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Abstract
Bacterial adaptation to extreme environments is often mediated by horizontal gene transfer (HGT). At the same time, phage mediated HGT for conferring
bacterial arsenite and antimonite resistance has not been documented before. In this study, a highly arsenite and antimonite resistant bacterium, C.
portucalensis strain Sb-2, was isolated and subsequent genome analysis showed that putative arsenite and antimonite resistance determinants were �anked
or embedded by prophages. We predict these phage-mediated resistances play a signi�cant role in maintaining genetic diversity within the genus of
Citrobacter and are responsible for endowing the corresponding resistances to C. portucalensis strain Sb-2.

Highlights
A gram-negative bacterium Sb-2 displaying a high resistance to arsenite (MIC 18 mM) and antimonite (MIC 60 mM) was isolated from farm soil near an
antimony mine.

Two clusters containing putative arsenite and antimonite resistance determinants �anked by or embedded in prophages were identi�ed in Sb-2

Phages in strain Sb-2 were suggested to be responsible for horizontal gene transfer of arsenite and antimonite resistance determinants and subsequent
adaption to an extreme environment.

YraQ (ArsP) is suggested to be a roxarsone (RoxIII) and MMA(III) e�ux pump in Sb-2.

1 Introduction
Horizontal gene transfer (HGT) plays a pivotal role in adaptation of bacteria to extreme environments (Magaziner et al. 2019). There are three main
mechanisms of HGT: bacterial conjugation, natural transformation and transduction (Sun 2018). Plasmids, transposons and genomic islands play a role in
microbial adaptation to heavy metal contaminated environments (Ben Fekih et al. 2018; Dziewit et al. 2015; Hoostal et al. 2008). Phage predation has been
proposed to play a signi�cant role in maintaining genetic diversity within population of a single species. This is described by the operation of constant
diversity dynamics, in which the diversity of prokaryotic populations is maintained by phage predation (Rodriguez-Valera et al. 2009). However, there is little
direct evidence of phage-mediated transfer of heavy metal or metalloid resistance determinants. Essential metals such as Zn, Cu, Co and Ni play roles in
metabolic processes as cofactors for enzymes or structural proteins or in signal transduction (Chandrangsu et al. 2017; Maret 2013; Tottey et al. 2007;
Waldron and Robinson 2009). However, these metals have unique physico-chemical properties which are toxic in high amounts (Nies 1999; Tchounwou et al.
2012). Other metal(loids)s (e.g., As, Sb, Ag, Al, Au, Cd, Hg, and Pb) have no or limited biological roles and are only cytotoxic (Bruins et al. 2000). Regions of
toxic metal(loid) pollutants are widespread around the world (Romaniuk et al. 2018). This is a consequence of both natural processes (e.g. weathering of
metal-containing minerals, volcanic emissions, forest �res, deep sea springs and geysers) and anthropogenic activities (e.g. agriculture, animal husbandry,
large-scale burning of fossil fuels, fracking, mining and metallurgical production (Charlesworth et al. 2011; Mason 2013; Nies 2008; Pujari and Kapoor 2021;
Tchounwou et al. 2012; Williams and Silva 2006). The occurrence of heavy metals at high concentrations may signi�cantly in�uence the taxonomic and
functional diversities of soil microbial communities (Hoostal et al. 2008; Kandeler et al. 2000). Many microorganisms have developed e�cient resistance
mechanisms to toxic metal(loid)s. Three main mechanisms have been described; e�ux of toxic ions from bacterial cells, enzymatic conversions of
metal(loid)s and incorporation into complexes by metal-binding proteins such as metallothioneins and metallochaperones or small molecular compounds
such as glutathione as metal buffers or sequestering processes (Blindauer 2015; Chandrangsu et al. 2017; Colvin et al. 2010; Isani and Carpene 2014;
Martinez-Finley et al. 2012; Mazhar et al. 2020; Nies 2016; Silver and Phung le 2005).

Arsenic (As) and antimony (Sb) are toxic metalloids that often coexist in the environment (Lu et al. 2018; Shtangeeva et al. 2011) and share chemical and
toxicological properties (Nies 1999). The toxicity of As and Sb depends upon their chemical species and oxidation state. In many bacterial species Sb(III) and
As(III) are taken up by aquaglyceroporins such as the glycerol facilitator GlpF of Escherichia coli, producing toxicity (Meng et al. 2004; Sanders et al. 1997).
Detoxi�cation is frequently conferred by e�ux via As(III)/Sb(III) e�ux permeases such as ArsB and ACR3 permeases (Meng et al. 2004). Pentavalent inorganic
arsenate (As(V)) enters cells of E. coli by phosphate uptake systems such as Pit and/or Pst. As(V) is reduced by ArsC arsenate reductases to the trivalent
arsenite (As(III)), which is removed from the cells by the e�ux permeases. Alternatively, As(III) is methylated by the ArsM As(III) S-adenosylmethionine
methyltransferase, producing highly toxic methylarsenite (MAs(III)) and dimethylarsenite (DMAs(III)), as well as volatile trimethylarsenite (TMAs(III)). These are
oxidized in air to the relatively nontoxic pentavalent species (Yang and Rosen 2016).

Sb(III) is also detoxi�ed by e�ux via ArsB or methylated by ArsM, but, in general, the comparable reactions with antimony are not well characterized (Butcher
et al. 2000; Silver et al. 1981). Here we report isolation, of a highly antimony-resistant bacterium, Citrobacter portucalensis Sb-2, from an agricultural �eld near
the biggest antimony mine in the world. From the draft sequence of its genome, we identi�ed putative arsenic/antimony resistance genes and characterized
its resistance to antimony and arsenic.

2 Materials And Methods

2.1 Culture enrichment and strain isolation
For bacterial enrichment, 1.0 g sample was mixed thoroughly with 20 mL of 0.85% saline, 50 ul suspension was inoculated into 5 mL minimal (Mergeay et al.
1985) / R2A (Zhang et al. 2020) and TY media (Mergeay et al. 1985) respectively containing 0.5 mM potassium antimonyl tartrate (C8H4K2O12Sb2·3H2O) or
sodium arsenite (NaAsO2). The cultures were incubated at 28°C with 180 rpm shaking for about 1 day until the medium became turbid. The culture was
transferred to fresh medium containing twice the concentrations of Sb(III) or As(III). The concentrations of Sb(III) or As(III) were gradually increased until the
cultures stopped growing. The microbial suspension was subsequently serially diluted onto agar plates with 4 mM Sb(III) or As(III). Single colonies were
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picked and re-streaked at least three times to obtain pure isolates. Metal(loid) concentrations from the isolation site were determined by inductively coupled
plasma mass spectroscopy (ICP-MS) (NexIon 300 X, PerkinElmer, US).

2.2 Phylogenetic analysis and genome sequencing
Total genomic DNA of Citrobacter portucalensis Sb-2 was extracted using a TIANamp Bacteria DNA kit (TIANGEN, China) following the suggestions of
manufacturer and used as a template to amplify 16S rRNA sequence by PCR. Close relative and phylogenetic a�liation of the obtained 16S rRNA sequences
were determined by using the BLAST search program at the NCBI website (www.ncbi.nlm.nih.gov). The 16S rRNA gene sequences were submitted for
comparison and identi�cation to the GenBank databases using the NCBI Blastn algorithm and to the EMBL databases using the Fasta algorithm. The
phylogenetic tree of 16S rRNA gene sequences and the amino acid sequences of compared resistance determinants were inferred by Geneious prime
2021.1.1. (Geneious Tree Builder) (https://www.geneious.com), global alignment, gap open penalty 12, gap extension penalty 3, Blosum62 cost matrix, Jukes-
Cantor, Neighbor-Joining, Resampling Method - Bootstrap; with 100 replicates. Genome sequencing was performed on the Illumin Hiseq X ten System
sequencing platform (Illumina, CA, USA). The sequencing library was constructed with an Illumina Nextera XT library prep kit (Illumina, San Diego, CA, USA).
Morphological and physiological experiments were done to further characterize the bacterium (Kearse et al. 2012).

2.3 Determination of the Minimal Inhibitory Concentration (MIC)
The single colonies were later used to examine the minimal inhibitory concentration (MIC) on C8H4K2O12Sb2·3H2O, NaAsO2, CuSO4·5H2O and ZnSO4·7H2O,

supplemented mineral salts media (gluconate 2 g L− 1 as sole carbon source) cultures plates. Mineral salts medium contained (1000 ml of ddH2O) Tris 6.06 g
pH 7.0, NaCl 4.68 g, KCl 1.49 g, NH4Cl 1.07 g, Na2SO4 0.43 g, MgCl2·6H2O 0.20 g, CaCl2·2H2O 0.03 g, Na2HPO4·12H2O 0.23 g, Fe(III)NH4 citrate 0.005 g, sodium

gluconate 2 g, 1 ml of the trace element solution SL 7 and Difco Bacto Agar 15 g L− 1 (Nies et al. 2006). Mineral salts medium is a Tris-buffered and low
phosphate medium designed to reduce metal complexation and determine accurate MICs (Mergeay et al. 1985).

2.4 Scanning electron microscopy
Overnight cultures were diluted 1:100 in fresh mineral salts medium and incubated at 28°C. Samples were harvested at a logarithmic phase by centrifuging for
5 min, 2500 rpm at 4°C and were immobilized using glutaraldehyde (5%, v/v) for 4 h. Samples were washed three times in 0.1M phosphate buffer solution
(PBS) at 10–15 min intervals prior to a 4 h treatment with secondary �xative in osmium acid (1%, v/v). After three washes with ddH2O at 10–15 min intervals,
samples were chemically dehydrated in a graded of ethanol-water solutions (ethanol 50%, 70%, 80%, 90% and 100% [3×]), v/v) at 10–15 min intervals. The
samples were then attached to SEM specimen mounts for light drying and sputter-coated with gold prior to observation under SEM (JSM-6380LV, JEOL,
Japan)

2.5 Genome annotation and characterization
The shot gun sequence of Citrobacter portucalensis Sb-2 was submitted to NCBI Prokaryotic Genome Annotation Pipeline (PGAP; Annotation Software
revision 4.6) for gene annotation following the standard operating procedures and was released on 26rd of December, 2020 with GenBank assembly
accession number GCA_016406035.1, under BioProject: PRJNA684029 and BioSample: SAMN017050479.

3 Results And Discussion
3.1 Enrichment of the most antimonite and arsenite resistant bacteria

The metal(loid) concentrations of isolation site were shown in Table 1, other physicochemical parameters of soil were as follows: pH: 7.95; total phosphorus
0.2663 g kg–1; total nitrogen 0.0221 mg kg–1; available phosphorus 16.6175 mg kg–1; available potassium 85.00 mg kg–1; organic matter 40.6704 g kg–1;
electrical conductivity 98.60 uS cm–1. For bacterial isolation, enrichment cultures of a heavy metal contaminated chili peppers �eld (high concentration of
contamination: 670 mg kg–1 Sb & 138 mg kg–1 As) near the biggest antimony mine in the world were performed to obtain the most antimonite and arsenite
resistant microbes. For the isolates from this site, genus of Microbacterium and Pseudochrobactrum were obtained when performing As enrichment, while
genus of Citrobacter, Pseudomonas and Enterobacter were obtained from Sb enrichment. Among them, C. portucalensis strain Sb-2 was one of the most
antimonite resistant isolates and was further characterized here. The general features of Sb-2 are shown in Table 2.

C. portucalensis strain Sb-2 was highly resistant to arsenite (MIC 18 mM) and extremely resistant to antimonite (MIC 60 mM), with MICs much higher than the
well-studied metal resistant bacteria Cupriavidus metallidurans AE104 & CH34 (MIC 2.5 mM for arsenite; 0.6 mM for antimonite) and well-studied strain
Escherichia coli W3110 (MIC 3 mM for arsenite; 0.8 mM for antimonite) on the same solid minimal medium (Table 3).

3.2 Morphology, Growth and Physiology of Sb-2

The isolated strain C. portucalensis strain Sb-2 was shown to be a gram negative, motile Gammaproteobacterium with a morphology of short rods and forms
creamy white colonies on minimal medium (Figure 1). 16S sequencing was performed to determine phylogeny and it could be determined to be most closely
related to Citrobacter portucalensis (Figure 2). The genus Citrobacter belongs to the family of Enterobacteriaceae and is sorted in the “CESP” or “ESCPM”
(Citrobacter, Enterobacter, Serratia and Providencia, and more recently, Morganella and Hafnia genres) group.

3.3 Genome and the phage driven arsenic and antimony resistance determinants of strain Sb-2

For the purpose of understanding the genetic mechanism for As(III) and Sb(III) resistance to Citrobacter portucalensis Sb-2, the whole genome of strain Sb-2
was sequenced and gene functions was annotated, the project of Sb-2 was shown in Table 4. The genome size of C. portucalensis Sb-2 is 4,794,853 bp, with a
51.9 mol% GC content, consists of 37 DNA Scaffolds (Table 5). The chromosome contains 4,625 Coding Sequences (CDS), 8 rRNAs, and 73 tRNAs (Table 5).

http://www.ncbi.nlm.nih.gov/
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To better understand the genomic basis underlying this metalloid resistant phenotype, the draft genome sequence of C. portucalensis Sb-2 was analyzed
using bioinformatics techniques for occurrence, homology and synteny in the genus Citrobacter. Furthermore, the clusters found were compared with the
chromosomally encoded and well-studied reference determinant of the E. coli wild-type strain K12 to highlight similarities and uniqueness at the sequence
level and synteny (Diorio et al. 1995; Oden et al. 1994; Silver et al. 1981). Two resistance gene clusters could be identi�ed on the genome of strain Sb-2 (Figure
3). Both are higher in complexity of construction compared to the chromosomal encoded of E. coli K12. The operon encoding the arsenic resistance mediating
components in E. coli K12 contains the arsR, arsB and arsC genes encoding the transcriptional repressor (ArsR), the transmembrane e�ux protein (ArsB) and
the arsenic reductase (ArsC) (Busenlehner et al. 2003; Meng et al. 2004; Zhu et al. 2014). A more complex operon structure occurs in E. coli R773 with two
additional genes, arsD and arsA (Chen et al. 1986). Here, in addition to the e�ux only mediated by ArsB, arsenite transporter exist that are composed of an
ArsB pore plus an ArsA ATPase (Castillo and Saier 2010; Dey and Rosen 1995; Yang et al. 2012). The gene arsD encoding an arsenic metallochaperone that
transfers trivalent metalloids to the ArsAB pump with an additional function as an inducer-independent, weak repressor of the ars operon. The ars1-cluster
(locus tag: I9P40_RS1120 - I9P40_RS1120), one of the identi�ed ars clusters, in strain Sb-2 contains all these �ve components, but also a second arsR gene
(arsR1, I9P40_RS1120) and a gene encoding an uncharacterized gene product YraQ (yraQ, I9P40_RS1125) in a divergon orientation (Figure 3). This gene
product is generally annotated as a permease and predicted to be transporter with eight transmembrane helices (Aziz et al. 2008; Kelley et al. 2015; Krogh et
al. 2001). YraQ from Sb-2 is no ortholog to the yraQ (locus tag: b13151) encoded gene product of E. coli K12 and shares only 18.5 % of amino acid (AA)
identity with different topology (data not shown). Furthermore, this gene is encoded independently of an arsenic cluster on the chromosome of E. coli. In
contrast, YraQ from Sb-2 displayed signi�cant homologies to ArsP ( ~ 90% identity on AA level) from Campylobacter jejunii and is therefore predicted to confer
resistance to roxarsone and MMA(III) (Shen et al. 2014), suggesting YraQ could also have a high e�ciency in conferring roxarsone and MMA(III) resistance to
Sb-2. The second ars2-cluster (locus tag: I9P40_RS10540 - I9P40_RS10555) of strain Sb-2 is homologous in synteny with simple cluster of E. coli K12 but with
the additional gene arsH (I9P40_RS10540) in a divergon orientation to arsR (I9P40_RS10545). The encoded gene products show a higher degree of AA identity
to the E. coliars operon when compared to the gene products of ars1-cluster (Figure 3). Both clusters are found independently and frequently on the genomes
of other C. portucalensis strains and Citrobacter species. Sometimes only the simple cluster 2 is present, as in C. braakii FDAARGOS_253, or only the more
complex cluster 1 in C. portucalensis P10159 and C. freundii RHB12-C20. In the genome of C. freundii R17, an intact cluster and a cluster1 with an interrupted
arsD´ can be identi�ed (Figure 3).

Interestingly, both arsenic resistance determinants of strain Sb-2 are �anked by DNA region belonging to prophage Klebsi_phiKO2 (NC_005857) (ars2 - cluster)
or embedded in prophage Entero_mEp237 (N C_019704) DNA region (ars1 - cluster) respectively (Table 6). Both phages �anking arsH <-> arsRBC clusters in
the genomes of C. braaki strain FDAARGOS_253 and C. portucalensis Sb-2 strains show the same closest relative, PHAGE_Klebsi_phiKO2, according to
PHASTER annotation (Arndt et al. 2019). In comparison, the more complex arsRDABC <-> arsR1 <-> yraQ clusters in C. portucalensis strain Sb-2 and P10159 as
well as in C. freundii RHB12-C20 are embedded in the homologous annotated phage, Entero_mEp237. This arrangement displays a corresponding degree of
similarity within these two ars clusters and the respective �anking and enclosing prophages in the genomes of these members of the Citrobacter genus. This
�nding gives a direct indication for phage-driven HGT metalloid resistance spread. These phages are widespread in the Enterobacteriacea family and, due to
their broad host range, enable not only horizontal gene spread and transmission of metal resistance determinants, but also of antibiotic resistance islands or
virulence factors (Ekundayo and Okoh 2018; Magaziner et al. 2019). The results of comparative phageomics of the �ve Citrobacter species shown in Table 6
indicate that strain Sb-2 harbors, in addition to two mentioned intact phages (size of 59.3 and 25.5 kb), another intact phage of size 34.4 kb, an incomplete
and a questionable phage, most similar to PHAGE_Salmon_SP_004 (NC_021774;), PHAGE_Pectob_CBB (NC_041878) and PHAGE_Escher_500465_1
(NC049342). Comparable in number of harbored prophages is C. braaki strain 253 with 4 intact and one incomplete and C. freudii strain R17 with two intact,
two incomplete and two questionable. In contrast, the genome of C. portucalensis P10159 followed by C. freudii RHB12-20 displayed a higher number of
phage DNA regions with up to 5 intact, 4-10 incomplete and also up to �ve questionable.

The presence of these putative arsenite and antimonite resistance determinants �anked and embedded by prophages and present in different Citrobacter
species from different environments indicates widespread transduction of this phage. It is possible that this determinant also protects Citrobacter species
from protist predation that are known to use both arsenite in addition to copper and zinc to poison the prey (Hao et al. 2017).

4 Conclusion
The contamination of heavy metals at high concentrations in different areas around the world is predicted to signi�cantly in�uence the taxonomic and
functional diversities of soil microbial communities. Here we showed evidence that phage predation plays a major role in maintaining genetic diversity within
population of a single species or genus. These results support a better understanding of diversity dynamics, in which the diversity of prokaryotic populations
is driven by phage predation. In addition, the role of HGT in adaptation of bacteria to extreme environments is highlighted.
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Tables
Table 1 - Metal (loid) concentrations of isolation site

Metals (metalloids) Sb As Cr Pb Cd Mn Cu

Concentrations mg kg–1 670.281 137.992 100.868 54.862 12.36 677.169 53.888

 

Table 2 - Classi�cation and general features of Citrobacter portucalensis strain Sb-2
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MIGS ID Property Term Evidence codea

  classi�cation Domain Bacteria TAS

    Phylum Proteobacteria TAS

    Class Gammaproteobacteria TAS

    Order Enterobacteriales TAS

    Family Enterobacteriaceae TAS

    Genus Citrobacter TAS

    Species Citrobacter portucalensis TAS

    Type strain: Sb-2  

  Gram stain Negative  

  Cell shape Rods  

  Motility Motile  

  Sporulation Nonspore-forming  

  Temperature range Mesophile, 20 - 35°C  

  Optimum temperature 30°C  

  pH range 5 - 9  

MIG-6 Habitat Soil and water  

MIG-6.3 Salinity No growth with > 3.5% NaCl (w/v)  

MIG-22 Oxygen requirement Aerobic  

MIG-15 Biotic relationship Free-living  

MIG-14 Pathogenicity Not reported  

MIG-4 Geographic location Farm soil near antimony mine, Lengshuijiang, Hunan, China  

MIG-5 Sample collection 07/21/2019  

MIG-4.1 Latitude N27°  11.027′  

MIG-4.2 Longitude E111°  24.414′             

MIG-4 Altitude 509 m  

 aEvidence codes - IDA Inferred from Direct Assay. TAS Traceable Author Statement (i.e.. a direct report exists in the literature). NAS Non-traceable Author
Statement (i.e.. not directly observed for the living, isolated sample, but based on a generally accepted property for the species or anecdotal evidence).

These evidence codes are from the Gene Ontology project [55]

 

Table 3 - Minimal inhibitory concentration (MIC) of selected heavy metals (metalloids) for Citrobacter sp. Sb-2, Escherichia coli K12 - W3110 and Cupriavidus
metallidurans AE104 & CH34 on solid mineral salts medium (mean values of 3 replicates are given in the table)

Metals (metalloids) As3+ (mM) Sb3+ (mM) Cu2+ (mM) Zn2+ (mM)

Sb-2 18 60 0.4 2-4

W3110 3 0.8 0.2 1

CH34 2.5 0.8 4.5 12

AE104 2.5 0.6 2.5 < 0.5

 

Table 4 - Project information



Page 8/12

MIGS ID Property Term

MIG-31 Finishing quality High-Quality Draft – Scaffold_x37

MIG-28 Libaries used Illumina Paired-end library

MIG-29 Sequencing plateforms Illumina HiSeq

MIG-31.2 Fold coverage 290.0x

MIG-30 Assemblers SOAPdenovo v. 2.3

MIG-32 Gene calling method NCBI Prokaryotic Genome Annotation Pipeline (PGAP)

  Locus taq I9P40_

  Genbank ID GCA_016406035.1

  GenBank Date of Realease 2020/12/26

  BioSample SAMN17050479

  BioProject PRJNA684029

  WGD Project JAEKIJ01

  Project relevance Environmental, heavy metal resistance

 

Table 5 - Genome statistics of of Citrobacter portucalensis strain Sb-2

Attribute Value % of Total

Genome size (bp) 4,794,853 100.00

DNA coding (bp) 4,279,139 89.2a

DNA G + C (bp) 2,491,072 51.9a

DNA Scaffolds

DNA contigs

37

40

100.00

Total genes 4,551 100.00

Protein coding genes 4,430 97.3b

RNA genes 8 (rRNA) 73 (tRNA) 1.8b

Pseudo genes 32 0b

aRelative to genome size

bRelative to total number of genes

 

Table 6 - Prophages observed in Citrobacter portucalensis strain Sb-2 or P10159 (NZ_CP012554), Citrobacter freundii strain RHB12-C20 (NZ_CP057863) or
R17 (NZ_CP035276) and Citrobacter braakii strain FDAARGOS_253 (NZ_CP020448)

https://www.ncbi.nlm.nih.gov/assembly/GCA_016406035.1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA684029/
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Strain

replicon

Region
Length

(Kb)

Completeness
a

Score
b

Total
Proteins

Region Position Most Common Phage c

Sb-2*

NZ_JAEKIJ01000003

41.4 questionable 70 15 733,649 775,108 PHAGE_Escher_500465_1 (NC049342)

NZ_JAEKIJ01000004 34.4 intact 150 43 224,155 258,606 PHAGE_Salmon_SP_004 (NC_021774; 21)

NZ_JAEKIJ01000004

ars2 - cluster

59.3 intact 150 67 493,978 553,282 PHAGE_Klebsi_phiKO2 (NC_005857; 14)

NZ_JAEKIJ01000006 6.6 incomplete 10 10 164,276 170,902 PHAGE_Pectob_CBB (NC_041878; 2)

NZ_JAEKIJ01000013

ars1 - cluster

25.5 intact 150 35 14,000 39,213 PHAGE_Entero_mEp237_NC_019704(14)

P10159 19.2 incomplete 30 7 479,161 498,440 PHAGE_Escher_RCS47_NC_042128(4)

  20.4 incomplete 50 9 976,563 996,990 PHAGE_Salmon_SEN34_NC_028699(2)

  32.2 questionable 80 37 1003041 1035284 PHAGE_Pectob_ZF40_NC_019522(12)

  46.4 intact 150 69 1231786 1278264 PHAGE_Entero_HK225_NC_019717(9)

  11.8 questionable 75 13 2158000 2169802 PHAGE_Entero_P4_NC_001609(7)

  14.8 incomplete 30 18 2685034 2699901 PHAGE_Escher_phiV10_NC_007804(2)

  10.5 incomplete 30 12 2721342 2731893 PHAGE_Entero_P4_NC_001609(6)

  39.9 questionable 90 51 3488390 3528292 PHAGE_Cronob_ESSI_2_NC_047854(26)

  12.8 incomplete 10 16 3576586 3589441 PHAGE_Klebsi_ST13_OXA48phi12.1_NC_049453(5)

  25.6 incomplete 10 15 4085587 4111207 PHAGE_Klebsi_ST437_OXA245phi4.1_NC_049448(3)

  45.9 questionable 70 19 4127808 4173737 PHAGE_Escher_500465_1_NC_049342(12)

  44.1 intact 98 51 4278053 4322211 PHAGE_Escher_phiV10_NC_007804(35)

ars1 - cluster 27.2 incomplete 30 19 4842885 4870087 PHAGE_Entero_HK225_NC_019717(3)

9 incomplete 60 14 4876401 4885459 PHAGE_Entero_mEp237_NC_019704(5)

  28.5 incomplete 60 16 4900611 4929135 PHAGE_Salmon_SEN34_NC_028699(11)

  14.1 incomplete 30 14 4934090 4948208 PHAGE_Salmon_118970_sal3_NC_031940(3)

  31.7 questionable 80 43 5026345 5058082 PHAGE_Entero_mEp237_NC_019704(16)

  15.8 intact 100 21 5056738 5072597 PHAGE_Salmon_118970_sal3_NC_031940(9)

RHB12-20 40.4 intact 94 54 706.748 747.237 PHAGE_Salmon_SEN8_NC_047753(31)

  49.9 questionable 70 15 1.262.439 1.312.361 PHAGE_Escher_500465_1 (NC_049342; 12)

  46 intact 110 58 1.418.724 1.464.723 PHAGE_Salmon_SPN1S (NC_016761;34)

  39.4 intact 150 56 1.595.200 1.634.667 PHAGE_Entero_SfV (NC_003444; 21)

  7.6 incomplete 20 8 1.647.496 1.655.131 PHAGE_Escher_500465_2 (NC_049343; 5)

ars - cluster 29.1 incomplete 60 24 2.144.805 2.173.926 PHAGE_Entero_mEp237 (NC_019704; 5)

  26.1 incomplete 40 24 2.872.645 2.898.824 PHAGE_Erwini_vB_EhrS_59 (NC_048198; 4)

  48.9 intact 130 65 2.983.247 3.032.209 PHAGE_Entero_Sf101 (NC_027398;12)

  45.9 questionable 90 35 3.120.189 3.166.107 PHAGE_Entero_mEp237 (NC_019704;10)

  40.3 intact 150 46 3.394.290 3.434.683 PHAGE_Entero_phiP27 (NC_003356; 7)

  28.8 incomplete 30 7 4.668.521 4.697.357 PHAGE_Escher_RCS47 (NC_042128; 7)

R17 12,3 incomplete 20 16 111673 124005  PHAGE_Entero_phiP27_(NC_003356; 2)

  41.8 questionable 70 15 1292269 1334070  PHAGE_Escher_500465_1 (NC_049342; 12)

  48 intact 150 83 1609416 1657477  PHAGE_Edward_GF_2 (NC_026611; 24)

  48.1 intact 130 68 1791560 1839691  PHAGE_Salmon_118970_sal3 (NC_031940; 29)

https://phaster.ca/submissions/NZ_CP012554#region_dna0
https://phaster.ca/submissions/NZ_CP012554#region_dna1
https://phaster.ca/submissions/NZ_CP012554#region_dna2
https://phaster.ca/submissions/NZ_CP012554#region_dna3
https://phaster.ca/submissions/NZ_CP012554#region_dna4
https://phaster.ca/submissions/NZ_CP012554#region_dna5
https://phaster.ca/submissions/NZ_CP012554#region_dna6
https://phaster.ca/submissions/NZ_CP012554#region_dna7
https://phaster.ca/submissions/NZ_CP012554#region_dna8
https://phaster.ca/submissions/NZ_CP012554#region_dna9
https://phaster.ca/submissions/NZ_CP012554#region_dna10
https://phaster.ca/submissions/NZ_CP012554#region_dna11
https://phaster.ca/submissions/NZ_CP012554#region_dna12
https://phaster.ca/submissions/NZ_CP012554#region_dna13
https://phaster.ca/submissions/NZ_CP012554#region_dna14
https://phaster.ca/submissions/NZ_CP012554#region_dna15
https://phaster.ca/submissions/NZ_CP012554#region_dna16
https://phaster.ca/submissions/NZ_CP035276#region_dna0
https://phaster.ca/submissions/NZ_CP035276#region_dna1
https://phaster.ca/submissions/NZ_CP035276#region_dna2
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  28 questionable 90 17 4620611 4648666  PHAGE_Stx2_c_1717 (NC_011357; 3)

  12,3 incomplete 20 16 111673 124005  PHAGE_Entero_phiP27 (NC_003356; 2)

253 59.3 intact 150 67 375860 435234 PHAGE_Klebsi_phiKO2_NC_005857; 14)

ars - cluster 22 intact 140 22 1091018 1113061 PHAGE_Klebsi_phiKO2_NC_005857; 16)

  24,2 incomplete 40 25 1110719 1134990 PHAGE_Entero_mEp237_NC_019704; 9)

  49.1 intact 150 52 1297820 1346948 PHAGE_Phage_Gifsy_2_NC_010393; 20)

  33.8 intact 150 41 1708630 1742517 PHAGE_Salmon_Fels_2_NC_010463; 30)

 (*) No complete sequence available for sorting to replicons. (a) Prediction of whether the region contains an intact or incomplete prophage,(b) score based on
PHASTER criteria (Arndt et al. 2019; Zhou et al. 2011) (c) the phage with the highest number of proteins most similar to those in the region (between
parentheses: accession number; number of proteins). Green rows show arsH <-> arsRBC clusters �anked by phages and yellow rows show arsRDABC <-> arsR1

<-> yraQ clusters enclosed by phages.

Figures

Figure 1

Colony morphology on minimal salts medium (A) and cell morphology (B, C) of Citrobacter sp. Sb-2 observed by SEM (scanning electron microscopy).

https://phaster.ca/submissions/NZ_CP035276#region_dna2
https://phaster.ca/submissions/NZ_CP020448#region_dna0
https://phaster.ca/submissions/NZ_CP020448#region_dna1
https://phaster.ca/submissions/NZ_CP020448#region_dna2
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Figure 2

Molecular Phylogenetic tree based on the 16S rRNA gene (1,533 bp) sequences highlighting the position of Citrobacter portucalensis strain Sb-2 relative to
other type and non-type strains of the genus Citrobacter (e.g. Enterobacteriaceae) and as outgroup the genus Aeromonas & Pseudomonas. RefSeq assembly
accession numbers are shown in parenthesis. The evolutionary history was inferred by using the Geneious prime 2021.0.3. (Geneious Alignment Tree Builder)
(https://www.geneious.com), global alignment with free gaps, identity (1.0/0.0), gap open penalty 12, gap extension penalty 3, 2 re�nement iterations, Genetic
Distance Model Jukes - Cantor, Neighbor - Joining, Resampling Method - Bootstrap. The tree was drawn to scale, with branch lengths calculated using the
average pathway method; the scale bar corresponds to the number of substitutions per site, the branch labels are consensus Support (%) and Node Heights
(Kearse et al., 2012).
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Figure 3

Comparison of the ars clusters - synteny and homology of the Citrobacter portucalensis Sb-2 & P10159, Citrobacter freundii R17 & RHB12-C20 and Citrobacter
braakii FDAARGOS_253 to E. coli K12-W3110 as reference and Molecular Phylogenetic tree based on the full amino acid sequences of ArsB. In red genes
encoding arsenical membrane transporter (ArsB), in dark red genes encoding arsenical pump-driving ATPases (ArsA), in blue genes encoding a
metallochaperone protein (ArsD), in black genes encoding a arsenical resistance operon repressor (ArsR), in dark blue genes encoding arsenate reductase
(ArsC), in yellow genes putative encoding a permease transporter (YraQ), in green genes encoding organoarsenical oxidase (ArsH), in violet phage-like genes, ~
predicted by PHASTER (Arndt et al. 2019) ( hyp = hypothetical gene). For phylogenetic tree, the evolutionary history was inferred by using the Geneious prime
2021.0.3 (Geneious Tree Builder) (https://www.geneious.com), global alignment, gap open penalty 12, gap extension penalty 3, Blosum62 cost matrix, Jukes -
Cantor, Neighbor - Joining). The tree was drawn to scale, with branch lengths calculated using the average pathway method; the scale bar corresponds to the
number of substitutions per site (Kearse et al. 2012).
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