh
and Standley, 2013), with command “-anysymbol -auto.” The
generated multiple-sequence alignments were concatenated and
trimmed using trimAl 1.4.rev15 (Capella-Gutiérrez et al., 2009),
with “-gappyout” option. A maximum likelihood phylogenetic
tree was produced with LG-CAT model using FastTree 2.1.10
(Price et al., 2010), with command “-quiet -pseudo -spr 4 -mlacc
2 -slownni -fastest -no2nd -mlnni 4 -Ig.” The phylogeny was then
refined using RAXML 8.2.12 (Stamatakis, 2014), with “-p 1989 -
m PROTCATLG” options. The tree was rooted by the mid-point
method, and visualized and edited online at the website of iTOL
(Letunic and Bork, 2021).

Virulence Factors Identification

Prediction of virulence genes was performed through searches
querying each genome against the Virulence Factor Database
(Liu et al., 2019) with the VFanalyzer web server. All parameters
used were set as default. Based on sequences of Virulence
Factor, another phylogenetic tree of 49 L. hongkongensis strains
was built with Parsnp 1.5.6 (Treangen et al, 2014), then
rooted by the mid-point method and visualized with iTOL v5
(Letunic and Bork, 2021).

Carbohydrate-Active enZYme

Annotation

The fasta file of 49 L. hongkongensis strains was subjected
to automated annotation and assignment to CAZymes using
the dbCAN2 meta server (Zhang et al, 2018). Three tools,
HMMER (for annotated CAZyme domain boundaries according
to the dbCAN CAZyme domain HMM database), DIAMOND
(for fast blast hits in the CAZy database), and Hoptep (for short
conserved motifs in the PPR library) were used with the default
E-value and coverage cutoff. All descriptions and classifications
were compiled from CAZy (Lombard et al., 2014).

Antimicrobial Resistance Determinants
Identification and Antimicrobial
Susceptibility Testing

Prediction of antibiotic resistance genes was performed using
RGI (v.3.1.1) (Alcock et al., 2020). All isolates were tested
for antimicrobial susceptibility by the disk diffusion method
using Mueller-Hinton agar and commercially available discs
(Oxoid). The antimicrobial agents used were Amikacin (30 pg),
Ampicillin (10 ng), Ampicillin-Sulbactam (30 pg), Aztreonam
(30 pg), Cefazolin (30 pg), Cefepime (10 pg), Ceftazidime (30
ng), Ceftriaxone (30 jLg), Cefuroxime (30 pg), Ciprofloxacin (5
ig), Gentamicin (10 pug), Imipenem (10 pug), Levofloxacin (5 pg),
Meropenem (10 pg), Minocycline (30 Lg), Rifampicin (5 pg),
Tetracycline (30 pg), Trimethoprim-Sulfamethoxazole (25 pg).
Escherichia coli ATCC25922 is used as a quality control organism.
The Antibiotic susceptibility was interpreted based on Clinical
and Laboratory Standards Institution (CLSI) guidelines.

RESULTS AND DISCUSSION

Pan-Genome Overview

The average full genome size and GC content of the 49
L. hongkongensis strains were 3.19 Mb and 62.5%, with an
average of 2,997 coding sequences, respectively. The general
characteristics of L. hongkongensis genomes can be found in
Supplementary Table 1. The pan-genome of L. hongkongensis
was inferred with Roary. Roary produced a total of 8,964 protein-
coding gene sequence clusters. The “core genome,” consisting of
genes present in at least 95% of strains (>47 out of 49), was
represented by 2,291 genes (~26% of all genes). The 6,673 non-
core genes were divided into 1,341 “shell genes” (i.e., shell genes
present in at least 15% of strains, and no more than 95% of strains;
~15% of all genes), and 5,332 “cloud genes” (i.e., cloud genes
present in no more than 15% strains, < 7 out of 49 strains; ~59%
of all genes) (Figure 1A). A heatmap was drawn to visualize the
presence/absence of all 8,964 genes in 49 genomes (Figure 1B).
The strains can be divided into 6 clusters for holding specific
genes. Interestingly, there were 203 genes only held by some
strains from grass carps (the second cluster in brown word label).
Though most of these genes can only be annotated as function
poorly characterized, some genes were annotated to be involved
with information storage and processing, indicating they might
be important for their adaptation of intestinal specimens of
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FIGURE 1 | Pan-genome analysis of 49 L. hongkongensis strains. (A) Composition of core, shell, and cloud genes in pan-genome. (B) Presence and absence of all
identified genes. Presence was shown in red and absence was shown in blue, the clustering of samples based on genes’ presence and absence was displayed
above the heatmap. (C) The core and pan-genome development plots. The number of pan genes was shown by red dots, and core genes by blue dots, with

L. hongkongensis genome sizes shown on the horizontal axis. (D) The log-log plot of Power law regression for new genes discovered with the availability of
additional genome sequences. Medians of the distributions were indicated by black dots, the exponent o was from the Heaps’ law n = kN~%, where n was the new
gene number, N was the number of analyzed genomes, a can be used to estimating an open or closed pan-genome (a < 1, the pan-genome is open; o > 1, the
pan-genome is closed). Strains isolated from frog were named with an initial letter W, and strains isolated from grass carp were named with an initial letter Y, human
clinical strains were presented in strong pink, strains named HKU1, HLHK9, and PW3643 were isolated from Hong Kong patients, while HLGZ1 was isolated from a

Guangzhou patient.

grass carps. The detailed gene presence and absence matrix and
annotation of all genes can be found in Supplementary Table 2.

To determine whether the pan-genome was open or closed,
the core and pan-genome development plots of L. hongkongensis
were drawn as Figure 1C, the number of genes in the pan-
genome increased as more genomes were sequenced, whereas
the number of genes in the core-genome decreased. The pan-
genome of L. hongkongensis could be considered “open,” as
supported by the growth exponent value of 0.3019 £ 0.005
(95% confidence interval), based on By, (equivalent to y in the
reference research) parameter from Heaps’ law. The exponential

decay regression fitting of core-genome revealed an extrapolated
core genome size of 2,198 (95% confidence interval 2,192-
2,205), based on the value of the Ccore parameter. Furthermore,
the power law and exponential regression fits for new genes
discovered with the availability of additional genome sequences
were performed, and the log-log plot was built (Figure 1D). The
Bpew (equivalent to o in the reference research) parameter of
power law (Bpew = 0.668 £ 0.066 < 1) was in good agreement
with the value of Byan (0 < Bpan = 0.3019 < 1), indicating
the openness of the pan-genome. The value of parameter Epey
[tg(0)] in exponential regression fit indicated that each additional
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genome sequence would add asymptotic 71.24 £+ 14.91 (95%
confidence interval) new genes to the pan-genome. The open
pan-genome suggested the ability of L. hongkongensis to adapt
to new niches by generating or incorporating new genes, which
might support its virulence and host adaption.

Function Annotation and Phylogenetic
Analysis of Core Genes

The functions of 2,291 core genes were characterized by matching
the sequences with the COG database, giving out the conserved
functions which may play housekeeping roles in L. hongkongensis
(Figure 2A and Supplementary Table 3). The core genes were
annotated in metabolism (37.54%), information storage and
processing (16.32%), cellular processes and signaling (19.03%),
and about 28% of core genes are functions unknown. It is worth
mentioning that numerous core genes are annotated in processes
like signal transduction mechanisms (87 genes), intracellular
trafficking, secretion, and vesicular transport (32 genes), defense
mechanism (27 genes), indicating that these processes may be
important for the survival of L. hongkongensis in the various
living environments and may play key roles in interaction with
host immune systems.

A phylogenetic tree of 49 L. hongkongensis strains was
constructed based on amino acid sequences of 2,291 core genes
to understand the genetic relationship between strains from
different sources (Figure 2B). The strains can be divided into
four clusters in the tree. The strains in the core I cluster and
core II cluster were derived from the grass carp samples, while
strains in the core III and core IV were mostly derived from
the frog samples except for HLGZ1, HKU1, and HLHKY, which
were collected from human clinical samples. The results of the
phylogenetic tree suggested that evolutionary divergence between
strains of different hosts had occurred in core genes. Different
L. hongkongensis strains might have their host preference.

For the clinical strains, HKU1 and HLHK9 were closely related
with each other, along with PW3643, they were more related with
strains derived from frogs, like W71, W105, and W47 in the core

IV cluster. HLGZ1 was closely related with W36 and W35 in
the core III cluster, indicating that human clinical strains were
genetically more related to some strains from frogs. HLGZ1 was
collected by a diarrheic human stool sample and reported to be
clustered into the same MLST cluster with two frog isolates (Wu
et al., 2018). These results were consistent with the hypothesis
that some L. hongkongensis strains derived from frogs may have
pathogenicity potential for humans (Wang et al., 2019).

Virulence Factor Profiles

To further understand pathogenic feathers and measure the
disease risk of these L. hongkongensis food-associated isolates,
we analyzed the virulence factors in each isolate. There were
112 virulence factors detected in total, with an average of
about 65 virulence factors among the 49 L. hongkongensis
strains (Supplementary Table 4). They were contributing to
invasion, adherence, immune evasion, efflux pump, toxin,
motility, stress adaption, and other virulence-related functions of
L. hongkongensis.

Another phylogenetic tree of 49 L. hongkongensis strains was
constructed based on sequences of virulence genes (Figure 3A).
The strains were divided into 4 clusters same as the tree based
on core genes, indicating that the evolution of virulence genes
was coordinated with the evolution of the core genome in
L. hongkongensis. Virulence gene variation might play important
role in bacterial adaptation to the host environment.

To further understand the virulence-related difference
between different sources, a heatmap was drawn to visualize the
distribution of the virulence genes (Figure 3B). Forty-eight core
virulence factors were present in more than 47 strains, and 22
specified virulence factors were only present in one single strain.
Strain Y93 and Y56 were distinguished from all other strains for
holding 12 and 5 specified virulence factors and with the absence
of 14 and 11 core virulence factors. Based on the clustering of
samples, clinical strain HLGZ1 and HLHK9 were clustered with
W36 and W37, PW3643 and HKU1 were clustered with each
other, along with W27, W32, W24, and W33, indicating human
clinical strains were more similar with strains isolated from frogs

[K] Transcription

[N] Cell motility

[V] Defense mechanisms
[S] Function unknown
Others

OOROROOOONNENENODEODN

FIGURE 2 | Function annotation and phylogenetic tree of L. hongkongensis core genes. (A) COG Function categories of core genes. The annotation was conducted
with eggNOG based on the COG database. (B) Phylogenetic tree of 49 L. hongkongensis strains based on amino acid sequences of core genes inferred with
PhyloPhlAn 3.0.60. The genes can be grouped into eggNOG orthologous groups, but cannot be grouped into any COG function categories by eggNOG were

labeled as “others.”
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[J] Translation, ribosomal structure and biogenesis
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Tree scale: 0.1

FIGURE 3| Virulence factor profiles of 49 L. hongkongensis genomes. (A) Phylogenetic tree based on amino acid sequences of virulence factors using the
Maximum Likelihood Method by parsnp. Human clinical strains were presented in strong pink. (B) Complex heatmap of predicted virulence genes in 49 genomes.
Clustering was performed on row and column distances by ward. D2 method. The gene copy numbers, sample sources, and virulence factor classes were present

indicated with different colors.
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on virulence factors. This also suggested that strains isolated from
frogs may have a higher potential to infect humans, which adds
strength to the previous viewpoint (Wang et al., 2019). There
were no critical specified VF genes shared by all 4 clinical derived
strains, though gmd [LPS(Brucella), 3/4 VS 7/49, held by HKU1,
HLGZ1, and PW3643], ddhC (O-antigen (Yersinia), 2/4 VS 3/49,
held by HKU1 and PW3643), and wcaG (O-antigen (Yersinia),
2/4 VS 3/49, held by HKU1 and PW3643) were enriched in
these human clinical strains, indicating these genes may serve
important roles for human infection of L. hongkongensis.

Three virulence factors were noticed to be specific of stains
from grass carps, orfL (adherence), algC(Antiphagocytosis),
and pdhB (other adhesion-related proteins), existing in more
than 50% of grass carp derived strains. AlgC encodes a
phosphoglucomutase, which is essential for biofilm production,
and also involved with the formation of protective barrier
against host immune defenses and antibiotics and might be
important for L. hongkongensis infection and survival in grass
carps. There was also one gene wecC that only existed in grass
carp (52.4%) or frog (17.4%) derived strains, and have not
been shown in clinical strains, it was known to be involved in
the pathway enterobacterial common antigen biosynthesis and
in bacterial outer membrane biogenesis (Meier-Dieter et al,
1990). Two genes, flpF, and gmd were only existed in human
(50%) or frog (73.9%) derived strains, and have not shown in
grass carp derived strains. One virulence gene, algA was found
in all strains from frog and human, but only in 47.6% of strains
from grass carp, it is known to produce a precursor for alginate
polymerization (Shinabarger et al., 1991). The alginate layer

provides a protective barrier against host immune defenses and
antibiotics and might contribute to survival in the host. The
specific virulence-related genes held by strains from different
sources might indicate that different strategies have been adopted
for multi-host bacteria to adapt to drastic environmental changes.

Carbohydrate-Active enZYme Profiling
Carbohydrate utilization is the core process for organism survival
and reflects the adaptability of bacterial strains to environments,
and provides hints for understanding the interaction between
bacteria and host. CAZyme profiling was analyzed using dbCAN2
to investigate the genomic potential for carbohydrate utilization.
The L. hongkongensis strains generally had similar types of
CAZymes, but there were variations in the absolute numbers
of genes within each of certain categories in the CAZy profiles
(Figure 4A and Supplementary Table 5). The mean value of
carbohydrate utilization gene number in 49 strains was 78.6.
The gene numbers of Auxiliary Activities, Carbohydrate-Binding
Modules, Carbohydrate Esterases, and Glycoside Hydrolases
were similar between strains from different sources, but strains
isolated from frogs and humans carried significantly more genes
of Glycosyl Transferases than strains isolated from grass carps
(t-testp = 1.49¢°).

A heatmap was drawn to visualize the presence and absence
of Carbohydrate-active enzymes among 49 strains (Figure 4B).
Eight gene families were present in almost all 49 strains with
average gene numbers bigger than 3, indicating their important
roles for L. hongkongensis. These gene families were AAl
(Levasseur et al., 2013), CBM50 (Boraston et al., 2004), GH23,
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GH24 (Henrissat and Davies, 1997), GT0, GT2, GT4, GT51
(Coutinho et al.,, 2003), which were reported to be multicopper
oxidases that use diphenols, enzymes cleaving either chitin or
peptidoglycan, lysozymes, cellulose synthase, sucrose synthase,
and murein polymerase, and so on.

Human clinical strains seem to have more enzymes of GT4
compared to other strains, the mean value of GT4 enzyme
number existed in 4 clinical strains was 8.75, while it was 7.7 in
frog-derived strains, and 6.0 in grass carp derived strains. GT4
is the Glycosyltransferase family that contains sucrose synthase,
sucrose-phosphate, and other Glycosyltransferases (Campbell
et al., 1997), which may be important for L. hongkongensis
survival inside the human host. PW3643 was the only strain
that encoded PL22. PL22s were commonly referred to as
oligogalacturonide lyases (OGLs). This enzyme family was found
primarily in phytopathogenic or intestinal bacteria where it
played a role in the metabolism of pectin (Abbott et al., 2010).
PW3643 was also the only strain that do not have an AA3.
Enzymes of family AA3 were widespread and catalyzed the
oxidation of alcohols or carbohydrates with the concomitant
formation of hydrogen peroxide or hydroquinones, the enzymes
were most abundant in fungi and only recently found in bacteria
(Sutzl et al., 2018). CE4 was only found present in PW3643
and HKU1. Known activities of CE 4 family members include
acetylxylan esterases, chitin deacetylases, chitooligosaccharide
deacetylases, and peptidoglycan deacetylases (Hayhurst et al.,
2008). Peptidoglycan was the essential bacterial cell wall polymer,
indicating that PW3643 and HKU1 may have specified feathers
in their cell wall. Interestingly, we found that clinical strains

from Hong Kong, HKU1, and HLHK9 were clustered together
with frog-derived strains, strain HLGZ1 was still clustered with
W36 and W37 based on CAZyme profiling, consistent with the
phylogenetic trees and virulence factors.

We also noticed that only some strains isolated from grass carp
uniquely held genes of Polysaccharide Lyases PLO and PL12, this
may be due to the specified polyanionic substrates they need to
degrade in their living habitat.

Antimicrobial Resistance Determinants

Antimicrobial resistance is the core focus of clinical treatment
and control of pathogenic microorganisms. So, the antibiotic
resistance genes were predicted and antimicrobial susceptibility
for common drugs were tested. Thirty-two AMR genes or
point mutations were identified (Figure 5A and Supplementary
Table 6). Among all detected genes or point mutations, the
L. hongkongensis ampC which encoded an class C beta-lactamase,
and adeF which encoded resistance-nodulation-cell division
(RND) antibiotic efflux pump had much higher prevalence rates
than the other genes or point mutations (both 100%), followed by
sulfonamide resistant sull (30.6%), major facilitator superfamily
(MES) antibiotic efflux pump [24.5% tet(A), 10.2% tet(D),
2.0% tet(C), and 2.0% tet(G)], aminoglycoside resistant gene
AAC(6')(14.3% AAC(6)-1b-cr, 4.1% AAC(6)-1b9, 2.0% AAC(6')-
IIa, 2.0% AAC(6')-IV, and 2.0% AAC(6')-1b7), small multidrug
resistance (SMR) antibiotic efflux pump gacH (12.2%), genes that
encode proteins for streptomycin nucleotidylylation ANT(3”)
(10.2% aadA3, 8.2% aadA2, and 6.1% aadA16), genes that encode
proteins for streptomycin phosphorylation [4.1% APH(3")-Ia,
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4.1% APH(3")-Ib, and 4.1% APH(6)-1d], trimethoprim resistant
dihydrofolate reductase dfr (8.2% dfrA27, 8.2% dfrAl, and
6.1% dfrA32, and 2% dfrA12), rifampin ADP-ribosyltransferase
(8.2% arr-3, 4.1% arr-2), macrolide esterase EreA (8.2%), genes
encoding phenicol antibiotic efflux pump (6.1% cmlA5, and 2%
cmx, and 2% floR), and OXA beta-lactamase OXA-21 (2%), CARB
beta-lactamase CARB-3 (2%).

Susceptibility to 18 clinical commonly used antibiotics
was tested for the 45 food-associated strains (Figure 5B).
L. hongkongensis had a general resistance to cefazolin [97.8%
Resistance (R) or intermediate (I)], rifampicin (97.8% R
or I), ceftazidime (95.6% R or I), ampicillin (91.1% R or
I), and ceftriaxone (80.0% R or I), this may be due to the
high prevalence rate of Laribacter hongkongensis ampC.
One-third of strains showed resistance to tetracycline due
to tet(A) and other tet genes. Resistance/intermediate rate
of frog-derived strains to fluoroquinolones (Ciprofloxacin,
p = 5.45e7°, Levofloxacin, p = 2.83e~°), aminoglycosides

(Amikacin, p = 13272, Gentamicin, p = 5.15¢72),
Ceftriaxone (p = 1.20e~3), and Trimethoprim-sulfamethoxazole
(p = 3.32¢73) were significantly higher compared to grass
carp-derived strains. Among frog-derived strains, 50% of
strains were resistant to ciprofloxacin, 33.3% of strains were
resistant to levofloxacin, 41.7% of strains were resistant to
trimethoprim-sulfamethoxazole, 25% of strains were resistant
to amikacin, and 16.7% of strains were resistant to gentamicin.
It was also worth mentioning that the resistance/intermediate
rate of cefuroxime was higher (p = 5.7le”2) in grass carp
derived strains (14.3%, 3/21) than in frog-derived strains
(0%), which cannot be clearly explained by their AMR gene,
this may due to unknown genomic differences in grass
carp-derived strains.

The drug resistance of L. hongkongensis from frogs and
fishes has been reported (Feng et al, 2012; Wang et al,
2019). We believe that the high resistance rates of frog-
derived strains to fluoroquinolones and aminoglycosides might
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be due to prophylactic use of antibiotics in aquaculture and
antibiotic pollution in aquaculture ponds, leading to selection
pressure on environmental bacteria to develop resistance
and to facilitate horizontal gene transfer (HGT) between
bacteria. Sulfametoxydiazine, sulfamethazine, sulfamethoxazole,
oxytetracycline, chlortetracycline, doxycycline, ciprofloxacin,
norfloxacin, and enrofloxacin had been detected in sediment and
water samples in Guangdong province, China (Xiong W. et al,,
2015). Fluoroquinolones (Turnipseed et al., 2012) and multidrug-
resistant bacteria (Lei et al., 2019) had also been detected from
frog tissue. One research had reported that ARG pollution was
more serious in bullfrog ponds than polyculture ponds due to
the more frequent use of antibiotics in bullfrog rearing operations
(Yuan et al., 2019).

The general beta-lactamase resistance of L. hongkongensis
should be noted and clinical medication strategies adjusted
accordingly. The high drug resistance rate of frog-derived
strains is becoming a serious problem. We also noticed that
drug-resistant frog-derived strains like W35, W36, W37, and
so on were closely related with human clinical strains based
on phylogenetic trees, virulence factors, and carbohydrate-
active enzymes, indicating their high risk of human infection
and can bring serious difficulties for clinical treatment of
L. hongkongensis infection.

CONCLUSION

The genome sequences of L. hongkongensis reported here is
a valuable resource for further studies investigating the newly
discovered foodborne pathogen. The comprehensive analysis
of the genetic evolution, virulence factors, carbohydrate-active
enzymes can provide a snapshot of the genetic and pathogenic
characteristics of L. hongkongensis. Prediction of antimicrobial
resistance gene and susceptibility analysis of clinical drugs
gives high-quality reference information for drug choice,
which will benefit the environmental and clinical control of
L. hongkongensis.
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The current theoretical proposals of minimal genomes have not attempted to outline
the essential machinery for proper translation in cells. Here, we present a proposal
of a minimal translation machinery based on (1) a comparative analysis of bacterial
genomes of insects’ endosymbionts using a machine learning classification algorithm,
(2) the empiric genomic information obtained from Mycoplasma mycoides JCVI-syn3.0
the first minimal bacterial genome obtained by design and synthesis, and (3) a detailed
functional analysis of the candidate genes based on essentiality according to the DEG
database (Escherichia coli and Bacillus subtilis) and the literature. This proposed minimal
translational machinery is composed by 142 genes which must be present in any
synthetic prokaryotic cell designed for biotechnological purposes, 76.8% of which are
shared with JCVI-syn3.0. Eight additional genes were manually included in the proposal
for a proper and efficient translation.

Keywords: translation machinery, minimal genome, endosymbionts, JCVI-sync3.0, cosymbionts

INTRODUCTION

The minimal genome was originally defined as the set of genes necessary and sufficient for life
under low restrictive conditions (Mushegian, 1999). Therefore, a minimal genome must guarantee
the three functional pillars of a living cell (Gil, 2014). First, a simplified DNA replication and
repair system, as well as transcription and translation systems, to ensure the maintenance and the
proper use of its genetic information; second, a self-sufficient metabolism that meets basic energy
and structural requirements; last, an envelope that shelters all the cellular machinery and allows
interaction with the environment, as well as the generation of descendants.

Many authors have striven to define the minimal genome to understand the basic principles of
life and to apply it for biotechnological purposes (Gil, 2014; Hutchison et al., 2016; Ziegler and
Takors, 2019). One of the most used strategies to define the minimal genome is based on the
study of organisms with naturally reduced genomes due to their living style in association with
a eukaryotic host, no matter if the association is mutualistic or parasitic (Moya et al., 2008). On
account of this host-dependence characteristic and the niches in which they thrive, it has always
been a challenge to apply experimental techniques to investigate their physiological processes in
real-time. Nevertheless, thanks to the development of high-throughput sequencing technologies,
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many genomes of mutualistic insect endosymbionts have been
sequenced and are available for in depth studies. These bacteria
have been recognized as a key factor in the evolutionary success
of this group of animals (Moya et al., 2008), as they provide their
hosts with tools to adapt to new environments, in many cases
related to nutrient provision. During the process of symbiotic
integration, the endosymbiont genomes undergo what has been
called the “genome-reduction syndrome” (Gil et al., 2010). The
genome size of obligate (primary) endosymbionts (OS) can vary,
depending on the age of the association and the degree of
symbiotic integration achieved, leading to small genomes (circa
600 kb in many cases) or even to tiny genomes (Moran and
Bennett, 2014), also known as “symbionelles” (Reyes-Prieto et al.,
2014), as it is the case of the 106-kb genome of “Candidatus
Hodgkinia cicadicola” str. TETCHI4, the smallest sequenced
bacterial genome to date (Lukasik et al, 2018). The strong
genome shrinkage undergone by these tiny genomes, has gone
beyond the limit of what has been defined as a minimal
genome (Gil, 2014), which contemplates about 187-205 protein-
coding and 35-38 RNA genes. Although this proposal includes
universally retained genes, and some persistent ones [i.e., non-
ubiquitous genes conserved in most genomes, therefore, non-
essential but needed for robust long-term survival; Acevedo-
Rocha et al. (2013)], it is still a theoretical proposal that has never
been proven to be enough to maintain a living cell.

The translational machinery is essential for the maintenance
and continuity of the cell and is, by far, the most complex
part of modern cells (Figure 1). It is made of numerous
macromolecules, including proteins and RNAs (mRNAs, tRNAs,
rRNAs, and other small RNAs), all of which are encoded
in an organism’s genome. Most genes involved in translation
are considered essential or quasi-essential for cell survival.
Remarkably, there are many examples of endosymbiotic bacteria
that lack important translational genes. In such cases, it
has been hypothesized that it must be the host, or a co-
obligate endosymbiont where appropriate, which provides the
informational precursors to the endosymbiont which holds the
deficiency (Sloan and Moran, 2012).

In 2010, the 1,079-kb genome of M. mycoides JCVI-syn1.0 was
chemically synthesized and its cell growth when transplanted into
the cytoplasm of Mycoplasma capricolum was proven (Gibson
et al., 2010). The first semisynthetic organism based on modern
living cells, was created. Afterwards, using JCVI-synl.0 as a
starting point, and by removing non-essential genomic regions
through a cyclic design-build-test (DBT) strategy, Hutchison
and co-workers managed to obtain M. mycoides JCVI-syn3.0
(Hutchison et al., 2016). This semisynthetic organism is viable in
axenic culture and its streamlined genome contains 438 protein-
coding and 35 RNA genes. It derives from a Mollicutes, which
have evolved from ancestral Gram-positive bacteria (Parks et al.,
2018) for which the translation machinery has been extensively
studied in the last decade (Grosjean et al, 2014). In their
work, Grosjean and collaborators identified translation-related
protein-coding genes shared by 39 selected Mollicutes’ genomes
and compared them with those of Escherichia coli and Bacillus
subtilis, as Gram-negative and Gram-positive bacterial models,
respectively. A set of 260 protein-coding genes involved in

translational functions were selected for the study and classified
in the following functional categories: ribosomal proteins,
tRNA aminoacylation, rRNA modifications, tRNA modifications,
ribosome assembly, translation, and RNA processing. They found
that the categories of aminoacyl-tRNA synthetases, ribosomal
proteins and translation factors contained the most preserved
genes, while some enzymes involved in specific modifications of
tRNAs, 16S rRNA, and 23S rRNA, fundamental for decoding and
peptidyl transfer, were also essential.

The updated proposal of the minimal genome by Gil (2014)
included a revised version of the genes involved in translation.
It is worth mentioning that, among the genes included in the
previously defined core of the minimal genome (Gil et al,
2004), four of the poorly characterized genes due to the lack
of information at that time, were later identified as part of the
translation machinery (i.e., rsmH, rsml, IS, and ybeY). Twelve
additional persistent genes were added to the new version, many
of which encode ribosomal proteins that, due to their small size,
might have been missed during genome annotation or lost in
extremely reduced genomes (Nikolaeva et al., 2021).

For this work, in an attempt to get closer to the universal
core of the minimal translation machinery, we selected most of
the complete reduced genomes of insect endosymbionts available
in the SymGenDB database by 2020 (Reyes-Prieto et al., 2020),
to search through an unsupervised machine learning technique
(hierarchical clustering) for those essential and persistent genes
involved in translation. Then, in order to validate our in silico
minimal translation machinery proposal, we compared it with
that of M. mycoides JCVI-syn3.0. Finally, we compared the
obtained translation machinery with the one defined by Grosjean
et al. (2014) for Mollicutes. Our final proposal is composed of
142 protein-coding genes and defines the protein components
of the minimal translation machinery that must be present in
a hypothetical viable prokaryotic cell, which can be useful for
defining a biological chassis to which desired functions can be
added for biotechnological purposes.

MATERIALS AND METHODS

Bacterial Genomes Used in This Study

The endosymbiont genomes to be included in the analyses and
their accession IDs were mostly retrieved from SymGenDB
(Reyes-Prieto et al., 2020). We added the following genomes that
were not available in SymGenDB (2020) due to their posterior
discovery or annotation, or because they are not listed in the
KEGG database: “Candidatus Serratia symbiotica” SeCistrobi,
“Candidatus Tremblaya phenacola” PPER, “Candidatus
Tremblaya princeps” TPPLON, Cardinium cStur, Cardinium
hertigii cBtQ1, Neisseria meningitidis MC58, Serratia symbiotica
SCt-VLC, “Candidatus Tremblaya princeps” TPMHIRI,
“Candidatus Tremblaya princeps” TPPMARI, “Candidatus
Tremblaya princeps” TPFVIR, “Candidatus Tremblaya princeps”
TPTPERI1, “Candidatus Sulcia muelleri” TETUND, “Candidatus
Hodgkinia cicadicola” TETUND2, Buchnera aphidicola BCc
and “Candidatus Sodalis sp.” SoCistrobi. Their genomic data
were retrieved automatically on August 2020 using the efetch
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FIGURE 1 | Simplified schematic view of translation in bacteria. In this work all the proteins included in translation machinery are classified in seven functional
categories: ribosomal proteins (orange), tRNA aminoacylation (coral), rRNA modifications (pink), tRNA modifications (wheat), ribosome assembly/protein folding
(orchid), Translation factors (blue), and RNA processing (green). The most important functions are summarized in the respective panels of each category. The tRNA
structure corresponds to tRNA(lle) from PDB database (1FFY; Silvian et al., 1999), and has been modified with PyMOL software (Schrodinger and Delano, 2020) for
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command from GeneBank,' except for “Candidatus Tremblaya
phenacola” PPER, Serratia symbiotica SCt-VLC and Cardinium
hertigii cBtQ1, which were manually downloaded because
only shotgun assemblies are available. Additionally, in order
to generate a complete universe of translation-involved genes,
we included in our analysis 10 bacterial genomes with no
reduction, two of them, E. coli and B. subtilis, are common
bacterial models for Gram-negative and Gram-positive bacteria,

Thttps://www.ncbi.nlm.nih.gov/genome/

respectively. The other eight were selected because they are
taxonomically diverse and can be grown in the laboratory in
axenic culture. The Prokka software tool (Seemann, 2014)
was used to re-annotate all genomes for homogeneous results.
Finally, we also included in our comparisons the genome of
M. mycoides JCVI-syn3.0. This genome annotation was retrieved
from Hutchison et al. (2016). We only took into consideration
genes classified as ribosome biogenesis, RNA metabolism,
protein folding, translation, RNA, rRNA modification, tRNA
modification, and regulation. The sequences of ORFs classified
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as “unclear category” were used to perform a BLASTP against
the non-redundant protein sequences database at the NCBI
web (The Blast Sequence Analysis Tool, 2022) to look for
putative functions of the hypothetical conserved proteins they
might encode. All 110 bacterial genomes under study have been
compiled in a dataset called “cosym” with 92 entries as a result
of considering coprimary insect endosymbionts (symbiotic
consortia) as single entities (Supplementary Material 1), and a
list of the genera included in this study is listed in Table 1.

Identification of the Translational Gene
Sets and Gene Orthology Analysis

Genes were classified into functional categories based on the
previous work by Grosjean et al. (2014). We defined the set
of translational protein-coding genes (translational gene set) of
the two model species considered through several steps. First,
we retrieved the genes from E. coli and B. subtilis that have
been included in the work by Grosjean et al. (2014) as encoding
essential components of the translation machinery. Then, we
searched for selected GeneOntology (GO) terms on UniProt
(UniProt Consortium, 2015) and EcoCyc (Keseler et al., 2013),
in order to update the list (Supplementary Material 2). The
GO terms included were: 0000154 (rRNA modification), 0001510
(RNA methylation), 0001680 (Addition of CCA 3’-end of tRNA),
0005840 (Ribosome), 0006364 (rRNA processing), 0006396
(RNA processing), 0006400 (tRNA modification), 0006412
(Translation), 0006417 (Translational regulation), 0006457

TABLE 1 | Genera of the symbionts and free-living bacteria whose genomes have
been used in this study.

Symbionts

Arsenophonus (1) Riesia (2)
Baumannia (2) Serratia (3)
Blattabacterium (8) Sodalis (3)
Blochmannia (6) Sulcia (8)

Buchnera (19) Tachikawaea (1)

Carsonella (7) Tremblaya (8)
Doolittlea (1) Uzinura (1)
Evansia (1) Walczuchella (1)
Gullanella (1) Zinderia (1)
Hoaglandella (1) Cardinium (3)
Hodgkinia (3) Legionella (1)
Mikella (1) Neisseria (1)
Moranella (1) Rickettsia (1)
Nasuia (1) Wigglesworthia (2)
Pantoea (1) Wolbachia (6)
Profftella (1) Non-genera, Secondary endosymbiont of (3)
Free-living

Achromobacter (1)
Bacillus (1)
Caulobacter (1)
Escherichia (1)

Flavobacterium (2)

Mesorhizobium (1)
Pseudomonas (1)
Serratia (1)
Sphingobacterium (1)

In brackets, the number of genomes within the same genera.

(Protein folding), 0008033 (tRNA processing), 0009451 (RNA
modification), 0042255 (Ribosomal assembly), and 0042254
(Ribosomal biogenesis). In this step, a manual curation of
gene names was mandatory to eliminate duplicated candidates
(i.e, the same ortholog with different annotated names), to
use the UniProt accepted nomenclature for genes with a
double translational function, and to remove genes not strictly
related to translation.

Orthologous genes (paralogs included) in all genomes
under study were identified using the Roary software (Page
et al,, 2015) with default parameters. The absence (0 count)
or presence (1 count) of each one of these orthologs in
each genome was counted, creating several matrices for
further analyses, one per each functional translation category
(Supplementary Material 3).

Classification of Genes and Statistical
Analysis

Hierarchical cluster analysis (HCA), an unsupervised machine
learning approach for grouping datasets into clusters, was used
for the classification of the dataset genes. HCA was performed
in R with gplots:heatmap.2 and stats:hclust (complete method)
functions. The input data were the presence/absence matrices
obtained in the gene orthology analysis. To extract the gene
names of the dendrogram clustering, the cutree function of
the stats R-package was used. The treatment of the data, the
construction of figures and the statistical analyses performed for
this work were carried out with ad doc scripting in RStudio
4.0.3 using the stats, ggplot2 (Wickham, 2016) and ggthemes R
packages. The full script is available through https://github.com/
majogarzon/MinTransMach.git.

RESULTS

Selection of the Bacterial Genomes for
the Study and Characterization of Their

Pangenome
Defining the basic living functions to generate a simplified
bacterium that might be modulated under laboratory conditions
with desirable and predictable outcomes for biotechnological
purposes is a great challenge. The naturally reduced genomes of
insect endosymbionts have historically been studied to approach
the minimal genome concept, providing valuable information
about those functional modules that are necessary and sufficient
for life. Previous comparative studies (Gil et al., 2004) concluded
that the minimal genome is substantially enriched in genes
involved in genetic-information processing, mainly coding for
the elements of the translational apparatus, the most complex
machinery in a living cell. Yet, it has been possible to define
simplified but still functional translation machineries after a
reductive evolution in Mollicutes and insect endosymbionts
(Grosjean et al., 2014; Gil and Pereto, 2015).

In this work, to further explore and validate the minimal
translation machinery, our search began with the selection of
organisms with naturally reduced genomes to compare them
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with known free-living bacterial models which must possess
efficient, complete, and more complex translational apparatus. As
a starting point, taking advantage of the availability of extensive
genomic information and the bioinformatic tools developed in
recent years, we retrieved all the genomes annotated as insect
endosymbionts from SymGenDDB, a database that lodges genomic
information of organisms involved in symbiotic relationships
(Reyes-Prieto et al,, 2020), and updated the information by
manually including some additional endosymbiont genomes, as
described in Materials and Methods. All these genomes were
classified depending on their symbiotic relationship as primary or
obligate symbionts (OS) when they are necessary for the survival
and reproduction of the host, and as secondary symbionts (SS)
when they maintain a facultative symbiotic relationship in terms

of survival. Furthermore, we included several non-symbiotic
organisms, designated as free-living (FL), to have a complete
representation of the universe of translational genes in our data
set. All the 110 organisms used in our analyses are listed along
with taxonomic and genomic information in Supplementary
Material 1, and a summary of their genera is listed in Table 1.
Many insects live in obligate association with more than one
endosymbiotic bacterium. It has been observed that the presence
of two (or more) co-primary endosymbionts allows a greater
reduction of the bacterial genomes, far below the definition
of a minimal genome (Sloan and Moran, 2012). Probably this
means that they can complement each other by exchanging
some gene products to perform essential functions (Reyes-Prieto
et al,, 2014), including informational ones (i.e., DNA replication,

59 54
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FIGURE 2 | Representation and analysis of the universe of translational genes in the data under study. The complete list of genes can be found in Supplementary
Material 2. (A) Translational set composed by 309 genes after manual curation. (B) Gene reduction level of the genomes under study measured as percentage of
translational orthologs not detected in each organism related to the maximum number of genes found in each translational category of the dataset. FL: free-living.
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transcription and translation). For this reason, to generate our
final genome dataset we considered all coprimary symbionts as
a single entity (consortia sheet in Supplementary Material 1),
leading to only 92 entries. Next, we searched for the orthologs in
the genome’s dataset using the Roary software. We found 101,012
clusters of orthologs which compose the whole pangenome of the
organisms under study.

Computational Search of the Universe of
Genes for Translation

Before determining our universe of translational genes, we had
to cope with the existence of poorly or wrongly annotated genes
and pseudogenes within the analyzed genomes. In fact, a critical
difficulty in carrying out this work has been the automation
of the process because, even though great efforts are being
made to unify the nomenclature (as defined by the International
Nucleotide Sequence Database Collaboration, INSDC; Brunak
et al,, 2002), at present no database provides the unified names
for all genes. Most gene descriptions are still based on their initial
identification by classical genetics in each given organism, and
a recent discovery of their function is often associated to errors,
such as entering a function twice without unified descriptors
or simply by not including it in databases. For this work, the
UniProt nomenclature recommended by the INSDC has been
used; in cases where there was no classification, the accepted
nomenclature for in E. coli K-12 MG1655 (taxonomy ID 511145)
was chosen (Schoch et al., 2020).

Once this problem was solved, we set up a universe of
translational protein-coding genes, which is composed by the
genes that encode the proteins that integrate the translation
apparatus, as well as those that directly or indirectly participate
in the different stages of rRNA or tRNA processing. This gene
set was defined based on the genomes of the two selected
model bacteria, E. coli K-12 MG1655 and B. subtilis 168. We
detected a total of 309 unique genes (Supplementary Material 2).
Most of them belong to the ribosomal proteins and tRNA
modification categories, and only a few of them to RNA
processing (Figure 2A).

Then, we compared the previously defined pangenome to
the universe of translational genes, to search for the 309 genes
involved in translation. As expected, the genome reduction
process affects the total number of genes for this function,
and the losses depend on the translational subprocess involved
(Figure 2B). Most ribosomal proteins are present in all organisms
regardless of their lifestyle, confirming the importance of the
whole ribosome as a functional unit. In contrast, many genes
of the other translational categories have been lost, especially
in OS and, to a lesser extent, in SS, certainly affected by
the genome reduction syndrome. The less conserved genes
belong to the ribosome assembly and rRNA/tRNA modification
categories, as previously described (de Crécy-Lagard, 2007;
Grosjean et al., 2014).

Next, we explored the datasets for essential and persistent
genes (Acevedo-Rocha et al., 2013) to get closer to the definition
of a functional minimized translation machinery. Evidently, if all
organisms have an ortholog of a given gene, its function must

be essential and must be included in the minimal translation
machinery. Conversely, a gene that only presents orthologs in few
organisms with reduced genomes, would not be essential. Based
on this notion, a hierarchical clustering analysis was carried out,
grouping the data in each of the seven translational subprocesses
considered. This machine-learning unsupervised classification
algorithm managed to separate each subset of data into two
clusters (Supplementary Figure 1). A total of 134 orthologs were
found in the seven clusters with higher counts and represent
the candidate genes to be included in a first proposal of a
minimal translational machinery (Supplementary Material 4).
In previous works, Buchnera aphidicola BCc the OS of the aphid
Cinara cedri (Pérez-Brocal et al., 2006; abbreviated as bcc in our
study) was considered to possess a small genome close to what
could be considered a minimal genome, still able to support the
translation process autonomously, while tiny genomes were those
that had already lost this ability, so that even genes essential
to the process had been lost, making them dependent on the
cooperation of a cosymbiont, or even the host, to perform
translation (Reyes-Prieto et al., 2014). Therefore, as a first proxy
for validation of our approach to define a minimal translational
machinery, we compared our results with the genes from the
bee genome as a naturally minimized reference genome. The
bee genome retains around half of the universe of translational
orthologs (150 out of 309 genes), of which it shares 125 genes
with our first minimal proposal. Additionally, our proposal
contains nine genes (queA, rlmB, rne, rnhA, rplR, tgt, trmB, tsaC,
and tusE) that are not present in bec. As bee is cosymbiont
of Serratia symbiotica str. “Cinara cedri” (SS of Cinara cedri;
abbreviated ssz), we searched for those genes in the cosymbiont’s
genome. The presence of all nine genes in ssz indicates that it
probably contributes essential translation genes to the symbiotic
relationship. On the other side, the 25 additional genes present
in bee and absent in our minimal proposal might reflect that its
genome reduction is still an ongoing process. However, as 14
out of these 25 genes are essential in E. coli (see next section)
and belong to all possible translational subcategories, it cannot
be ruled out that some of them are necessary to improve the
efficiency of translation in the specific intracellular environment
of this bacterium.

Refining the Minimal Translation
Machinery

In order to test the viability of our first proposal, we compared
it with the set of essential genes involved in translation of
E. coli K-12 MG1655 and B. subtilis 168, according to the
DEG database (Luo et al., 2021) and more recent studies on
essentiality in B. subtilis (Koo et al., 2017; Pedreira et al., 2022)
and E. coli (Goodall et al., 2020), and with the synthetic JCVI-
syn3.0 organism (Hutchison et al., 2016). These two comparisons
provide complementary information. While the DEG database
reports those genes indispensable for the immediate survival
of an organism, the information obtained from JCVI-syn3.0
also highlights the importance of persistent genes, needed for
the cell to maintain itself for an extended term. Hutchison
et al. (2016) indicate that the JCVI-syn3.0 genome has 195
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genes for genetic information storage and processing. Among
them, we found that 144 genes are involved in translational
processes. Additionally, because 92 genes without assigned
biological function were predicted when the JCVI-syn3.0 genome
was published (Hutchison et al., 2016), we searched for putative
functions of this last set of genes by BLASTP against the
non-redundant protein sequences (nr) database from the NCBI
web page. Several possibly interesting enzymes were found:
a bifunctional oligoribonuclease and PAP phosphatase (nrnA;
EC 3.1.3.7), a putative pre-16S rRNA nuclease RNaseH-like
(yqgF; EC 3.1.-.-) and a ribosomal L7Ae/L30e/S12e/Gadd45
family protein (EC 3.1.26.5). The later must be a rpmD-like
gene, as no rpmD has been annotated on the JCVI-syn3.0
genome, although it is present in all minimal sets we are
working with, an indication that it must be essential. Moreover,
a putative duplicated pheT gene was found. Figure 3 shows
the comparison among the three translational datasets. All
three datasets, share 95 genes, thus confirming that not all the
genes needed are strictly essential (Acevedo-Rocha et al., 2013).
Finally, of the 147-genes identified as components of the JCVI-
syn3.0 translation machinery, 106 genes (72.1%) are shared with
our new proposal for minimal a translation machinery and
correspond mainly to ribosomal proteins and aminoacylation
enzymes (Supplementary Material 4).

Lastly, based on information from the BioCyc and UniProt
databases, we performed a functional analysis of the genes found
in JCVI-syn3.0 that had not been included in our first proposal,
to improve the efficiency of the translational machinery model.
Furthermore, through this functional analysis we checked if any
function from our first proposal was unnecessary or redundant.
For example, in the cases in which there were specific genes of
Gram-negative or Gram-positive bacteria (i.e., non-orthologous
gene displacement), since this study is based mainly on data
from Gram-negative bacteria, we chose to include the alternative
corresponding to this group. Thus, regarding aminoacyl-tRNA
synthetases (EC 6.1.1.-), our proposal has included gInS and
glitX instead of gluS, gatA, gatB, and gatC. As for the tRNA
modification genes, we think that only thil and fsaE need to
be added. Both are related to the modifications at position 8
and 37 of tRNA, respectively. Thil (EC 2.8.1.4) is an enzyme
that produces 4-thiouridine [s(4)U8] (Kambampati and Lauhon,
2000), and it is encoded by an essential gene in E. coli K-
12 MG1655 (Rajakovich et al., 2012). Moreover, IscS-IscU (EC
2.8.1.7 and EC 3.6.4.10, respectively), two partners of Thil
involved in biological iron-sulfur cluster assembly, needed for
sulfur transfer, are already included in our proposal, are essential
in both E. coli and B. subtilis, and are present in JCVI-syn3.0
genome. Finally, we consider that iscA should be included as
well, although it is not in any of the results shown so far
(i.e., JCVI-syn3.0, DEG or our first proposal). This decision
is because IscA is necessary for the proper operation of the
IscS-IscU system. Although any other alternative enzyme of
the HesB family could replace it (Lopez-Madrigal et al., 2013),
at least one of them must be part of the minimal translation
machinery. On the other hand, TsaE is involved in the formation
of a threonylcarbamoyl group (tsA37), a universally conserved
modification (Thiaville et al., 2015). It acts with TsaB, TsaC

(EC 2.7.7.87) and TsaD (EC 2.3.1.234), encoded by essential
genes included in DEG, and present both in our first proposal
and in the JCVI-syn3.0 genome. Regarding to the subcategory
translation, we added tufA and tufB genes, both responsible for
the formation of the EF-Tu protein whose essential function is
delivering aminoacylated tRNA into the A-site of the ribosome
during protein biosynthesis (Kacar et al., 2017). In addition
of being necessary for proper translation, they are considered
essential in the DEG databases, and are present in the JCVI-
syn3.0 genome. As for the subcategory Ribosome assembly, we
think that rimM must be added because, together with rbfA, is
needed for efficient processing of 16S rRNA in E. coli (Bylund
etal., 1998). The cca gene (tRNA aminoacylation) which encodes
the enzyme Ccase (EC 2.7.7.72) that adds and repairs the 3’-
terminal CCA sequence in tRNAs is not included in JCVI-syn3.0.
In our results this gene is present to compensate the tendency
to have tRNA without the CCA end in OS genomes (data not
shown). Finally, nine ribosomal proteins that are present in the
JCVI-syn3.0 genome are not include in our first proposal: rplJ
(L10), rpmC (L29), rpmD (L30), rpmE (L31), rpmF (L32), rpm]
(L36), rpsP (S16), rpsR (S18), and rpsU (S21). It is known that
the composition of the large subunit of the ribosome is less
conserved than the one of the small subunit. Moreover, genes
of S21, L30 and L31 ribosomal proteins have been consistently
reported to be missing (Nikolaeva et al., 2021). Based on these
facts, we have only added rpsP and rpsR to our minimal
translation machinery.

The final minimal translation machinery proposed in our
study (Figure 4) is composed of 142 genes, 113 of which are
shared with JCVI-syn3.0 (76.8%), while 112 and 87 (78.8 and
61.3%) are essential in E. coli K-12 MG1655 and B. subtilis
168, respectively.

DISCUSSION

Based on a computational comparison of genomic information
about model and highly reduced bacterial genomes available in
public databases plus modern machine learning techniques, we
propose a minimal translational gene-set that consists of 142
genes. This work goes beyond the previous proposal of a minimal
translation machinery established in Mollicutes (Grosjean et al.,
2014), as it includes information about both Gram-positive and
Gram-negative organisms with naturally and artificially-reduced
genomes, plus a thorough manual curation of all the conjoined
information to search for possible mislead or missed genes to
define the minimal gene-set implied in a universal translation
process. Nevertheless, there is broad agreement with the minimal
translational machinery defined by Grosjean et al. (2014).
Ribosomal proteins are part of the ribosome together with
rRNAs. In our model, we include 46 genes out of 54 related
to this category. Of these, 43 are included in the JCVI-syn3.0
genome and 49 are largely conserved in Mollicutes (Grosjean
etal., 2014). It has been experimentally described that at least half
of the ribosomal proteins in E. coli and B. subtilis are not essential
for cell survival when individually deleted (Shoji et al., 2011;
Akanuma et al., 2012). The absence of some ribosomal proteins in
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FIGURE 3 | Comparison of translational genes in DataBases [bacterial gene list of essential translational genes for Escherichia coli K-12 MG1655 and Bacillus
subtilis 168, obtained from the Database of Essential Genes, Subtiwiki, Goodall et al. (2020) and Koo et al. (2017)], cosym (dataset of candidate genes included in
our preliminary proposal of a minimal translational machinery obtained from endosymbiont genomes by HCA in this work) and JCVI-syn3.0 (dataset of genes
annotated in this genome as involved in translation).

our set can be explained by two non-exclusive reasons. It cannot
be discarded that, due to their small size, some apparently absent
ribosomal genes are present but have not been detected (i.e.,
annotated) in the genomes under study. Otherwise, they could
have been in fact lost in tiny bacterial genomes, which tend to
lose mainly proteins of the large subunit located on the surface
of the ribosome (Galperin et al., 2021; Nikolaeva et al., 2021).
Regarding this point, seven genes that have not been included
in our proposal code for large ribosomal subunit components.
Altogether, the ribosomal proteins we have included in our

proposal are consistent with the theoretical or experimental
ribosomal-proteins sets described in the literature.

Translation factors perform diverse functions throughout the
translation process, optimizing it. Most of them were conserved
in the 39 Mollicutes genomes studied. Of the 51 genes from
the universal set under study that belong to the category
Translation, 17 are included in our proposal, and match genes
present in the JCVI-syn3.0 genome except for prfB, a gene
that is absent in most Mollicutes. It codes for release factor
2 (RF-2), the one that recognizes the UAG codon, which is
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recoded from stop to tryptophan in most of these clade members
(Grosjean et al., 2014).

Ribonucleases (RNases) that process different RNA precursors
are also needed in translation. Only three RNases were found in
all Mollicutes genomes analyzed by Grosjean et al. (2014), which
indicates that most of them do not need to be included in the
minimal translational gene-set. In our analysis, we have found
six genes included in the category RNA processing, only three
of which are coincident with JCVI- syn3.0, but not with those
found in Mollicutes, thus confirming that ribonucleases are not
conserved uniformly in the naturally reduced genomes.

Regarding aminoacyl-tRNA synthetases (EC 6.1.1.-), the
enzymes that add the corresponding amino acid to the
appropriate tRNA, it has been described that only one of them
is conserved for each amino acid in small genomes, while tiny
genomes do not retain a whole set, probably because some
of these enzymes can exert multifunction (i.e., an aminoacyl-
tRNA synthetase can load several different amino acids) (Moran

and Bennett, 2014) or because they can borrow those from a
cosymbiont or the host (Reyes-Prieto et al., 2014). Grosjean and
colleagues found 20 aminoacyl-tRNA synthetases were preserved
in Mollicutes, some of which are multimeric, and are not
coincident to those found in Gram-negative bacteria (Gil et al.,
2004). Thus, based on the first in silico proposal, taking into
account that the E. coli model was our default selection in case
of divergence, and to warrant an efficient functioning of the
system, we have maintained all 21 genes included in this category
in previous studies based on endosymbiont genomes (Gil et al.,
2004), which include 20 of the 33 genes of this category found in
the Mollicutes dataset, plus cca and glyQ. The latter, which was
not included in previous minimal genome proposals (Gil, 2014),
encodes the alpha-subunit of glycyl-tRNA synthetase, and was
added because both subunits appear to be necessary for its proper
functioning in E. coli (Ju et al., 2021).

A large part of the genes involved in the post-transcriptional
modifications of tRNAs and rRNAs have been lost in small
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genomes (Hansen and Moran, 2012). In fact, this is also the
category in which greater diversity is observed in Mollicutes
(de Crécy-Lagard et al., 2012; Grosjean et al., 2014). Therefore,
these genes appear to be dispensable for a minimal translational
machinery, even considering the importance of the chemical
modification of specific bases in the structure and function
of these RNAs. These modifications have been detected in
all domains of life (Sergiev et al, 2011) and can be simple
(e.g., methylations, thiolations, pseudouridinations) or complex,
including the addition of an amino acid (glycine, taurine,
threonine, etc.) in tRNAs. Specifically, the modifications of the
anticodon domain let the three-dimensional structure of each
tRNA to be set for its proper positioning in the ribosome
(Agris, 2008), thus facilitating the correct mRNA decoding.
The modifications in positions 34 and 37 are fundamental
for this purpose, and it is precisely where the greatest variety
of modifications are found (Armengod et al, 2014). The
minimal translational gene-set defined in Mollicutes revealed
that several tRNA modifying enzymes have not been lost
due to genome reduction (Grosjean et al, 2014). Yet, the
number of genes involved in tRNA modifications decreases
drastically along with genome size in obligate endosymbionts,
including some of the genes coding for factors involved in
these modifications, such as MnmA (EC 2.8.1.13) and the
IscS (EC 2.8.1.7), TrmD (EC 2.1.1.228) and TsaC (EC 2.8.1.7)
complexes. Little is known to date about tRNAs modification
in endosymbionts because, as they cannot be cultured in
the laboratory, it is not possible to analyse the state of
modification of tRNAs with conventional techniques. The
ongoing renewal and improvement of the latest generation
of sequencing techniques are making them a valuable tool
to deepen in their study (Zhang et al, 2022). Nevertheless,
it has been proposed that the tRNAs from endosymbiont
such as B. aphidicola must have specific changes in the
critical bases that would stabilize the structure of the molecule
to exercise its translational function despite having A + T
rich sequences (Hansen and Moran, 2012). It is currently
unknown if these endosymbiont organisms use any of the
host's modifying enzymes or if they can use their own
modifying enzymes that have not yet been identified, which
would improve the structural state of tRNA to optimize
its translational function. After adding all these genes for
optimal performance, our proposal includes 27 genes for post-
transcriptional modifications, 14 of which match the JCVI-
syn.3.0 genome, and 10 match the Mollicutes translation
machinery proposal.

As for the modifications of rRNAs, they help the translation
process by different mechanisms. Many of them are involved in
stabilizing the three-dimensional structure of the ribosome, and
they are mostly concentrated around the ribosomal catalytic sites.
In addition, they promote the interaction with ligands during
the translation process and act as checkpoint marks for control
of the process (Sergiev et al., 2011). While there are about 36
rRNA modifications in E. coli, only 14 have been described
in species of the genus Mycoplasma (de Crécy-Lagard, 2007).
We retrieved nine genes in our proposal, six out of which are
present in JCVI-syn3.0.

Since the JCVI-syn3.0 genome has been experimentally
minimized and its viability as an organism has been proven,
the 113 orthologous genes shared between this genome and
our proposal must be essential. The differences between them
can be explained by several non-exclusive causes, including
non-orthologous gene displacement, adaptation to different
environments and protein multifunctionality.

It is widely accepted that the environment strongly
influences what would be essential genes for a minimal
cell (Koonin, 2003; Gil and Peretd, 2015). Because our
main data source are insect symbionts, the environment is
very different from that of a free-living cell or one grown
in the laboratory under controlled conditions. This could
be reflected in the need of different RNA modifying and
RNA processing enzymes, where greater differences were
found in our comparisons. Remarkably, 16 of the 29 genes
included in our first proposal that are not present in JCVI-
syn3.0, code for rRNA/tRNA modifying enzymes. These
results suggest that the acquisition (or retention) of RNA-
modifying enzymes could play an enriching role for bacteria
to survive in different environments. From a biotechnological
point of view, these alternative enzymes could be tested to
build biological systems adapted to specific environmental
conditions. In addition, it remains to be determined whether
a non-redundant genetic code would make some tRNAs
modifications unnecessary.

We have worked with the concept one gene-one function,
which is known to be inaccurate. It cannot be ruled out
that proteins with low substrate specificity could replace the
function of others (e.g., a specific methylase could be able
to methylate non-specifically other substrates), while it is
known that many proteins can be involved in more than
one, sometimes unrelated, functions (moonlighting proteins;
Shirafkan et al., 2021). In addition to experimental validation of
genome reductions such as the one achieved with M. mycoides
JCVI-syn3.0, a better delineation of what should be the minimal
number of genes necessary to obtain a simplified but still
efficient bacterial translational apparatus can be achieved by
using machine-learning methods to detect replacements and
moonlighting scenarios.
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