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a b s t r a c t 

Background: Carbapenemase-producing Citrobacter freundii has been reported as a leading cause of 

healthcare-associated infections. Particularly, C. freundii belonging to the sequence type (ST) 18 is con- 

sidered to be an emerging nosocomial clone. 

Objectives: To report the genomic background and phylogenomic analysis of a multidrug-resistant NDM- 

1-producing C. freundii ST18 (strain CF135931) isolated from an endangered green sea turtle affected by 

plastic pollution in Brazil. 

Methods: Genomic DNA was extracted and sequenced using the Illumina NextSeq platform. De novo as- 

sembly was performed by CLC Workbench, and in silico analysis accomplished by bioinformatics tools. For 

phylogenomic analysis, publicly available C. freundii (txid:546) genome assemblies were retrieved from 

the NCBI database. 

Results: The genome size was calculated at 5 290 351 bp, comprising 5263 total genes, 4 rRNAs, 77 tR- 

NAs, 11ncRNAs, and 176 pseudogenes. The strain belonged to C. freundii ST18, whereas resistome analysis 

predicted genes encoding resistance to β-lactams ( blaNDM-1 , blaOXA-1 , blaCMY-117 , and blaTEM-1C ), aminogly- 

cosides ( aph(3′ ’)-Ib, aadA16, aph(3′ )-VI, aac(6′ )-Ib-cr, and aph(6)-Id ), quinolones ( aac(6′ )-Ib-cr ), macrolides 

( mph(A) and erm(B) ), sulphonamides ( sul1 and sul2 ), tetracyclines ( tetA and tetD ), and trimethoprim 

( dfrA27 ). The phylogenomic analysis revealed that CF135931 strain is closely related to international 

human-associated ST18 clones producing NDM-1. 

Conclusion: Genomic surveillance effort s are necessary for robust monitoring of the emergence of drug- 

resistant strains and WHO critical priority pathogens within a One Health framework. In this regard, this 

draft genome and associated data can improve understanding of dissemination dynamics of nosocomial 

clones of carbapenemase-producing C. freundii beyond hospital walls. In fact, the emergence of NDM-1- 

producing C. freundii of global ST18 in wildlife deserves considerable attention. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Citrobacter freundii is a Gram-negative bacterium of the En- 

erobacterales order considered an opportunistic causative agent 

f a broad spectrum of healthcare-associated infections, being 

requently associated with the production of extended-spectrum 
ig. 1. SNP-based phylogenomic analysis of global Citrobacter freundii strains belonging 

ssemblies available at NCBI database. The SNP-based matrix of analysed genome assemb

s highlighted in red. (B) C. freundii ST18 genome assemblies closely related to the CF1359

390
-lactamases and carbapenemases [1] . Of critical concern, there 

re increasing reports of NDM-1-producing C. freundii strains 

ausing nosocomial outbreaks [1] . 

Although carbapenemase-producing Enterobacterales have 

merged as serious cause of nosocomial infections worldwide, 

eing classified as critical priority pathogens by the World Health 
to the international clone ST18. (A) Phylogenomic tree of C. freundii ST18 genome 

lies is quoted in Supplementary Table S1. The clade containing the CF135931 strain 

31 strain are compared with resistome, source, country, and year of isolation. 
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rganization (WHO) [2] , wildlife has been overlooked in the 

pidemiology of the carbapenem resistance problem [3] , which 

oses a substantial ecological threat [1] . 

Herein, we present genomic data of an NDM-1-producing C. 

reundii belonging to the nosocomial sequence type (ST) 18 iso- 

ated from an endangered green sea turtle ( Chelonia mydas ) ( https: 

/www.worldwildlife.org/species/green-turtle ) affected by plastic 

ollution in Brazil. 

. Methods 

On 19 February 2019, a juvenile green turtle ( C. mydas ) was 

ound stranded on a beach of São José (-27.60966; -48.62924), 

outhern Brazil. The turtle was immediately transported to a sea 

urtle rehabilitation centre (Projeto Tamar – Florianópolis) for 

urther clinical evaluation and treatment. Upon physical examina- 

ion, the turtle displayed an injury on its head, signs of weakness 

nd incoordination, anaemia, and dehydration. The turtle excreted 

ylon and other plastic fragments, indicating ingestion of ma- 

ine plastic debris. As part of a genomic surveillance of WHO 

ritical-priority pathogens colonizing Brazilian wildlife, a cloacal 

wab sample was collected, and microbiological analysis was per- 

ormed as previously described [4] . In this regard, a Gram-negative 

acterium (strain CF135931) was isolated, being identified as C. 

reundii by using MALDI-TOF/MS, and further confirmed by whole- 

enome sequencing (WGS) analysis. The strain CF135931 displayed 

 multidrug-resistant (MDR) profile to ertapenem, imipenem, 

eropenem, amoxicillin/clavulanic acid, cefoxitin, ceftiofur, cefo- 

axime, ceftazidime, ceftazidime/avibactam, cefepime, aztreonam, 

mikacin, gentamicin, nalidixic acid, ciprofloxacin, enrofloxacin, 

evofloxacin, trimethoprim/sulfamethoxazole, and tetracycline, as 

etermined by the Kirby–Bauer method using Clinical and Labo- 

atory Standards Institute (CLSI) breakpoints (Supplement M100, 

1st ed.). 

The genomic DNA of strain CF135931 was extracted using a 

ureLinkTM Quick Gel Extraction kit (Life Technologies, Carlsbad, 

A), and a Qubit 2.0 fluorometer (Life Technologies, Carlsbad, 

A) was used to measure DNA concentration. Library prepara- 

ion was performed using the Nextera DNA Flex kit (Illumina, San 

iego, CA) and sequenced by using NextSeq550 platform paired- 

nd reads (2 × 75 bp) (Illumina, San Diego, CA). Reads with a 

HRED quality score below 20 were discarded, and adapters were 

rimmed using TrimGalore v.0.6.5 ( https://github.com/FelixKrueger/ 

rimGalore ). De novo genome assembly was performed with CLC 

orkbench v.12. Sequences were annotated using NCBI Prokaryotic 

enome Annotation Pipeline version v.4.10 ( http://www.ncbi.nlm. 

ih.gov/genome/annotation_prok/ ). 

The genome size was calculated at 5 290 351 bp, comprising 

263 total genes, 4 rRNAs, 77 tRNAs, 11 ncRNAs, and 176 pseu- 

ogenes. Genomic typing of C. freundii was performed by MLST 

.0 ( https://cge.cbs.dtu.dk/services/MLST/ ), plasmid replicons by 

lasmidFinder 2.1 ( https://cge.food.dtu.dk/services/PlasmidFinder/ ), 

nd resistome by ResFinder 4.1 ( https://cge.cbs.dtu.dk/services/ 

esFinder/ ), with a 95% threshold for gene identity and 

overage. 

For phylogenomic analysis, C. freundii (txid:546) genome as- 

emblies were downloaded from the NCBI GenBank database 

 n = 1869) and screened using MLST v.2.23.0 ( https://github.com/ 

seemann/mlst ), which yielded 44 entries after removing con- 

aminated genomes. The selected genomes were submitted to 

NP analysis in the CSI Phylogeny software ( https://cge.food.dtu. 

k/services/CSIPhylogeny/ ), using the reference genome FDAAR- 

OS_549 available in the NCBI RefSeq. 
391
. Results and discussion 

The C. freundii CF135931 strain presented a wide resistome 

ith genes encoding resistance to β-lactams ( blaNDM-1 , blaOXA-1 , 

laCMY-117 , and blaTEM-1C ), aminoglycosides ( aph(3′ ’)-Ib, aadA16, 

ph(3′ )-VI, aac(6′ )-Ib-cr, and aph(6)-Id ), quinolones ( aac(6′ )-Ib-cr , 

nd parC [S80IN], gyrA [S83I], gyrB [E466D] mutations), macrolides 

 mph(A) and erm(B) ) , sulphonamides ( sul1 and sul2 ), tetracyclines 

 tetA and tetD ), and trimethoprim ( dfrA27 ). In addition, plasmid 

eplicon types IncC, IncFIA, IncFIB, and IncR were predicted. The 

LST analysis revealed that C. freundii CF135931 belonged to the 

T18, which is considered an emerging clone of clinical concern 

5] . The blaNDM-1 gene was found to be located in the trf - ble -

laNDM-1 -IS 30 genetic context on a 6-kb contig displaying 100% 

dentity and 99% coverage with pAB17 plasmid (Genbank accession 

o. MT002974.1), previously identified in a nosocomial Acinetobac- 

er baumannii from Brazil (Supplementary Fig. S1). 

The phylogenomic investigation confirmed that C. freundii 

F135931 is genomically related (130–225 SNP differences) to 

uman-associated ST18 lineages producing NDM-1 from China 

2016 and 2018) and the Philippines (2016), and OXA-48- and KPC- 

-positive clones identified in 2018, in Germany and Finland, re- 

pectively ( Fig. 1 ; Supplementary Table S1). In this regard, the 

resence of these clinically relevant genes may be a strategy of the 

. freundii ST18 lineage for a successful persistence in clinical envi- 

onments. 

These findings are remarkably important since they shed light 

n the appearance of healthcare-associated bacteria in an en- 

angered marine animal [6] . Considering that carbapenemase- 

roducing bacteria have been linked to contamination with land- 

ased pollutants, the scientific community should pay more at- 

ention to the presence of MDR bacteria in marine animals af- 

ected by plastic pollution. Although our study does not confirm 

hat plastic debris was the source of the origin of C. freundii strain 

F135931, recent studies have suggested that the plastisphere can 

e a new pathway for MDR bacteria spread to the marine environ- 

ent with uncertain consequences for their wildlife populations 

7] . 

Our data may be useful for comparative genomic analyses of C. 

reundii belonging to the nosocomial clone ST18 strains that could 

merge beyond hospital settings as a new threat for humans and 

onhuman hosts [ 1 , 3 , 8 ]. In this sense, genomic databases available

nline allow bacterial sequence typing, tracking, and monitoring 

he spread of critically important antimicrobial-resistant bacterial 

ineages that cross the barriers of clinical environments [9] . 

Finally, since wildlife can be affected by C. freundii infections 

8] , this study also reinforces the urgent need to monitor the 

ultidrug-resistant NDM-1-producing C. freundii that circulates 

mong endangered wildlife populations. 

ucleotide sequence accession numbers: The whole genome nu- 

leotide sequence of the C. freundii CF135931 isolate is available in 

he GenBank database under the accession number SRR25161878. 

unding: This study was supported by the Bill and Melinda Gates 

oundation (Grand Challenges Explorations Brazil OPP1193112). Un- 

er the grant conditions of the Foundation, a CC BY or equivalent 

icence is applied to the author-accepted manuscript version aris- 

ng from this submission. Additionally, this study was supported 

y the Fundação de Amparo à Pesquisa do Estado de São Paulo 

2020/08224-9) and Conselho Nacional de Desenvolvimento Cien- 

ífico e Tecnológico (CNPq 422984/2021-3 and 314336/2021-4). 

ompeting interests: None declared. 

thical approval: Not required. 

https://www.worldwildlife.org/species/green-turtle
https://github.com/FelixKrueger/TrimGalore
http://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://cge.cbs.dtu.dk/services/MLST/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
https://github.com/tseemann/mlst
https://cge.food.dtu.dk/services/CSIPhylogeny/


V. Aravena-Ramírez, D. Fuentes-Castillo, S.T. Vilaça et al. Journal of Global Antimicrobial Resistance 36 (2024) 389–392

A

D

r

a

(

B

o

t

S

f

R

[

[

[

[

[

[

[  

[

[  
cknowledgements: We thank Vicerrectoría de Investigación y 

esarrollo–Universidad de Concepción (20230 0 0789INI) for the 

esearch support. FAPESP, CAPES, and CNPq research grants 

re gratefully acknowledged. N.L. is a research fellow of CNPq 

314336/2021-4). We thank Cefar Diagnóstica Ltda. (São Paulo, 

razil) and the CEFAP-GENIAL facility for kindly supplying antibi- 

tic discs for susceptibility testing and Illumina sequencing, respec- 

ively. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.jgar.2024.01.006 . 

eferences 

1] Heljanko V, Johansson V, Räisänen K, Anttila VJ, Lyytikäinen O, Jalava J, et al. 

Genomic epidemiology of nosocomial carbapenemase-producing Citrobacter fre- 
undii in sewerage systems in the Helsinki metropolitan area, Finland. Front Mi- 

crobiol 2023;14:1165751. doi: 10.3389/fmicb.2023.1165751 . 
2] Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, et al. 

Discovery, research, and development of new antibiotics: the WHO priority list 
392
of antibiotic-resistant bacteria and tuberculosis. Lancet Infect Dis 2018;18:318–
27. doi: 10.1016/S1473- 3099(17)30753- 3 . 

3] Dolejska M, Literak I. Wildlife is overlooked in the epidemiology of med- 
ically important antibiotic-resistant bacteria. Antimicrob Agents Chemother 

2019;63:e01167–219. doi: 10.1128/AAC.01167-19 . 
4] Jacob ME, Keelara S, Aidara-Kane A, Matheu Alvarez JR, Fedorka-Cray PJ. Opti- 

mizing a screening protocol for potential extended-spectrum β-lactamase Es- 
cherichia coli on MacConkey agar for use in a global surveillance program. J Clin 

Microbiol 2020;24 58e01039-19. doi: 10.1128/JCM.01039-19 . 

5] Yao Y, Falgenhauer L, Falgenhauer J, Hauri AM, Heinmüller P, Domann E, et al. 
Carbapenem-resistant Citrobacter spp. as an emerging concern in the hospital 

setting: results from a genome-based regional surveillance study. Front Cell In- 
fect Microbiol 2021;11:74 4 431. doi: 10.3389/fcimb.2021.74 4 431 . 

6] Tsai MA, Chang CC, Li TH. Antimicrobial-resistance profiles of gram-negative 
bacteria isolated from green turtles ( Chelonia mydas ) in Taiwan. Environ Pollut 

2021;277:116870. doi: 10.1016/j.envpol.2021.116870 . 

7] Kaur K, Reddy S, Barathe P, Oak U, Shriram V, Kharat SS, et al. Microplastic-
associated pathogens and antimicrobial resistance in environment. Chemo- 

sphere 2022;291:133005. doi: 10.1016/j.chemosphere.2021.133005 . 
8] Goldberg DW, Fernandes MR, Sellera FP, Costa DGC, Bracarense APL, Lincopan N. 

Genetic background of CTX-M-15-producing Enterobacter hormaechei ST114 and 
Citrobacter freundii ST265 co-infecting a free-living green turtle ( Chelonia my- 

das ). Zoonoses Public Health 2019;66:540–5. doi: 10.1111/zph.12572 . 

9] Feng Y, Zou S, Chen H, Yu Y, Ruan Z. BacWGSTdb 2.0: a one-stop repository for
bacterial whole-genome sequence typing and source tracking. Nucleic Acids Res 

2021;49:D644–50. doi: 10.1093/nar/gkaa821 . 

https://doi.org/10.1016/j.jgar.2024.01.006
https://doi.org/10.3389/fmicb.2023.1165751
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1128/AAC.01167-19
https://doi.org/10.1128/JCM.01039-19
https://doi.org/10.3389/fcimb.2021.744431
https://doi.org/10.1016/j.envpol.2021.116870
https://doi.org/10.1016/j.chemosphere.2021.133005
https://doi.org/10.1111/zph.12572
https://doi.org/10.1093/nar/gkaa821

	Genomic scan of a healthcare-associated NDM-1-producing Citrobacter freundii ST18 isolated from a green sea turtle impacted by plastic pollution
	1 Introduction
	2 Methods
	3 Results and discussion
	Supplementary materials
	References


