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ABSTRACT This study presents high-quality draft genome assemblies of six bacte-
rial strains isolated from the roots of wheat grown in soil contaminated with cad-
mium. The results of this study will help to elucidate at the molecular level how
heavy metals affect interactions between beneficial rhizobacteria and crop plants.

oil deterioration caused by intensive farming practices presents a serious challenge

to agriculture in Ukraine and worldwide (1-3). Beneficial rhizobacteria play a crucial
role in the remediation of contaminated soils and contribute to plants’ ability to resist
soil pollution (4, 5). In this study, we characterized the genomes of six bacterial strains
isolated from the rhizosphere of wheat grown in soil contaminated with cadmium, a
heavy metal pollutant commonly associated with the extensive use of phosphate
fertilizers (6).

Winter wheat (cv. Benefis) was grown for 3 weeks in cadmium-contaminated soil
collected near Kyiv, Ukraine, and rhizobacteria were isolated by the dilution plating of
root wash onto nutrient agar (Difco) supplemented with 75 ug ml=' of CdCl,. Six
isolates representing the dominant morphotypes, designated USM1 through USM6,
were selected for genome sequencing and cultured in nutrient broth (Difco) prior to
DNA extraction using a cetyltrimethylammonium bromide (CTAB) procedure (7). Se-
quencing libraries were prepared using a NEBNext Ultra Il FS kit (New England Biolabs)
and sequenced on an lllumina MiSeq instrument with v.3 chemistry, which generated
between 1.7 and 3.2 million 150-bp paired-end reads per strain. The raw reads were
filtered using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
trimmed with TrimGalore v.0.6.1 (8), and assembled with Unicycler (9) or SPAdes
v.3.12.0 (10) implemented in the Pathosystems Resource Integration Center (PATRIC)
(11). The genome assemblies were assessed with QUAST v.5.0.2 (12) and annotated
with the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (13). Genes involved in
resistance to cadmium, other heavy metals, and biocides were identified by comparing
the predicted proteomes to the BacMet database (14). Default parameters were main-
tained for all analyses, except in BacMet searches, which were performed using BLASTp
v.2.10.0 (15) with a cutoff of e-06, identity of 40%, and coverage of 60%. The results of
the genome annotation and other relevant information are listed in Table 1.

The whole-genome phylogenetic analyses performed with the KBase Species-
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TABLE 1 Genome features of strains Brevundimonas vesicularis USM1, Pseudarthrobacter oxydans USM2, Pseudomonas lini USM3,
Pseudomonas putida USM4, Cupriavidus gilardii USM5, and Cupriavidus taiwanensis USM6

Fold G+C Total No. of Total No. of No. of metal

No. of coverage Genome No.of Ny, content no.of RNA  no.of No.of hypothetical resistance GenBank SRA
Strain reads (X) size (bp) contigs (bp) (%) genes genes CDSs? PECs® proteins genes© accession no. accession no.
USM1 2,313,022 110 3,089,804 41 141,252 6621 3,118 53 3,065 439 641 15 JABTYI000000000  SRR11881363
USM2 3,189,890 100 4,689,826 90 120,754 6575 4,401 61 4340 481 909 9 JABTYH000000000 SRR11881362
USM3 1,949,146 46 6,264,375 57 225,657 5892 5628 60 5568 781 861 61 JABTYG000000000 SRR11881361
USM4 2,281,918 60 5,623,397 53 288,931 61.88 5193 73 5120 731 726 66 JABTYFO00000000 SRR11881360
USM5 2,101,546 56 5,535,898 60 194,803 67.17 4917 59 4,858 610 722 74 JABTYE000000000 SRR11881359
USM6 1,704,650 40 6,358,134 153 76,088 67.70 5,860 63 5,797 664 918 70 JABTYD000000000 SRR11881358
aCDSs, coding sequences with proteins.

b PECs, proteins with Enzyme Commission numbers.
¢ Predicted by BLASTp searches against the BacMet database.

TreeBuilder (16) identified the studied strains as Brevundimonas vesicularis USM1,
Pseudarthrobacter oxydans USM2, Pseudomonas lini USM3, Pseudomonas putida USM4,
Cupriavidus gilardii USM5, and Cupriavidus taiwanensis USM6 (Fig. 1). Further genome
analysis revealed the presence of multiple efflux systems (cation diffusion facilitator
[CDF] family transporters, heavy metal resistance/nodulation/cell division [RND] family
permeases, P-type ATPase family ion pumps) presumably involved in the resistance to
cadmium and other heavy metals. The genomes also encoded a broad spectrum of
pathways for the degradation of aromatic compounds, including the main ring-

A)

Brevi 'mis DSM 17977 (GCA_000428765.1)
Brevundimonas abyssalis TAR-001 (GCA_000466985.1)

Brevundimonas denitrificans TAR-002 ( GCA_002770575.1)
L Brevundimonas halotolerans MCS24 ( GCA_003730275.1)
——Brevundimonas alba DSM 4736 (GCA 011927945.1)
L Brevundimonas subvibrioides ATCC 15264 (GCA_000144605.1)
| Brevundimonas bacteroides DSM 4726 (GCA_000701445.1)
Brevundimonas bullata HAMBI_262 (GCA_003350205.1)
| " ‘rEBrevundimonas naejangsanensis DSM 23858 (GCA_000421705.1)
Brevundimonas diminuta ATCC 11568 (GCA_000204035.1)
L rBrevundimonas mediterranea D151-2-6 (GCA 011064825.1)
[

Brevundimonas nasdae TPW30 (GCA_000813765.1)
Brevundimonas vesicularis USM1 (JABTYI000000000)
-Brevundimonas vesicularis NBRC 12165 (GCA_001592205.1)

C)

Caulot cr NA1000 (GCA_000022005.1)

Pseudomonas balearica DSM 6083 (GCA_000818015.1)
I Pseudomonas stutzeri DSM 10701 (GCA_000279165.1)
—Pseudomonas alcaligenes NEB 585 (GCA_001597285.1)

“—Pseudomonas mendocina ymp (GCA_000016565.1)
||—Pseudomonas resinovorans NBRC 106553 ( GCA_000412695.1)

rPseudomonas aeruginosa PAO1 (GCA_000006765.1)
— Pseudomonas knackmussii B13 (GCA_000689415.1)

—Pseudomonas denitrificans ATCC 13867 (GCA_000349845.1)

l—Pseudomonas entomophila L48 (GCA_000026105.1)
~Pseudomonas putida NBRC 14164 (GCA_000412675.1)
—Pseudomonas putida USM4 (JABTYF000000000)

Pseudomonas cichorii JBC1 (GCA_000517305.1)
I._—Pseudomonas viridiflava UASWS0038 (GCA_000307715.1)
| ~Pseudomonas avellanae BPIC 631 (GCA_000302915.1)
~Pseudomonas syringae pv. phaseolicola 1448A (GCA_000012205.1)
I:Pseudomonas psychrophila HA-4 (GCA_000282975.1)
Pseudomonas fragi B25 (GCA_000250615.1)

" rPseudomonas fluorescens SBW25 (GCA_000009225.1)
~Pseudomonas synxantha LMG 2190 (GCA_900105675.1)
~Pseudomonas orientalis DSM 17489 (GCA_001439815.1)
~Pseudomonas chlororaphis 06 (GCA_000264555.1)
IPseudomonas protegens CHAO (GCA_000397205.1)

1 IPseudomonas protegens Pf-5 (GCA_000012265.1)
rPseudomonas brassicacearum NFM421 (GCA_000194805.1)

« LPseudomonas fluorescens F113 (GCA 000237065.1)

i—Pseudomonas fluorescens Pf0-1 (GCA_000012445.1)
Pseudomonas lini DSM 16768 (GCA_001042905.1)
{Pseudomonas lini USM3 (JABTYG000000000)

Cellvibrio japonicus Ueda107 (GCA_000019225.1)

B)

{Arthrobacter agilis 4042 (GCA_002157565.1)

Arthrobacter ruber MDB1-42 (GCA 002954225.1)

EArthrobacter koreensis (GCA_001373495.1)
Arthrobacter luteolus DSM 13067 (GCA_008973725.1)

_EAu thr psychrolactophilus B7 (GCA_003219795.1)
| |_ Arthrobacter alpinus DSM 22274 (GCA_900105965.1)
_{Arthrobacter woluwensis NBRC 107840 (GCA 001552095.1)
I |— Arthrobacter woluwensis NM-35 (GCA_003024475.1)
~— Arthrobacter cupressi CGMCC 1.10783 (GCA_900099975.1)
| | — Arthrobacter aurescens TC1 (GCA_000014925.1)
Arthrobacter oryzae TNB02 (GCA_003725815.1)
— Arthrobacter globiformis NBRC 12137 (GCA_000238915.2)
—Pseudarthrobacter oxydans USM2 (JABTYH000000000)
1—Pseudarthrobacter phenanthrenivorans J015 (GCA _003627535.1)
i— Pseudarthrobacter phenanthrenivorans AG30 (GCA_003116525.1)
rPseudarthrobacter chlorophenolicus A6 (GCA_900104315.1)
«Pseudarthrobacter equi IMMIB L-1606 (GCA_900105535.1)

ium lacticum DSM 20427 (GCA_006716815.1)

Micr

_rCupriavidus gilardii USM5 (JABTYE000000000)
1Cupriavidus gilardii ATCC 700815 (GCA_013004615.1)
‘Cupriavidus gilardii CR3 (GCA_001281465.1)

rCupriavidus basilensis NBRC 110671 (GCA_000876015.1)
—— Cupriavidus basilensis 4G11 (GCA_000832305.1)
——Cupriavidus basilensis B-8 (GCA_000282815.1)
,—Cupriavidus plantarum SLV-132 (GCA_003148725.1)
| —— Cupriavidus campinensis MJ1 (GCA_008271425.1)
’ 1 ,—Cupriavidus pauculus NBRC 110672 (GCA_000974605.1)
Cupriavidus metallidurans NA4 (GCA_000709045.1)

L -ICupriavidus metallidurans FDAARGOS_675 (GCA_009730455.1)
Cupriavidus metallidurans NA1 (GCA_000709025.1)
‘Cupriavidus metallidurans CH34 (GCA_000196015.1)
Cupriavidus oxalaticus NBRC 13593 (GCA_001592245.1)
E Cupriavidus necator A5-1 (GCA_000744095.1)
1— Cupriavidus necator H16 DSM 428 (GCA_004798725.1)
| [~ Cupriavidus taiwanensis USM6 (JABTYD000000000)
\—Cupriavidus taiwanensis LMG 19424 (GCA_000069785.1)
-Cupriavidus taiwanensis STM 3679 (GCA_900250115.1)
-Cupriavidus nantongensis X1 (GCA_001598055.1)
; Cupriavidus alkaliphilus ASC-732 (GCA_900094595.1)
“Cupriavidus alkaliphilus CAG-122 (GCA 003096375.1)

Ralstonia pickettii 12D (GCA 000023425.1)

FIG1 Whole-genome comparison of Brevundimonas vesicularis USM1 (A), Pseudarthrobacter oxydans USM2 (B), Pseudomonas lini USM3 and Pseudomonas putida
USM4 (C), and Cupriavidus gilardii USM5 and Cupriavidus taiwanensis USM6 (D) to their closest relatives. The whole-genome phylogenies were inferred with the
KBase SpeciesTreeBuilder (16) based on a selected subset of clusters of orthologous groups (COGs) and edited in iTOL (17). The genome sequences of
Caulobacter crescentus NA1000, Microbacterium lacticum DSM 20427, Cellvibrio japonicus Ueda107, and Ralstonia pickettii 12D were used as outgroups. Blue
circles on the tree nodes represent bootstrap values varying between 70% (smallest circle) and 100% (largest circle). Values in brackets indicate GenBank
accession numbers.
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cleavage B-ketoadipate pathway with catechol (USM3, USM4, and USM6) and proto-
catechuate ortho-ring-cleavage (USM1, USM3, USM4, and USM6) branches, as well as
the meta-ring-cleavage pathway catalyzed by type | catechol-2,3-dioxygenase (USM1).
Other notable features that may contribute to the rhizosphere lifestyle of the studied
strains include pathways for the synthesis of antimicrobial phenazine compounds
(USM3), siderophores, auxins (USM2), insecticidal toxins (USM3), different protein se-
cretion systems, plasmids, and prophages.
Data availability. The annotated genomes were deposited in NCBI's GenBank
under the accession numbers listed in Table 1. The table also lists the accession
numbers of the raw reads deposited in the Sequence Read Archive (SRA). All genome
annotation and SRA data are included in BioProject number PRINA635988.
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