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Abstract

During a citywide microbiological screening project in Pavia (Italy) a bacterial strain isolated from the surface of an Automated Teller
Machine was classified as a Klebsiella sp. by MALDI-TOF spectrometry, and shown to be susceptible to the most antimicrobial classes
by phenotypic testing. After Illumina genome sequencing and subsequent assembly, a high-quality draft genome was obtained
(size¼ 5,051,593 bp, N50¼ 615,571 bp, largest contig ¼ 1,328,029 bp, N_contig¼ 17, GC content¼51.58%, coverage¼ 141.42), ab-
sence of antimicrobial resistance genes was confirmed, but the strain resulted to be highly divergent from all Klebsiella, and more related
to other Enterobacteriaceae. The higher values of 16S rRNA identity were with members of the genera Citrobacter, Salmonella, and
“Superficieibacter.” An ortholog-based phylogenomic analysis indicated a sister group relationship with “Superficieibacter electus,” in a
distinct clade from other members of the Enterobacteriaceae family. In order to evaluate whether the novel genome represents a new spe-
cies of “Superficiebacter,” average nucleotide identity (ANI) and Hadamard analysis were performed on a dataset of 78
Enterobacteriaceae. The novel genome showed an ANI of 87.51% with S. electus, which compared on identity values between other mem-
bers of the family, clearly indicates that the genome represents a new species within the genus “Superficieibacter.” We propose for the
new species the name “Superficieibacter maynardsmithii.”
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Introduction
The family Enterobacteriaceae (Gammaproteobacteria), which
includes a large spectrum of Gram-negative, facultatively anaer-
obic, nonspore-forming, and rod-shaped bacteria (Octavia and
Lan 2014). From a biochemical standpoint, members of
this family are in general catalase positive and oxidase
negative, with the ability to reduct the nitrate to nitrite, and prod-
uct acid starting from glucose fermentation (Brenner and Farmer
2015).

Many members of this family, such as Citrobacter koseri,
Escherichia coli, Salmonella enterica, Klebsiella pneumoniae, and
Enterobacter spp. are well-known pathogens, of which the last two
belonging to the ESKAPE group (Rice 2008). Due to the massive
antibiotics use in the last three decades, an increased prevalence
of resistant strains was observed within the Enterobacteriaceae
family, enabling a rapid worldwide spread of MDR clones (Wilson
and Török 2018). Several mechanisms are involved in these

antimicrobial resistances, acquired due to gene acquisitions or by
point mutations. The most diffused b-lactamase resistance re-
lated genes are bla-TEM, bla-SHV, bla-VEB, or bla-CTX-M (Nicolas-
Chanoine et al. 2007; Bonomo 2017) . The most diffused carbape-
nemase coding genes are bla-KPC, bla-OXA-48, bla-IMP, bla-NDM,
and bla-VIM (Logan and Weinstein 2017), while other carbapenem
resistance mechanisms can be conferred by point mutations
causing porin loss, such as those on the ompK gene, when coupled
with the expression of extended-spectrum b-lactamases (ESBLs)
or AmpC-type b-lactamases gene (Hamzaoui et al. 2018). Other
Enterobacteriaceae are classified as commensal, but in general
members of this family tend to be widespread, capable to colo-
nize many environmental niches, such as water and soil (Brenner
and Farmer 2015). The isolates not associated with human hosts
are in general more susceptible to antibiotics such as cefotaxime,
aztreonam, gentamicin, nalidixic acid, and ciprofloxacin
(Österblad et al. 1999). However, recent works have observed that
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also the environmental isolates can harbor several antibiotic re-
sistance genes (Berglund 2015; Caltagirone et al. 2017).

The family Enterobacteriaceae was revisited by Adeolu in 2016
to include 22 officially recognized and seven “additional” (not val-
idated by the International Committee on Systematics of
Prokaryotes) genera (Adeolu et al. 2016). Recently, the family has
expanded to include novel genera, for a current total of 34 recog-
nized and 19 additional genera (bacterio.net accessed September
28, 2020). “Superficieibacter” (Potter et al. 2018) is one of these novel,
not officially recognized ones. Indeed, the high level of pheno-
typic and genomic heterogeneity of this family has made taxo-
nomic classification difficult through the years. In fact, although
the 16S rRNA gene is widely used in bacterial phylogeny and sys-
tematics, it has been shown to be an unreliable marker for the or-
der Enterobacteriaceae, due to highly variable levels of intra and
inter genus identity and polyphyly of well-established taxa, such
as Escherichia, Enterobacter, Kluyvera, and Klebsiella (Alnajar and
Gupta 2017). The low efficiency of 16sRNA in placing the mem-
bers of Enterobacteriaceae in a proper taxonomic context was evi-
denced within Klebsiella genus, as previously described (Boye and
Hansen 2003; Naum et al. 2008). Also, more recent works on
Klebsiella noticed this issue, such in the case of Klebsiella indica sp.
nov (Gujarati et al. 2020) in which it was observed a higher
16sRNA similarity with S. enterica, and in the description of
Klebsiella africanensis sp. nov., Klebsiella variicola subsp. tropicalensis
subsp. nov., and K. variicola subsp. variicola subsp. nov (Rodrigues
et al. 2019). Thus, the necessity of more reliable frameworks to as-
sign the correct taxonomy arose. Multiple authors have shown
that multilocus sequence analysis is able to improve phyloge-
netic resolution, assigning a more reliable clade allocation within
this family (e.g., Brady et al. 2016; Tambong 2019). Moreover, mas-
sive whole genome sequencing has allowed to use high through-
put approaches such as core genes phylogeny (Segata et al. 2011)
and overall genomes relatedness techniques such as the Overall
Genetic-Related Index (OGRI) (Chun and Rainey 2014) and the av-
erage nucleotide identity (ANI) (Goris et al. 2007; Chun et al. 2018).

Among the recently described genera of Enterobacteriaceae, the
genus “Superficieibacter” currently comprises only one species,
“Superficieibacter electus,” proposed by Potter and collaborators in
2018, after recovering two highly similar isolates on surfaces in
an intensive care unit in Pakistan. The described bacterium is
facultative aerobic Gram-negative bacillus capable of fermenting
arabinose, amygdalin, melibiose, saccharose, rhamnose, sorbitol,
lactose, glucose, and mannitol. The two isolated strains of “S. elec-
tus” resulted negative for arginine dihydrolase, indole production,
acetoin production and motility, and positive for sorbitol fermen-
tation (Potter et al. 2018). It is important to note that both strains
resulted to possess two extended-spectrum beta-lactamase
genes: bla-SHV12 and bla-TEM-1B, while retaining susceptibility
to carbapenems.

During a microbiological sampling performed in and around
the city of Pavia, Northern Italy, with the aim to study the diver-
sity of genus Klebsiella, a strain isolated from the surface of an
Automated Teller Machine, named 1612_C1, was observed and
further investigated.

Materials and methods
Bacterial isolation and antibiotic tests
An area of 10 cm2 from the surface of an Automated Teller
Machine in Pavia, Northern Italy, was swabbed using a sterile
swab. After the collection, the swab was enriched in Luria Bertani

broth with amoxicillin (10 mg/ml) at 36 6 1�C for 24 h. The enrich-
ment was plated onto Simmon’s Citrate Agar with 1% Inositol
(SCAI) and plates were incubated at 36 6 1�C for 48 h. Species
identification was performed using MALDI ToF-MS (Bruker).
Antibiotic susceptibility was tested through Phoenix automated
system (Becton Dickinson).

Genome sequencing and assembly
The genomic DNA of isolate 1612_C1 was extracted using the
QIAsymphony automated instrument (QIAGEN) with the DSP
Virus/Pathogen kit (QIAGEN). DNA was then sequenced using
Illumina HiSeq X Ten platform with a 2� 150 nt paired-end proto-
col. The resulting sequencing Reads were then subjected to as-
sembly using Spades (Bankevich et al. 2012). Genome annotation
was performed using PROKKA (Seemann 2014). The genome of
isolate 1612_C1 was screened for resistance and virulence genes
using Abricate (https://github.com/tseemann/abricate v1.0.1), us-
ing all the resistance databases available (cutoffs 90% coverage
and 90% identity). The 16S rRNA sequence was detected using
Barrnap (https://github.com/tseemann/barrnap v.0.9) and then
extracted manually. 16S rRNA sequence similarity was searched
using Blastn against the nr NCBI online database.

Ortholog gene phylogeny
The dataset for the phylogenetic analysis was constructed based
on a set of 78 representative members of the family
Enterobacteriaceae, plus a Pasteurella multocida as outgroup for the
analysis (see Supplementary Table S1 for a complete list). All
genomes were retrieved from NCBI in February 2020. The protein
sequences of ORFs from all genomes were predicted through
Prodigal (Hyatt 2010). Then, single copy orthogroup calling was
performed using Orthofinder (Emms and Kelly 2019). Obtained
orthologues were aligned with Muscle (Edgar 2004) and filtered
using Gblocks (Talavera and Castresana 2007) to remove highly
variable positions. After concatenation, the best evolutionary
model (PROTGAMMAILG) was assessed via Modeltest-ng (Darriba
et al. 2020) and used to infer the phylogeny using RAxML
(Stamatakis 2014) with 100 bootstraps. The resulting tree was vi-
sualized using iTOL (Letunic and Bork 2019).

Average nucleotide identity calculation
The ANI was measured on the 79 genomes dataset through the
tool pyANI (Pritchard et al. 2016), choosing the Mummer option.
Specifically, two set of values were analyzed: ANI identity and
Hadamard dot product values, the second being the matrix dot
product between percentage identity and alignment length for
each pairwise genome comparison; starting from a, b dimension-
ally identical matrices (coverage and identity, respectively), each
element i, j of the Hadamard matrix represented by c is the result
between the product of i, j element of the two starting matrices:

cij¼aij bij.

ANI and Hadamard matrices were analyzed in R Software ver-
sion 3.5.3 and two heatmaps were generated using the
“Pheatmap” package (Kolde 2015).

Data availability
All sequencing data are available at NCBI under Bioproject
PRJNA670827, Biosample SAMN16442788.

Supplementary material is available at G3 online.
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Results and discussion
Genome characterization
A high-quality draft genome assembly was obtained
(size¼ 5,051,593 bp, N50¼ 615,571 bp, largest contig ¼ 1,328,029
bp, N_contig¼ 17, GC content¼ 51.58%, coverage¼ 141.42) from
the 1612_C1 isolate. A total of 4721 coding sequences were pre-
dicted. The 16S rRNA (1539 bp) similarity found as best hits the
16S rRNA genes of Enterobacteriaceae: S. enterica with identity of
98.70%, followed by C. koseri (identity 98.57%), Salmonella bongori
(97.99%) and “S. electus” (97.75%). In silico screening of resistance
and virulence genes was performed using Abricate, and none was
found. The possible presence of virulence genes was checked also
in the two available genomes of “S. electus,” which resulted devoid
of them as well. Additional studies could investigate whether
these isolates are indeed not virulent or if they present highly di-
vergent factors, not recognizable just by sequence comparison
with known genes. The absence of resistance genes is coherent
with the performed susceptibility tests (Table 1).

Phylogenetic analysis
The initial MALDI-ToF MS identification identified the isolate as a
member of the genus Klebsiella, but a blast search on the 16S
rRNA appeared to disagree with this result. Thus, in order to
place the 1612_C1 isolate within the proper taxonomic context,
phylogenetic placement was inferred using a concatenate of
single copy orthologous (n¼ 612), using a dataset of 78
Enterobacteriaceae, plus a P. multocida as outgroup.

The single copy orthologous phylogenomics presents an over-
all tree topology congruent with the established taxonomic distri-
bution of the different genera of the family (Figure 1). The tree
clearly shows that the 1612_C1 isolate clusters with the two
available genomes of S. electus, resulting in a distinct, well
supported clade from other Enterobacteriaceae. The evolutionary
distance between the two previously published S. electus strains is
very low as expected, while the branch leading to the 1612_C1
isolate is clearly longer. A similar situation in terms of evolution-
ary distance between species of the same genus can be found in

other genera on the tree, such as Kosakonia, Citrobacter, and
Kluyvera, suggesting that 1612_C1 could represent a novel species
of the “Superficieibacter” genus.

Average nucleotide identity analysis
Isolate 1612_C1 exhibited the highest ANI with S. electus with a
score of 87%. The currently accepted general ANI threshold to
consider two strains as belonging to the same species is >95%
(Jain et al. 2018), indicating a novel species for 1612_C1.

Due to the lack of specific taxonomic boundaries for ranks
higher than species, especially in the context of Enterobacteriaceae,
both the ANI percentage identity and Hadamard score were con-
sidered, comparing the results among genera within a represen-
tative dataset of members of this family, in order to evaluate the
possible presence of an empirical threshold to identify a novel
putative genus/species. The comparative ANI analysis allowed a
more weighted comparison, and showed that the average ANI
score for species within the same genus varies greatly within
Enterobacteriaceae. For example, this value ranges from 83% to
96% in Enterobacter genus, from 85% to 94% in Klebsiella and from
89% to 92% in Escherichia (Figure 2A). The Hadamard score, a
result of the product between the percentage identity and the
alignment length, allowed a more weighted comparison, and also
varied similarly in the different genera (Figure 2B). In fact the ob-
served range varies greatly, from an average of 50% among repre-
sentatives of the Escherichia genus and 34% among the Citrobacter
genus up to 70–80% in the Klebsiella, Citrobacter, and Escherichia
genera. The Hadamard score between the isolate 1612_C1 and
the two S. electus strains was 59%.

The ANI similarity is a well-established method to verify iden-
tities between organisms in a taxonomic context. When the first
two “S. electus” were identified (Potter et al. 2018), the same meth-
odology was used to confirm that the two isolates belonged to the
same, novel, species (ANI > 95%). In this work we show that the
ANI between 1612_C1 and the two “S. electus” strains was 87% and
thus much less than the accepted threshold to consider two
organisms as belonging to the same species. Moreover, since that
ANI is based only on identity between similar regions, the
Hadamard score was considered, allowing to weight the percent-
age identity on coverage between pairwise genome alignments.
The observed ANI and Hadamard scores highlighted the bound-
aries and so the acceptable intervals between the organisms
among the heterogeneous dataset of representative
Enterobacteriaceae genera. Thus, both ANI and Hadamard scores
between 1612_C1 and S. electus are clearly within the accepted
intervals for different species in a genus of Enterobacteriaceae
(Figure 2, A and B).

To summarize, the 16S rRNA similarity values were not useful
to place the novel 1612_C1 isolate in the proper taxonomic con-
text, a well-documented issue in the Enterobacteriaceae family.
Thus, an orthologues gene phylogeny was inferred, placing iso-
late 1612_C1 as sister group of the two S. electus strains, outlining
a relation between these organisms. Further genomic analysis
based on ANI similarity, indicated that the isolate 1612_C1 repre-
sents a novel species within the genus “Superficieibacter,” for
which we propose the name “Superficieibacter maynardsmithii” re-
ferring to John Maynard Smith, British mathematical and theo-
retical geneticist, important contributor to experimental and
evolutionary biology. This, albeit with only one isolate, can be
currently considered a putative environmental bacterium devoid
of known mechanisms of antibiotic resistance and virulence,
contributing to expand the known diversity within the genus
“Superficieibacter” and the family of Enterobacteriaceae.

Table 1 Results of the antibiotic susceptibility test performed on
Phoenix automated system (Becton Dickinson)

Antibiotic Susceptibility

Amikacin �4, S
Amoxicillin j clavulanic acid �2 j 2, S
Ampicillin 4, S
Aztreonam �1, S
Cefalexin �4, S
Cefepime �1, S
Cefixime �0.5, S
Ceftazidime �0.5, S
Ceftriaxone �0.5, S
Cefuroxime 4, S
Ciprofloxacin �0.25, S
Ertapenem �0.25, S
Gentamicin �1, S
Imipenem 0.5, S
Levofloxacin �0.5, S
Meropenem �0.125, S
Nitrofurantoin �16, S
Norfloxacin �0.5, S
Piperacillin �4, S
Piperacillin j tazobactam �4 j 4, S
Ticarcillin j clavulanic acid �4 j 2, S
Tobramycin �1, S
Trimethoprim �1, S
Trimethoprim j sulfamethoxazole �1 j 19, S
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Figure 1 Phylogenetic reconstruction based on a concatenate of 612 single copy orthologs present in the dataset of 78 members of the family
Enterobacteriaceae, plus Pasteurella multocida as outgroup. The phylogeny was reconstructed using RaXML with 100 bootstrap replicates.
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Italy. Front Microbiol. 8:2232.

Chun J, Oren A, Ventosa A, Christensen H, Arahal DR, et al. 2018.

Proposed minimal standards for the use of genome data for the

taxonomy of prokaryotes. Int J Syst Evol Microbiol. 68:461–466.

Chun J, Rainey FA. 2014. Integrating genomics into the taxonomy

and systematics of the Bacteria and Archaea. Int J Syst Evol

Microbiol. 64:316–324.

Darriba D, Posada D, Kozlov AM, Stamatakis A, Morel B, et al. 2020.

ModelTest-NG: a new and scalable tool for the selection of DNA

and protein evolutionary models. Mol Biol Evol. 37:291–294.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high ac-

curacy and high throughput. Nucleic Acids Res. 32:1792–1797.

Emms DM, Kelly S. 2019. OrthoFinder: phylogenetic orthology infer-

ence for comparative genomics. Genome Biol. 20:14.

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P,

et al. 2007. DNA-DNA hybridization values and their relationship

to whole-genome sequence similarities. Int J Syst Evol Microbiol.

57:81–91.

Gujarati S, Chaudhari D, Hagir A, Khairnar M, Shouche Y, et al. 2020.

Klebsiella indica sp. nov., isolated from the surface of a tomato. Int

J Syst Evol Microbiol. 70:3278–3286.

Hamzaoui Z, Ocampo-Sosa A, Fernandez Martinez M, Landolsi S,

Ferjani S, et al. 2018. Role of association of OmpK35 and OmpK36

alteration and blaESBL and/or blaAmpC genes in conferring car-

bapenem resistance among non-carbapenemase-producing

Klebsiella pneumoniae. Int J Antimicrob Agents 52:898–905.

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, et al. 2010.

Prodigal: prokaryotic gene recognition and translation initiation

site identification. BMC Bioinformatics. 11:119.

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S.

2018. High throughput ANI analysis of 90K prokaryotic genomes

reveals clear species boundaries. Nat Commun. 9: 5114.

Kolde R. 2015. Pretty Heatmaps. R package version 1.0.8. https://

github.com/raivokolde/pheatmap.

Letunic I, Bork P. 2019. Interactive Tree Of Life (iTOL) v4: recent

updates and new developments. Nucleic Acids Res. 47:

W256–W259.

Logan LK, Weinstein RA. 2017. The Epidemiology of

carbapenem-resistant Enterobacteriaceae: the impact and evolu-

tion of a global menace. J Infect Dis. 215:S28–S36.

Naum M, Brown EW, Mason-Gamer RJ. 2008. Is 16S rDNA a reliable

phylogenetic marker to characterize relationships below the

family level in the Enterobacteriaceae? J Mol Evol. 66:630–642.

Nicolas-Chanoine MH, Blanco J, Leflon-Guibout V, Demarty R,

Alonso MP, et al. 2007. Intercontinental emergence of Escherichia

coli clone O25:H4-ST131 producing CTX-M-15. J Antimicrob

Chemother. 61:273–281.

Octavia S, Lan R. 2014. The family Enterobacteriaceae. In: E Rosenberg,

EF Delong, S Lory, E Stackebrandt, F Thompson, editors. The

Prokaryotes: Gammaproteobacteria. Berlin, Heidelberg: Springer.

p. 225–286.
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