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ABSTRACT Unused water in unoccupied buildings can become stagnant, with reduc-
tions in temperature and levels of disinfectant resulting in increased microbial growth.
We report the closed and complete genome and plasmid of Legionella pneumophila
strain AW-13-4 (serogroup 1), which was isolated from a hot water loop system of a
large building.

In March 2020, state and local government officials in the United States issued shel-
ter-in-place recommendations (“social distancing”) and ordered the closing of high-

occupancy venues (e.g., nonessential buildings) to stop the global pandemic caused
by novel coronavirus (severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2])
disease 2019 (COVID-19) (1–3). During this time, unoccupied and low-occupancy build-
ings might have experienced extended periods of low water demand without proper
water management plans (i.e., mitigation) (4). As conditions allow, the workforce will
steadily return to occupational buildings with their safety being a key priority for facil-
ity managers. It is important to understand the impact of the lockdown and mitigation
efforts in the building water distribution system. Here, we report the assembled ge-
nome and plasmid of Legionella pneumophila strain AW-13-4, a Gram-negative bacte-
rium and major causative agent of Legionnaires’ disease (5, 6).

Strain AW-13-4 was isolated in April 2019 from drinking water obtained from a hot
water recirculating loop pipe in a large occupational building. At the time of publica-
tion, monthly sampling events confirmed the presence of L. pneumophila in the drink-
ing water system. A 100-ml water sample was concentrated by membrane filtration
(0.2mm), and the subsequent selective recovery of L. pneumophila was performed as
described by Gomez-Alvarez et al. (7). Briefly, the concentrate was resuspended in 5ml
of Butterfield's phosphate buffer, and 100ml was cultured on buffered CYE selective
agar (catalogue number R110107; Remel, Lenexa, KS) for 5 days at 35°C. The agar is
used for the selective recovery of L. pneumophila from potable water samples and con-
tains vancomycin and anisomycin to suppress contaminating flora. A single colony was
transferred to BCYE agar (catalogue number R01334; Remel) and incubated for 2 days
at 35°C. The isolate was further characterized as serogroup 1 by latex agglutination
(Oxoid Ltd., Basingstoke, UK). High-quality DNA was extracted using the UltraClean
DNA microbial isolation kit (MO BIO Laboratories, Solana Beach, CA) following the man-
ufacturer’s instructions. A genomic library was prepared using the Nextera XT index kit
(Illumina, Inc., San Diego, CA) and sequenced on the Illumina HiSeq 4000 platform
(paired-end 150-nucleotide [nt] reads). Read processing was performed as described
previously (7); short-read libraries were cleaned of adapters and phiX artifacts, error
corrected, normalized (#100�), and filtered to a minimum length of 100 nt (BBMap
v38.67; ktrim=r k=23 mink=11 hdist=1 tbo tpe maxns=0 trimq=10 qtrim=r maq=12
minlength=100 ecco=t eccc=t ecct=t target=100). A long-read library was prepared
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using the ligation sequencing kit (1D SQK-LSK109) and the native barcoding kit (EXP-
NBD104) on a MinION device (Oxford Nanopore Technologies [ONT], Inc., Oxford, UK).
Fast5 reads were base called using Guppy v3.1.5 (ONT), trimmed with Porechop v0.2.3
(8) using a 90% identity threshold, and then filtered to a minimum length of 25,000 nt.
Short- and long-read sequencing produced 45,606,672 reads (average length, 132 nt
[range, 100 to 150 nt]; coverage, 1,599�) and 10,313 reads (average length, 30,056 nt
[range, 25,001 to 68,983 nt]; coverage, 142,495�), respectively. A hybrid assembly
approach was used to assemble the processed reads using Unicycler v0.4.8 (9).
Default parameters were used for all software unless otherwise specified.

The final assembly contains a single chromosome spanning the complete 3.512-
Mbp length of the genome (GC content of 38%) and a single 1.299-kbp plasmid (Fig. 1).
Gene annotation with Prokka v1.14.6 (10) identified 3,100 coding sequences, 9 rRNAs,
and 43 tRNAs. The average nucleotide identity (ANI) was calculated using FastANI v1.31
(11), which indicated 99.99% ANI with L. pneumophila strain OLDA (12). The in silico mul-
tilocus sequence typing (MLST) sequence type (13, 14) was determined using MentaLiST
v0.2.3 (15), and the presence of antimicrobial resistance (AMR) genes was determined
with the RGI CARD Web-based tool (16). AW-13-4 was identified as sequence type 1, and
gene annotation confirmed the presence of lpeAB genes (Fig. 1). Previous studies dem-
onstrated the involvement of LpeAB in an efflux pump responsible for reduced sensitiv-
ity to azithromycin in L. pneumophila strains (17, 18). The plasmid contained a class D
b-lactamase (blaOXA-29) (19). The VRprofile server (20) detected the presence of integra-
tive and conjugative elements (ICEs) (21) (Fig. 1), which are often associated with trans-
fer/conjugative elements such as the type IV secretion system (T4SS) (22).

Data availability. This whole-genome shotgun project has been deposited in
DDBJ/ENA/GenBank under BioProject number PRJNA487286 with the accession num-
bers CP061840 (chromosome) and CP061841 (plasmid). The raw sequence reads have

FIG 1 Circular maps of the AW-13-4 genome and plasmid generated with the CGView server (23). The rings, from outside to inside, denote AMR genes
(ARG), secretion systems (T4SS), and rRNA coding genes on both the forward and reverse strands (rings 1 and 4), protein coding genes on both the
forward and reverse strands (rings 2 and 3), and GC content (ring 5). Blue regions represent in silico identification of ICEs or mobile genetic elements (21)
using the VRprofile server (20).
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been submitted to the NCBI SRA under the accession numbers SRR13076822 and
SRR13076823. The versions described in this paper are the first versions.

ACKNOWLEDGMENTS
We thank Dawn King, Adin Pemberton, Stacy Pfaller, Mark Rodgers, and Jorge Santo

Domingo for valuable assistance with this project. Special thanks go to Chris Bennett.
This research was supported by EPA Office of Research and Development Safe and

Sustainable Water Resources Program 7.2.1.
The opinions expressed are those of the authors and do not necessarily reflect the

official positions and policies of the U.S. EPA. Any mention of product or trade names
does not constitute recommendation for use by the U.S. EPA.

REFERENCES
1. Haffajee RL, Mello MM. 2020. Thinking globally, acting locally: the U.S.

response to COVID-19. N Engl J Med 382:e75. https://doi.org/10.1056/
NEJMp2006740.

2. Hsiang S, Allen D, Annan-Phan S, Kendon B, Bolliger I, Chong T,
Druckenmiller H, Huang LY, Hultgren A, Krasovich E, Lau P, Lee J, Rolf E,
Tseng J, Wu T. 2020. The effect of large-scale anti-contagion policies on
the COVID-19 pandemic. Nature 584:262–267. https://doi.org/10.1038/
s41586-020-2404-8.

3. Schuchat A. 2020. Public health response to the initiation and spread of
pandemic COVID-19 in the United States, February 24–April 21, 2020.
MMWR Morb Mortal Wkly Rep 69:551–556. https://doi.org/10.15585/
mmwr.mm6918e2.

4. Proctor C, Rhoads W, Keane T, Salehi M, Hamilton K, Pieper K, Cwiertny D,
Prévost M, Whelton A. 2020. Considerations for large building water qual-
ity after extended stagnation. AWWA Water Sci e1186. https://doi.org/10
.1002/aws2.1186.

5. Phin N, Parry-Ford F, Harrison T, Stagg HR, Zhang N, Kumar K, Lortholary
O, Zumla A, Abubakar I. 2014. Epidemiology and clinical management of
Legionnaires' disease. Lancet Infect Dis 14:1011–1021. https://doi.org/10
.1016/S1473-3099(14)70713-3.

6. Cunha BA, Burillo A, Bouza E. 2016. Legionnaires' disease. Lancet
387:376–385. https://doi.org/10.1016/S0140-6736(15)60078-2.

7. Gomez-Alvarez V, Boczek L, King D, Pemberton A, Pfaller S, Rodgers M,
SantoDomingo J, Revetta RP. 2019. Draft genome sequences of seven
Legionella pneumophila isolates from a hot water system of a large build-
ing. Microbiol Resour Announc 8:e00384-19. https://doi.org/10.1128/MRA
.00384-19.

8. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Completing bacterial genome
assemblies with multiplex MinION sequencing. Microb Genom 3:e000132.
https://doi.org/10.1099/mgen.0.000132.

9. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing read. PLoS Comput
Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595.

10. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068–2069. https://doi.org/10.1093/bioinformatics/btu153.

11. 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. https://doi.org/10.1038/s41467
-018-07641-9.

12. Mercante JW, Morrison SS, Raphael BH, Winchell JM. 2016. Complete ge-
nome sequences of the historical Legionella pneumophila strains OLDA
and Pontiac. Genome Announc 4:e00866-16. https://doi.org/10.1128/
genomeA.00866-16.

13. Gaia V, Fry NK, Afshar B, Luck PC, Meugnier H, Etienne J, Peduzzi R,
Harrison TG. 2005. Consensus sequence-based scheme for epidemiologi-
cal typing of clinical and environmental isolates of Legionella pneumo-
phila. J Clin Microbiol 43:2047–2052. https://doi.org/10.1128/JCM.43.5
.2047-2052.2005.

14. Ratzow S, Gaia V, Helbig JH, Fry NK, Luck PC. 2007. Addition of neuA, the
gene encoding N-acylneuraminate cytidylyl transferase, increases the dis-
criminatory ability of the consensus sequence-based scheme for typing
Legionella pneumophila serogroup 1 strains. J Clin Microbiol 45:1965–1968.
https://doi.org/10.1128/JCM.00261-07.

15. Feijao P, Yao HT, Fornika D, Gardy J, Hsiao W, Chauve C, Chindelevitch L.
2018. MentaLiST: a fast MLST caller for large MLST schemes. Microb
Genom 4:e000146. https://doi.org/10.1099/mgen.0.000146.

16. Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M, Edalatmand A,
Huynh W, Nguyen A-LV, Cheng A, Liu S, Min SY, Miroshnichenko A, Tran
H-K, Werfalli RE, Nasir JA, Oloni M, Speicher DJ, Florescu A, Singh B, Faltyn
M, Hernandez-Koutoucheva A, Sharma AN, Bordeleau E, Pawlowski AC,
Zubyk HL, Dooley D, Griffiths E, Maguire F, Winsor GL, Beiko RG, Brinkman
FSL, Hsiao WWL, Domselaar GV, McArthur AG. 2020. CARD 2020: antibi-
otic resistome surveillance with the Comprehensive Antibiotic Resistance
Database. Nucleic Acids Res 48:D517–D525. https://doi.org/10.1093/nar/
gkz935.

17. Vandewalle-Capo M, Massip C, Descours G, Charavit J, Chastang J, Billy
PA, Boisset S, Lina G, Gilbert C, Maurin M, Jarraud S, Ginevra C. 2017. Mini-
mum inhibitory concentration (MIC) distribution among wild-type strains
of Legionella pneumophila identifies a subpopulation with reduced sus-
ceptibility to macrolides owing to efflux pump genes. Int J Antimicrob
Agents 50:684–689. https://doi.org/10.1016/j.ijantimicag.2017.08.001.

18. Massip C, Descours G, Ginevra C, Doublet P, Jarraud S, Gilbert C. 2017.
Macrolide resistance in Legionella pneumophila: the role of LpeAB efflux
pump. J Antimicrob Chemother 72:1327–1333. https://doi.org/10.1093/
jac/dkw594.

19. Franceschini N, Boschi L, Pollini S, Herman R, Perilli M, Galleni M, Frère JM,
Amicosante G, Rossolini GM. 2001. Characterization of OXA-29 from
Legionella (Fluoribacter) gormanii: molecular class D b-lactamase with un-
usual properties. Antimicrob Agents Chemother 45:3509–3516. https://
doi.org/10.1128/AAC.45.12.3509-3516.2001.

20. Li J, Tai C, Deng Z, Zhong W, He Y, Ou HY. 2018. VRprofile: gene-cluster-
detection-based profiling of virulence and antibiotic resistance traits
encoded within genome sequences of pathogenic bacteria. Brief Bioin-
form 19:566–574. https://doi.org/10.1093/bib/bbw141.

21. Johnson CM, Grossman AD. 2015. Integrative and conjugative elements
(ICEs): what they do and how they work. Annu Rev Genet 49:577–601.
https://doi.org/10.1146/annurev-genet-112414-055018.

22. Gomez-Valero L, Rusniok C, Carson D, Mondino S, Pérez-Cobas AE, Rolando
M, Pasricha S, Reuter S, Demirtas J, Crumbach J, Descorps-Declere S,
Hartland EL, Jarraud S, Dougan G, Schroeder GN, Frankel G, Buchrieser C.
2019. More than 18,000 effectors in the Legionella genus genome provide
multiple, independent combinations for replication in human cells. Proc Natl
Acad Sci U S A 116:2265–2273. https://doi.org/10.1073/pnas.1808016116.

23. Grant JR, Stothard P. 2008. The CGView server: a comparative genomics
tool for circular genomes. Nucleic Acids Res 36:W181–W184. https://doi
.org/10.1093/nar/gkn179.

Microbiology Resource Announcement

January 2021 Volume 10 Issue 1 e01276-20 mra.asm.org 3

https://www.ncbi.nlm.nih.gov/sra/SRR13076822
https://www.ncbi.nlm.nih.gov/sra/SRR13076823
https://doi.org/10.1056/NEJMp2006740
https://doi.org/10.1056/NEJMp2006740
https://doi.org/10.1038/s41586-020-2404-8
https://doi.org/10.1038/s41586-020-2404-8
https://doi.org/10.15585/mmwr.mm6918e2
https://doi.org/10.15585/mmwr.mm6918e2
https://doi.org/10.1002/aws2.1186
https://doi.org/10.1002/aws2.1186
https://doi.org/10.1016/S1473-3099(14)70713-3
https://doi.org/10.1016/S1473-3099(14)70713-3
https://doi.org/10.1016/S0140-6736(15)60078-2
https://doi.org/10.1128/MRA.00384-19
https://doi.org/10.1128/MRA.00384-19
https://doi.org/10.1099/mgen.0.000132
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1128/genomeA.00866-16
https://doi.org/10.1128/genomeA.00866-16
https://doi.org/10.1128/JCM.43.5.2047-2052.2005
https://doi.org/10.1128/JCM.43.5.2047-2052.2005
https://doi.org/10.1128/JCM.00261-07
https://doi.org/10.1099/mgen.0.000146
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.1016/j.ijantimicag.2017.08.001
https://doi.org/10.1093/jac/dkw594
https://doi.org/10.1093/jac/dkw594
https://doi.org/10.1128/AAC.45.12.3509-3516.2001
https://doi.org/10.1128/AAC.45.12.3509-3516.2001
https://doi.org/10.1093/bib/bbw141
https://doi.org/10.1146/annurev-genet-112414-055018
https://doi.org/10.1073/pnas.1808016116
https://doi.org/10.1093/nar/gkn179
https://doi.org/10.1093/nar/gkn179
https://mra.asm.org

	Outline placeholder
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

