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ABSTRACT Phages vB_RleM_RL38JI and vB_RleM_RL2RES are known to mediate
generalized transduction in Rhizobium leguminosarum. The RL38JI genome consists
of 158,577 nucleotides and 270 predicted genes, whereas RL2RES has a 156,878-bp
genome with 262 predicted genes. The two genomes are similar, with 82.88% nucle-
otide identity to each other.

Rhizobium phages vB_RleM_RL38JI and vB_RleM_RL2RES are virulent and known for
their ability to mediate generalized transduction in Rhizobium leguminosarum.

Phage RL38JI was isolated from a pea field in Norfolk, United Kingdom (1). It was
described as belonging to the family Myoviridae (2). The deoxycytidine residues in its
genome were shown to be replaced with three different modified residues (3). RL2RES
was isolated from soil collected from a field trial in Hertfordshire, United Kingdom (4).
The morphology of RL2RES was described as being comparable to RL38JI, and both
viruses belong to the family Myoviridae (4). RL38JI was provided to us for transduction
experiments in the 1980s by John Beringer and Andrew Johnston. RL2RES was sent to
us by Penelope Hirsch in 2003.

Phage lysates, using R. leguminosarum strain VF39SM as a bacterial host, were
prepared using the modified method described by Halmillawewa et al. (5), based on
previously described methods (4, 6); these protocols included a DNase treatment. The
genomic DNA of the phages was purified using the method of Lech et al. (7), with the
exception that a phage genome extraction kit (Norgen Biotek Corp., Canada) was used
instead of phenol-chloroform extraction to extract DNA. The library preparation for
sequencing was achieved with a Nextera XT index kit v2 (Illumina, Inc., USA). For each
genome, paired-end reads of a 150-bp read length were generated using Illumina
MiSeq instrumentation. Read qualities were evaluated using FastQC (8). Reads with a
Phred quality score below 30 were removed using Trimmomatic v0.39 (9). The trimmed
reads were assembled by Geneious-R11 v11.1 using default parameters. Assemblies
gave a single contig for both phages.

The assembled genomes were annotated using Center for Phage Technology (CPT)
Apollo available at the CPT Galaxy platform (https://cpt.tamu.edu/galaxy-pub/). Puta-
tive genes were predicted using PAP structural annotation workflow 2019 (v8.16),
which integrates Glimmer (Galaxy v0.2) (10), MetaGeneAnnotator (Galaxy v1.0.0) (11),
and ARAGORN for tRNA identification (Galaxy v19.1.0.0) (12). Possible functions of
putative genes were predicted using PAP functional annotation workflow 2019 (v8.16),
which includes database searches for conserved domains with InterProScan (Galaxy
v5.33-72.0) (13) and for sequence similarities with BLAST�blastp (Galaxy v0.1.01) (14) at
a 0.001 maximum expectation value. The search databases included the NCBI nonre-
dundant database (15) and UniProtKB, Swiss-Prot, and TrEMBL (16).

The phylogenetic relationships were analyzed using CLUSTAL W 2.1 (17). PhageTerm
(Galaxy v1.0.12) (18) was used to predict the phage termini and packaging mechanisms.
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The average nucleotide identity (ANI) of genomes by pairwise comparison was deter-
mined using JSpeciesWS (19; http://jspecies.ribohost.com/jspeciesws/). The amino acid
sequence similarities of certain proteins were determined using NCBI�blastp (14) and
EMBOSS Needle-protein (20; https://www.ebi.ac.uk/Tools/psa/emboss_needle/).

The two genomes of RL38JI and RL2RES are similar to each other, with an average
nucleotide identity of 82.88%. The main features of these two genomes are indicated
in Table 1. Both genomes are similar to previously reported T4-like rhizobiophage
P10VF (GenBank accession number NC_025429.1), with about 88% ANI. The amino acid
sequences of their terminase large subunits are 99.5% similar, while the major capsid
proteins are identical.

Phylogenetic analysis with amino acid sequences of the terminase large subunit and
major capsid protein placed them in the same cluster as P10VF and Enterobacteria
phage T4. According to PhageTerm analysis, they have circularly permuted genomes
with redundant ends and a headful genome packaging mechanism resembling that of
phage T4.

Data availability. These genome sequences were deposited under GenBank acces-
sion numbers MN549360 (RL38JI) and MN549361 (RL2RES). The raw sequence reads
are available at accession numbers SAMN13697382 (RL38JI) and SAMN13697383
(RL2RES), and both are under BioProject accession number PRJNA598046.

ACKNOWLEDGMENTS
We gratefully acknowledge Andrew Johnson, John Beringer, and Penelope Hirsch

for sending us phage lysate samples. The work of Kelsey Williamson in reviving RL2RES
from very old stocks is greatly appreciated. We are indebted to Cory Maughmer and
Mei Lu for assistance with the Apollo annotation applications.

This work was supported by NSERC discovery grants to M.F.H. and C.K.Y. and a
Saskatchewan Health Research Foundation Fellowship to S.V.B.

REFERENCES
1. Buchanan-Wollaston V. 1979. Generalized transduction in Rhizobium

leguminosarum. J Gen Microbiol 112:135–142. https://doi.org/10.1099/
00221287-112-1-135.

2. Jun G, Aird ELH, Kannenberg E, Downie JA, Johnston A. 1993. The sym
plasmid pRP2JI and at least two other loci of Rhizobium leguminosarum
biovar phaseoli can confer resistance to infection by the virulent bacte-
riophage RL38. FEMS Microbiol Lett 111:321–326. https://doi.org/10
.1111/j.1574-6968.1993.tb06405.x.

3. Swinton D, Hattman S, Benzinger R, Buchanan-Wollaston V, Beringer J.
1985. Replacement of the deoxycytidine residues in Rhizobium bacte-
riophage RL38JI DNA. FEBS Lett 184:294 –298. https://doi.org/10.1016/
0014-5793(85)80625-6.

4. Mendum TA, Clark IM, Hirsch PR. 2001. Characterization of two novel
Rhizobium leguminosarum bacteriophages from a field release site of
genetically-modified rhizobia. Antonie Van Leeuwenhoek 79:189 –197.
https://doi.org/10.1023/a:1010238412538.

5. Halmillawewa AP, Restrepo-Córdoba M, Yost CK, Hynes MF. 2015.
Genomic and phenotypic characterization of Rhizobium gallicum phage
vB_RglS_P106B. Microbiology 61:611– 620. https://doi.org/10.1099/mic.0
.000022.

6. Adams MH. 1959. Bacteriophages. Interscience Publishers, Inc., New
York, NY.

7. Lech K, Reddy KJ, Sherman LA. 2001. Preparing lambda DNA from phage
lysates. Curr Protoc Mol Biol 10:1.13.1–1.13.10. https://doi.org/10.1002/
0471142727.mb0113s10.

8. Andrews S. 2010. FastQC: a quality control tool for high throughput se-
quence data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

9. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114 –2120. https://doi.org/10
.1093/bioinformatics/btu170.

10. Delcher AL, Bratke KA, Powers EC, Salzberg SL. 2007. Identifying bacterial
genes and endosymbiont DNA with Glimmer. Bioinformatics 23:
673– 679. https://doi.org/10.1093/bioinformatics/btm009.

11. Noguchi H, Taniguchi T, Itoh T. 2008. MetaGeneAnnotator: detecting
species-specific patterns of ribosomal binding site for precise gene
prediction in anonymous prokaryotic and phage genomes. DNA Res
15:387–396. https://doi.org/10.1093/dnares/dsn027.

12. Laslett D, Canback B. 2004. ARAGORN, a program to detect tRNA genes
and tmRNA genes in nucleotide sequences. Nucleic Acids Res 32:11–16.
https://doi.org/10.1093/nar/gkh152.

TABLE 1 Main features of RL38JI and RL2RES phage genomes

Featurea

Value for phage:

RL38JI RL2RES

Total no. of paired-end reads 34,828 40,310
Genome coverage (�) 27.342 37.737
Genome size (bp) 158,577 156,878
G�C content (%) 49.8 50
No. of predicted genes 270 262
No. of genes with predicted functions 61 60
a No tRNAs were identified in either phage.

Gunathilake et al.

Volume 9 Issue 11 e01589-19 mra.asm.org 2

http://jspecies.ribohost.com/jspeciesws/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.ncbi.nlm.nih.gov/nuccore/NC_025429.1
https://www.ncbi.nlm.nih.gov/nuccore/MN549360
https://www.ncbi.nlm.nih.gov/nuccore/MN549361
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN13697382
https://www.ncbi.nlm.nih.gov/biosample/?term=SAMN13697383
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA598046&o=acc_s%3Aa
https://doi.org/10.1099/00221287-112-1-135
https://doi.org/10.1099/00221287-112-1-135
https://doi.org/10.1111/j.1574-6968.1993.tb06405.x
https://doi.org/10.1111/j.1574-6968.1993.tb06405.x
https://doi.org/10.1016/0014-5793(85)80625-6
https://doi.org/10.1016/0014-5793(85)80625-6
https://doi.org/10.1023/a:1010238412538
https://doi.org/10.1099/mic.0.000022
https://doi.org/10.1099/mic.0.000022
https://doi.org/10.1002/0471142727.mb0113s10
https://doi.org/10.1002/0471142727.mb0113s10
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btm009
https://doi.org/10.1093/dnares/dsn027
https://doi.org/10.1093/nar/gkh152
https://mra.asm.org


13. Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R. 2005.
InterProScan: protein domains identifier. Nucleic Acids Res 33:
W116 –W120. https://doi.org/10.1093/nar/gki442.

14. Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden
TL. 2008. NCBI BLAST: a better Web interface. Nucleic Acids Res 36:
W5–W9. https://doi.org/10.1093/nar/gkn201.

15. Pruitt KD, Tatusova T, Maglott DR. 2004. NCBI Reference Sequence
(RefSeq): a curated non-redundant sequence database of genomes,
transcripts and proteins. Nucleic Acids Res 33:D501–D504. https://doi
.org/10.1093/nar/gki025.

16. The Uniprot Consortium. 2008. The universal protein resource (Uni-
Prot). Nucleic Acids Res 36:D190 –D195. https://doi.org/10.1093/nar/
gkl929.

17. Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through se-

quence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res 22:4673– 4380. https://doi.org/10.1093/nar/22
.22.4673.

18. Garneau JR, Depardieu F, Fortier L, Bikard D, Monot M. 2017. PhageTerm:
a tool for fast and accurate determination of phage termini and pack-
aging mechanism using next-generation sequencing data. Sci Rep
7:8292. https://doi.org/10.1038/s41598-017-07910-5.

19. Richter M, Rosselló-Móra R, Oliver Glöckner F, Peplies J. 2016.
JSpeciesWS: a Web server for prokaryotic species circumscription based
on pairwise genome comparison. Bioinformatics 32:929 –931. https://doi
.org/10.1093/bioinformatics/btv681.

20. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P,
Tivey ARN, Potter SC, Finn RD, Lopez R. 2019. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res 47:W636 –W641.
https://doi.org/10.1093/nar/gkz268.

Microbiology Resource Announcement

Volume 9 Issue 11 e01589-19 mra.asm.org 3

https://doi.org/10.1093/nar/gki442
https://doi.org/10.1093/nar/gkn201
https://doi.org/10.1093/nar/gki025
https://doi.org/10.1093/nar/gki025
https://doi.org/10.1093/nar/gkl929
https://doi.org/10.1093/nar/gkl929
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1038/s41598-017-07910-5
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/nar/gkz268
https://mra.asm.org

	Data availability. 
	ACKNOWLEDGMENTS

