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Abstract
Iron (Fe) deficiency in crop production is a worldwide problemwhich often results in chlorosis in grapevines, particularly in calcareous
soils. Siderophores secreted bymicroorganisms and Strategy II plants can chelate Fe and other metals in soil solution, and siderophore-
Fe complexes can then be utilized by plants andmicrobes. Plants may also shift rhizosphere conditions to favor siderophore-producing
microbes, which can increase plant available Fe. Between-row cover crops (barley, rye, wheat, wheat/vetch) were planted as living
mulch to address grapevine chlorosis by enhancing soil health in two vineyards in central Washington. The objectives of the current
study were to (1) enrich for siderophore-producing organisms from within the indigenous rooting zone community of ‘Concord’
grapevines, and (2) perform comparative genomics on putative siderophore producing organisms to assess potentially important Fe
acquisition-related functional domains and protein families. A high-throughput, chrome azurol S (CAS)-based enrichment assay was
used to select siderophore-producing microbes from ‘Concord’ grapevine root zone soil. Next-generation whole genome sequencing
allowed the assembly and annotation of ten full genomes. Phylogenetic analysis revealed two distinct clades among the genomes using
the 40 nearest neighbors available in the public database, all of which were of the Pseudomonas genus. Significant differences in
functional domain abundances were observed between the clades including iron acquisition and metabolism of amino acids, carbon,
nitrogen, phosphate, and sulfur. Diverse mechanisms of Fe uptake and siderophore production/uptake were identified in the protein
families of the genomes. The sequenced organisms are likely pseudomonads which are well-suited for iron scavenging, suggesting a
potential role in Fe turnover in vineyard systems.

Keywords Rhizosphere function . Chrome azurol S (CAS) enrichment . Microbial cheating . Grapevine microbiome .
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Introduction

Chlorosis, or leaf yellowing, in grapevines is a global issue
which negatively impacts production, as it may induce leaf
loss, poor berry quality, low yield, and accelerated vine
death [1]. Although deficiency/toxicity of several nutrients

may induce chlorosis in grapevines, iron (Fe) deficiency is
commonly responsible in calcareous soil [2–5]. While Fe is
abundant in soil, it is primarily in a non-bioavailable form
(Fe3+), which makes Fe deficiency a major agricultural
problem in much of the world [3, 6]. When soil pH is high
and Fe availability is low, grapevines and other Strategy I
plants release protons or reductants into the rhizosphere to
increase the solubility of iron in solution [7]. From a man-
agement perspective, it is possible to reduce the severity of
chlorosis through addition of synthetic Fe chelates, such as
Fe-EDDHA [8, 9]. Unfortunately, application of Fe-
EDDHA or any other synthetic chelators are not economi-
cally viable for irrigated fields and low-economic return
crops, as the effects are short-lived [10–12].

Microorganisms and Strategy II plants have both evolved
to obtain Fe from the environment through the production of
low molecular weight compounds called Bsiderophores^ [13].
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Siderophores chelate Fe and other metals in soil solution and
can be taken up by plants and microbes as bioavailable Fe
sources [14, 15]. Plants such as red clover can recruit specific
rhizosphere microbial communities with greater capacities for
siderophore secretion [16], and microbial siderophore produc-
tion is often associated with increased Fe acquisition in plants
grown in calcareous soils, where the majority of Fe is in an
unavailable form [17, 18].

Some of these siderophores are more effective than syn-
thetic chelators at increasing Fe and metal availability [5]. In
fact, application of siderophores isolated from pure microbial
cultures and management practices promoting growth of
siderophore-producing microorganisms in situ have both been
suggested as transformative future technologies for enhancing
Fe availability [19, 20]. Concurrently, new technologies and
genomics applications are rapidly revealing novel soil micro-
bial genomes capable of encoding previously undescribed
siderophores, and other secondary metabolites that represent
a relatively untapped resource for sustainable crop production
and antimicrobials [21]. Siderophores also serve many other
roles in complex microbial communities, in terms of compe-
tition, communication, and even antagonistic pleiotropy forc-
ing cooperation [6, 22, 23]. Now recognized as both kin rec-
ognition molecules and as antagonistic agents [22–24],
siderophores have been implicated in many microbial interac-
tions, including intense competition and even Bcheating,^
where cheating is defined as Bcapitalizing on the ‘public
goods’ secreted by^ other organisms into the extracellular en-
virons without significant contributions in return [25, 26].

The most recent work on microbiome roles in grapevine
chlorosis has discovered distinct bacterial communities be-
tween healthy and chlorotic vines, without evidence of any
role of pathogenicity [27]. Therefore, while microbiome inter-
actions with grapevines and associated soils is a nascent field
of study, the role and potential mechanisms of siderophore-
producing microorganisms in grapevine iron chlorosis has not
been investigated. The objectives of this study were to (1)
enrich siderophore-producing organisms from within the in-
digenous root zone community of ‘Concord’ grapevines by
planting between-row cover crops to enhance soil health in
two vineyards in central Washington which consistently have
chlorotic grapevines and (2) construct and analyze the ge-
nomes of these organisms for potentially important biosyn-
thetic pathways and protein families controlling Fe nutrition
and microbial community dynamics.

Materials and Methods

Study Site and Experimental Design

Rooting zone soil samples were collected in June 2016, from
two 20-year-old vineyard sites located in Grandview and

Sunnyside, WA, located between − 119° 50′ 28″ W and −
119° 41′ 1″ W latitude and 46° 24′ 78″ N and 46° 15′ 53″ N
longitude. The soils of both vineyards were Warden silt loam
soils (coarse-silty, mixed mesic superactive mesic Xeric
Haplocambid) with very low clay content (< 3%) and typical-
ly between 60 and 65% silt [1]. Moisture content of the study
sites fluctuates due to the application of drip irrigation [28].
Soil pH is between 7.8 and 8.3 (USDA NRCS https://
websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx),
and the area receives approximately 150-mm mean annual
precipitation with mean annual temperature around 12 °C
(Ag Weather Net http://weather.wsu.edu/).

The experimental design at each site was a randomized
complete block with five cover crop treatments replicated
across six blocks. Each block was a single row and the cover
crops were planted in the inter-rows on both sides of the vines,
with eight vines per plot and two vines as buffers between
plots. The cover crop treatments were barley, rye, wheat,
wheat/vetch, or control (resident vegetation). Soil samples
were collected from the area within the vine rows (in row)
or in the area between the vine rows and under the cover crops
(between row).

Soil and Plant Tissue Sampling and Characterization

Soil samples were collected using a 2.5-cm traditional soil
probe (AMS, American Falls, Idaho), to a depth of 30 cm from
ten locations in each plot, (5 from within the row and 5 from
under the cover crop) composited within plot, according to
sampling location (VR—vine row, or CC—cover crop) in
zip-sealed plastic bags, mixed thoroughly and placed on ice,
in the dark for transport to Washington State University
(WSU) for analyses. All sampling equipment was disinfected
with 70% ethanol between plots. Basic soil and plant tissue
characterization was performed according to Lewis et al.
(2018).

At bloom, the leaf opposite the basal cluster was sampled
from the center of six vines in each plot from both sides of the
canopy. Two leaves were collected from each side of the vine,
resulting in 24 leaves per plot sample [29]. Leaf tissues were
dried and ground with a Wiley Mill (Thomas Scientific,
Swedesboro, NJ). Samples were digested in nitric acid/
hydrogen peroxide and analyzed for tissue nutrient concentra-
tion via inductively coupled plasma mass spectroscopy (ICP-
MS; Thermo 6500 DUo ICP, Thermo Fisher Scientific,
Waltham,MA). Leaf tissue N was determined by dry combus-
tion [30] on a Carlo Erba NA-1500 elemental analyzer (CA
Elantech, Inc., Lakewood, NJ). Visual assessment of chlorosis
was made on both sides of the canopy and the vine ranked on a
scale from 0 to 2 in increments of 1, with 0 representing a
completely healthy vine with no visual signs of chlorosis, and
2 representing a severely chlorotic vine. All vines in the plot (8
total vines) were evaluated on both sides of the canopy and
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then the average of both sides was taken. In total, there were
16 evaluations per plot, which were made at bloom.

High-Throughput CAS-Fe Enrichment Assay

To rapidly screen many soil samples with several technical
replicates for the presence of siderophore-producing microor-
ganisms, a high-throughput microtiter plate (microplate) assay
was adapted from the traditional chrome azurol S (CAS) assay
of Schwyn and Neilands [31]. Deionized, 0.22 μm filtered
water (double-deionized water or DDI H2O) was used to pre-
pare all media and reagents. Glassware and other plastic ma-
t e r i a l s we re ac id -washed wi th HCl and HNO3

(100 mM:100 mM) for at least 2 h. Iron-deficient modified
M9medium (MM9)mediumwas prepared from the following
solutions: solution 1—12.8 g Na2PO4.7H2O, 0.3 g KH2PO4,
0.5 g NaCl, and 1 g NH4Cl per 200 mL; solution 2—14.7 g
CaCl2.2H2O per 100 ml; solution 3—18 g MgSO4.7H2O per
100 mL; solution 4—20% glucose (20 g/100 mL); and solu-
tion 5—PIPES buffer (prepared by dissolving 6.048 g of
PIPES into 156 mL Milli-Q water with stirring). The pH of
the buffer was adjusted to 6.8 with 5 M NaOH. To prepare the
MM9 medium, all solutions were autoclaved separately, and
solutions 1–4 were added in a sterile hood as follows: 40 mL
of solution 1, 20 μL of solution 2, 266 μL of solution 3, and
4 mL of solution 4. The solution was gently mixed by hand.
The CAS-Fe agarose was prepared from the following solu-
tions: solution 6—add 15.12 g PIPES buffer in 375 mL H2O
while stirring, adjust pH to 6.8 with 5 M NaOH, add 5 g
agarose, add 75 mL H2O, transfer to 1 L bottle; solution 7—
0.0365 g HDTMA to 20 mL H2O, place at 37 °C until dis-
solved; solution 8—add 25 mL H2O to 250 mL bottle, add
5 mL 1 mM FeCl3/10 mM HCl while stirring, add 0.302 g
CAS while stirring, slowly add 20 mL solution 7 while gently
stirring. Autoclave solutions 6 and 8 separately (with stir
bars). After autoclaving, stir CAS-Fe/HDTMA (solution 8)
to ensure suspension; then, stir solution 6 and slowly add
solution 8 while stirring (this should turn bright, royal blue).
The final solution is kept in a 45 °C water bath until cooled
and while being used in the following steps and should be
used relatively quickly as CAS-Fe precipitation can occur.

From each composite soil sample (120 total), 0.5 g was
added to 5.0 ml of sterile MM9 media and placed on a recip-
rocating shaker (Model 6010, Eberbach Corportation, St.
Belleville, MI, USA) at low speed for 30 min. From this slur-
ry, a 10−3 soil dilution in MM9 broth was created and incu-
bated at 28 °C for 24 h. After initial incubation, 100 μl of each
10−3 soil sample dilution was added to six wells along one
column of a sterile, 96-well microplate. Immediately, 100 μl
of CAS-Fe agarose (45 °C) was transferred to each well and
mixed thoroughly with the soil dilution. Sterile water was
added to one column (6 wells), as a control for sterility within
the plate, and all perimeter wells were filled with sterile water

to reduce evaporative losses from the experimental wells. The
microplate was then covered with a lid and sealed with
parafilm to allow gas exchange without contamination. The
microplate assay was performed twice for all soils leading to a
total of 1440 microplate wells (120 soils × 6 wells × 2 assays).
Color change of the microplate wells was assessed visually,
and absorbance was recorded at 420 nm after 15 days of in-
cubation at 28 °C. All 1440 microplate wells changed color,
indicating siderophore production in all the enrichment cul-
tures. Of those 1440 wells, 16 were selected based off visual
assessment for sequencing DNA isolation and sequencing.
Sample characteristics of those 10 wells which yielded whole
genome assembles are present in Table 1.

DNA Isolation and Sequencing

After 15 days of incubation, 100 μL of each CAS-reactive
well exhibiting strong color changes in the microplate assay
were collected by sterile, disposable needle, and samples were
transferred to sterile 0.2-mL tubes and preserved at − 80 °C.
Sample suspensions were made by mixing 100 μL molecular-
grade water with 100 μL of the sample (1:1). DNA was ex-
tracted from the samples using the DNeasy® PowerSoil® kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
directions. Genomic DNA libraries were prepared with the
Nextera DNA Library Prep kit and the Nextera Index kit
(Illumina, Inc., San Diego, CA, USA). Whole genome se-
quencing was performed using an Illumina MiSeq with the
MiSeq Reagent Kit v3 (Illumina, Inc.), to run 600 cycles, for
2 × 300 bp (base pairs) paired-end reads. The MiSeq Reagent
Kit v3 uses the standard Illumina primers, which target se-
quences added during library preparation with the Nextera
Index kit.

Sequence Analysis in KBase

Basic prokaryotic genome assembly and annotation were per-
formed using KBase, adapted from Allen et al. [32]. DNA
sequences were paired and trimmed using the Trimmomatic
app (version 0.36) [33]. Metagenomes were assembled using
the metaSpades app (version 3.11.1) with a contig cutoff
length of 600 bp [34]. After assembly, full genomes were
binned from 10 samples using MaxBin2 (version 2.2.3) with
a probability threshold of 0.8, the bacterial marker gene set,
and a minimum contig length of 600 bp [35]. CheckM (ver-
sion 1.0.8) [36] was used to assess the genome quality, and
genomes estimated to be > 90% complete were extracted
using BinUtil (version 1.0.0). These binned genomes were
further assessed for quality using the QUAST [37] app (ver-
sion 0.0.4) and then annotated using the Annotate Microbial
Assembly app (version 0.0.12), which uses Rapid Annotation
of microbial genomes using Subsystems Technology (RAST)
[38], with the Domain set to BBacteria^ and the Genetic Code
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set to BArchaea, most bacteria, most Virii, and some
Mitochondria^. Phylogenetic trees were then constructed
from the 10 genomes along with the 40 nearest neighbors
using the Insert Genome into Species Tree app (version
2.1.10), which utilizes FastTree 2 [39]. A pangenome was
constructed Build Pangenome with OrthoMCL app
(PangenomeOrthomcl v0.0.7) using a close relative of the
newly sequenced genomes, Pseudomonas koreensis [GC
001605965.1]. Pangenomes were visualized using the
Pangenome Circle Plot app (v1.2.0). Genomes were further
compared by annotating the functional domains in the whole
genome se t ( t he 10 sequenced genomes ) w i th
DomainAnnotation (version 1.03) and viewing the results
using the View Function Profile for Genomes app (version
1.0.1) with the domain namespace set to BSEED Roles.^
Between the clades, relative frequency of functional domains
was assessed for differences using a t test with a Bonferroni
correction (α = 0.00035, 143 comparisons), and qualitative
differences were assessed by manually browsing the contigs
in KBase.

Results

Soil Sample Overview

Soil samples had a relatively narrow range of pH values (8.1–
8.9) (Table 1). DPTA extractable Fe was also fairly consistent
across samples (5–10 mg kg−1 soil), with the exception of one
soil from the Grandview site having DTPA-Fe of 41 mg kg−1

soil. Soil moisture ranged from 5.3 to 16.3%.

Whole Genome Phylogeny

The novel high-throughput microplate assay was useful for
identifying siderophore-producing bacteria from ‘Concord’
grapevine soils. All 1440 microplate wells changed color, in-
dicating siderophore production in all the enrichment cultures.
Of those 1440 wells, 16 were selected, based on visual assess-
ment of pronounced color change, and targeted for sequenc-
ing, 10 wells of which yielded whole genome assemblies that
are 96–100% complete (Table 2). The assemblies have an
average N50 value of 81 kbp, with the lowest being 26 kbp
and the highest being 160 kbp. The genome sizes are similar
and ranged from 5.9 to 6.1 Mbp. The average number of
contigs is 228 with six genomes having < 200 contigs.

All ten taxa appear to be closely related pseudomonads
with six taxa sharing a recent common ancestor and the other
four sharing another recent common ancestor (Fig. 1).
Sequenced whole genomes were separated into two clades
with genomes 1–4 representing clade BA^ and genomes 5–
10 representing clade BB.^ The phylogenetic construction of
the two clades suggests two distinct lineages. Additionally,Ta
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Table 2 Genome completeness,
genome size in mega-base pairs
(Mbp), number of contigs, N50 in
kilo-base pairs (kbp), and clade
grouping

Genome ID Genome
completeness (%)

Genome
size (Mbp)

# of contigs N50 (kbp) Clade

RCNY00000000 100 6.3 98 160 A

RCNW00000000 96 6.2 539 26 A

RCOB00000000 99 6.3 224 56 A

RCOE00000000 98 6.1 307 56 A

RAZO00000000 98 6.1 503 29 B

RCOD00000000 99 6 106 93 B

RCNX00000000 99 6.1 105 106 B

RCOC00000000 100 6 110 113 B

RCNZ00000000 100 6.1 145 79 B

RCOA00000000 100 5.9 142 90 B

Fig. 1 Phylogenetic tree of the 10
newly constructed genomes with
two distinct clades (A and B)
located within the Pseudomonas
genus. Generated by Insert
Genome into Species Tree app in
KBase (version 2.1.10) using the
40 closest relatives in the public
database. Numbers in red are
local support values. Asterisks
represent genomes sequenced in
this study
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divergence events within each clade suggest sequencing of
several distinct taxa. There were no clear correlations between
clade identity and cover crop treatment, soil measurements, or
chlorosis rank (Table 1).

Pangenome Analysis

Genomes in clades A and B had a total of 29,252 and 39,476
genes, respectively (including the closest relatives) (Table S1).
Of the genes in clade A, 26,363 are in homologous families
among the pangenome, and 2889 are in singleton families,
while in clade B, 36,475 genes are in homologous families
and 3001 are in singleton families.

The clades identified in the phylogenetic analysis were
also functionally distinct as determined via annotation of
functional domains in the genomes using the SEED data-
base. Protein families with significantly different relative
abundance between the clades included those specifically

associated with stress responses, iron acquisition, carbon
metabolism, transport, metabolism of P, N, S, and amino
acids (Table 3). The largest differences in functional poten-
tial of the clades (after controlling for differences in general
relative abundance of each gene family) were observed in
glutathionylspermidine and trypanothione; ABC transport-
er alkylphosphonate (TC 3.A.1.9.1); isoleucine degrada-
tion; methionine salvage; trehalose uptake and utilization;
nitric oxide synthase; utilization of glutathione as a sulfur
source; arginine and ornithine degradation; fermentations,
mixed acid; and iron acquisition in Vibrio.

A total of 44 siderophore-related protein families were
identified in clades A and B with 6 families unique to clade
B, and 32 families shared between the clades (Table 4).
Protein families distinct to particular genomes included a
ferrichrome-iron receptor family, an outer membrane
ferripyoverdine receptor family, a ferripyochelin-binding

Role Functional Domains (SEED Annotation) RCNY00000000 RCNW00000000 RCOB00000000 RCOE00000000 
Amino Acid Metabolism Methionine Salvage 0.06 0.05 0.06 0.06
Carbon Metabolism Inositol catabolism 0.02 0.02 0.02 0.02
Carbon Metabolism Trehalose Uptake and Utilization 0 0 0 0
Carbon Metabolism Xylose utilization 0.04 0.02 0.02 0.02
Iron Acquisition Iron acquisition in Vibrio 0.08 0.07 0.08 0.08
Nitrogen Metabolism Nitric oxide synthase 0 0 0 0
Stress Response Glutathionylspermidine and Trypanothione 0 0 0 0
Transporter Transport of Manganese 0 0 0 0
Transporter Transport of Zinc 0.13 0.13 0.13 0.13
Amino Acid Metabolism Arginine and Ornithine Degradation 0.55 0.56 0.56 0.57
Amino Acid Metabolism Isoleucine degradation 0.02 0.02 0.02 0.02
Amino Acid Metabolism PolyamineA10:A28 Metabolism 0.8 0.87 0.86 0.93
Carbon Metabolism Butanol Biosynthesis 0.31 0.31 0.32 0.32
Carbon Metabolism Entner-Doudoroff Pathway 0.46 0.45 0.47 0.48
Carbon Metabolism Fermentations: Mixed acid 0.23 0.22 0.23 0.25
Carbon Metabolism Glycolate, glyoxylate interconversions 0.02 0.02 0.02 0.02
Nitrogen Metabolism Denitrification 0.04 0.04 0.04 0.04
Phosphate Metabolism Alkylphosphonate utilization 0.08 0.07 0.08 0.08
Sulfur Metabolism Utilization of glutathione as a sulphur source 0.08 0.07 0.08 0.08
Transporter ABC transporter alkylphosphonate_TC 3.A.1.9.1 0.1 0.09 0.09 0.1

Role Functional Domains (SEED Annotation) RAZO00000000 RCOD00000000 RCNX00000000 RCOC00000000 RCNZ00000000 RCOA00000000 
Amino Acid Metabolism Methionine Salvage 0.09 0.1 0.1 0.1 0.1 0.1
Carbon Metabolism Inositol catabolism 0.04 0.04 0.04 0.04 0.04 0.04
Carbon Metabolism Trehalose Uptake and Utilization 0.06 0.04 0.04 0.04 0.04 0.04
Carbon Metabolism Xylose utilization 0.11 0.12 0.12 0.12 0.12 0.12
Iron Acquisition Iron acquisition in Vibrio 0.09 0.1 0.1 0.1 0.1 0.1
Nitrogen Metabolism Nitric oxide synthase 0.02 0.02 0.02 0.02 0.02 0.02
Stress Response Glutathionylspermidine and Trypanothione 0.02 0.02 0.02 0.02 0.02 0.02
Transporter Transport of Manganese 0.02 0.02 0.02 0.02 0.02 0.02
Transporter Transport of Zinc 0.15 0.18 0.18 0.18 0.18 0.18
Amino Acid Metabolism Arginine and Ornithine Degradation 0.47 0.46 0.46 0.46 0.47 0.46
Amino Acid Metabolism Isoleucine degradation 0 0 0 0 0 0
Amino Acid Metabolism PolyamineA10:A28 Metabolism 0.72 0.6 0.57 0.58 0.55 0.6
Carbon Metabolism Butanol Biosynthesis 0.15 0.14 0.12 0.12 0.14 0.18
Carbon Metabolism Entner-Doudoroff Pathway 0.28 0.36 0.3 0.3 0.31 0.28
Carbon Metabolism Fermentations: Mixed acid 0.19 0.14 0.16 0.16 0.16 0.16
Carbon Metabolism Glycolate, glyoxylate interconversions 0 0 0 0 0 0
Nitrogen Metabolism Denitrification 0 0 0 0 0 0
Phosphate Metabolism Alkylphosphonate utilization 0.04 0.04 0.04 0.04 0.04 0.04
Sulfur Metabolism Utilization of glutathione as a sulphur source 0.04 0.04 0.04 0.04 0.04 0.04

Transporter ABC transporter alkylphosphonate_TC 3.A.1.9.1 0.08 0.08 0.08 0.08 0.08 0.08

Clade A

Clade B

Table 3 Comparison of differentially abundant functional domains across
clades A and B. Genomes were annotated using the SEED database and a t-
test was used to compare the abundance of each gene between the clades. A
Bonferroni correction was used to control for multiple comparisons (α=

0.00035). Numbers represent relative abundance (%) within each genome,
redmeans relatively lower abundance and green represents higher abundance
across the genomes
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Table 4 Siderophore-related protein families assigned to clades A and B, specific taxa, and Pseudomonas koreensis [GC 001605965.1]. Clade
designation is from phylogenetic results

Siderophore-related protein families Clade P. koreensis

ABC transporter (iron.B12.siderophore.hemin), ATP-binding component A/B +

ABC transporter (iron.B12.siderophore.hemin), periplasmic substrate-binding component A/B +

ABC transporter (iron.B12.siderophore.hemin), permease component A/B +

ABC transporter in pyoverdine gene cluster, ATP-binding component A/B +

ABC transporter in pyoverdine gene cluster, periplasmic component A/B +

ABC transporter in pyoverdine gene cluster, permease component A/B +

Esterase/lipase in siderophore cluster A/B +

Ferric siderophore transport system, periplasmic-binding protein TonB A/B +

Ferric siderophore transport system, periplasmic-binding protein TonB B, RCNY00000000 +

Ferric siderophore transport system, periplasmic-binding protein TonB B +

Ferric siderophore transport system, periplasmic-binding protein TonB B +

Ferric siderophore transport system, periplasmic-binding protein TonB B

Ferrichrome-iron receptor RAZO00000000, RCOC00000000

Ferrichrome-iron receptor @ iron siderophore receptor protein B +

Ferripyochelin-binding protein RCNW00000000

FIG049111: hypothetical protein in pyoverdine gene cluster A/B +

FIG137877: hypothetical protein in pyoverdine gene cluster A/B +

Iron siderophore sensor protein B +

Iron siderophore sensor protein RAZO00000000

Iron(III) dicitrate transport protein FecA @ iron siderophore receptor protein A/B +

Iron(III) dicitrate transport protein FecA @ iron siderophore receptor protein RAZO00000000

L-Ornithine 5-monooxygenase (EC 1.13.12.-), PvdA of pyoverdine
biosynthesis @ siderophore biosynthesis protein, monooxygenase

A/B +

N6-hydroxylysine O-acetyltransferase (EC 2.3.1.102), aerobactin biosynthesis
protein IucB @ siderophore synthetase small component, acetyltransferase

A/B +

Non-ribosomal peptide synthetase modules, pyoverdine @ siderophore
biosynthesis non-ribosomal peptide synthetase modules

A/B +

Outer membrane ferripyoverdine receptor A/B +

Outer membrane ferripyoverdine receptor RCOD00000000

Outer membrane pyoverdine eflux protein A/B +

Putative dipeptidase, pyoverdine biosynthesis PvdM A/B +

PvdE, pyoverdine ABC export system, fused ATPase, and permease components A/B +

PvdO, pyoverdine responsive serine/threonine kinase (predicted by OlgaV) A/B +

Pyoverdine biosynthesis protein PvdN, putative aminotransferase, class V A/B +

Pyoverdine biosynthesis-related protein PvdP A/B +

Siderophore biosynthesis diaminobutyrate--2-oxoglutarate aminotransferase (EC 2.6.1.76) A/B +

Siderophore-interacting protein A/B +

Sigma factor PvdS, controlling pyoverdine biosynthesis A/B +

Sigma-70 factor FpvI (ECF subfamily), controlling pyoverdine biosynthesis A/B +

TonB-dependent receptor; outer membrane receptor for ferrienterochelin and colicins A/B +

TonB-dependent siderophore receptor A/B +

TonB-dependent siderophore receptor A/B +

TonB-dependent siderophore receptor A/B +

TonB-dependent siderophore receptor A/B +

TonB-dependent siderophore receptor B +

TonB-dependent siderophore receptor precursor A/B +

Two-component response regulator PfeR, enterobactin A/B +
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Table 5 Heme-related protein families assigned to clades A and B, specific taxa, and Pseudomonas koreensis [GC 001605965.1]. Clade designation is
from phylogenetic results

Heme-related Clade/accession P.
koreensis

Bacterioferritin A/B +

Bacterioferritin A/B +

Bacterioferritin B +

Bacterioferritin-associated ferredoxin A/B +

Bacteriophytochrome heme oxygenase BphO B +

Biliverdin-producing heme oxygenase A, RCOD00000000, RCOA00000000

Cytochrome c heme lyase subunit CcmF A/B +

Cytochrome c550, associated with quino(hemo)protein alcohol dehydrogenase
(EC 1.1.99.8)

A

Cytochrome c-type biogenesis protein CcmC, putative heme lyase for CcmE A/B +

Cytochrome c-type biogenesis protein CcmC, putative heme lyase for CcmE RCOD00000000

Cytochrome c-type biogenesis protein CcmE, heme chaperone A/B +

Cytochrome oxidase biogenesis protein Surf1, facilitates heme A insertion A/B +

Ferrochelatase, protoheme ferro-lyase (EC 4.99.1.1) A/B +

Ferrochelatase, protoheme ferro-lyase (EC 4.99.1.1) RAZO00000000

FIG01964566: predicted membrane protein, hemolysin III homolog A/B +

FIG01964566: predicted membrane protein, hemolysin III homolog RAZO00000000

FIG039061: hypothetical protein related to heme utilization A/B +

FIG039061: hypothetical protein related to heme utilization A/B +

Flavohemoglobin expression-modulating QEGLA motif protein A/B +

Flavohemoprotein (hemoglobin-like protein) (flavohemoglobin) (nitric oxide
dioxygenase) (EC 1.14.12.17)

A/B +

Frataxin homolog CyaY, facilitates iron supply for heme A synthesis or Fe-S
cluster assembly

A/B +

Heme A synthase, cytochrome oxidase biogenesis protein Cox15-CtaA A/B +

Heme ABC transporter, ATPase component HmuV A/B +

Heme ABC transporter, cell surface heme, and hemoprotein receptor HmuT A/B +

Heme ABC transporter, permease protein HmuU A/B +

Heme ABC transporter, permease protein HmuU RCOE00000000

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-CtaB A/B +

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-CtaB A/B +

Heme O synthase, protoheme IX farnesyltransferase (EC 2.5.1.-) COX10-CtaB B

Heme oxygenase HemO, associated with heme uptake A/B +

Heme-binding protein A/B +

Hemolysin activation/secretion protein associated with VreARI signaling system B +

Homolog of E. coli HemX protein A/B +

Probable deca-heme c-type cytochrome A/B (excluding RCOA00000000)

Probable thiol oxidoreductase with 2 cytochrome c heme-binding sites A/B +

Protein-methionine-sulfoxide reductase heme-binding subunit MsrQ A/B +

Protoporphyrinogen IX oxidase, novel form, HemJ (EC 1.3.-.-) A/B +

Putative diheme cytochrome c-553 A/B +

Putative diheme cytochrome c-553 B +

Putative hemagglutinin/hemolysin-related protein A/B +

Putative hemagglutinin/hemolysin-related protein RCOE00000000

Putative heme iron utilization protein A/B +

Putative large exoprotein involved in heme utilization or adhesion of
ShlA/HecA/FhaA family

A/B

Putative large exoprotein involved in heme utilization or adhesion of
ShlA/HecA/FhaA family

RCNX00000000, RCOC00000000, RCNZ00000000,
RCOA00000000

+
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protein family, and two Fe siderophore receptor families
(Table 4). Clade B had six distinct siderophore-related protein
families, including those involved in transport and sensing
iron. Siderophore-related protein families shared across the
clades included siderophore biosynthesis, transport, and reg-
ulatory protein families, and were generally found in each of
the closely related Pseudomonas ancestors. Pyoverdine-
related protein families comprised 16 of the 32 shared families
among the clades, and included the following proteins from
the Pvd protein family: PvdN, PvdE, PvdO, PvdM, PvdP,
PvdS, and PvdA. Additionally, a pyoverdine non-ribosomal
synthetase module gene, outer membrane ferripyoverdine re-
ceptor gene, outer membrane pyoverdine efflux protein, and
three ABC transporter genes in the pyoverdine gene cluster
were also identified. Protein families involved in aerobactin
biosynthesis, enterobactin regulation, and Fe (III) dicitrate
transport were detected in all ten genomes, and were identified
as N6-hydroxylysine O-acetyltransferase, two-component re-
sponse regulator, and ferric-dicitrate transport protein FecA,
respectively.

Lastly, functional overlap was found between the two
clades for a ferric siderophore transport protein family that
was assigned to all genomes in both clades, as well as an
add i t i ona l p ro t e in f ami ly in Pseudomonas sp .
RCNY00000000 from clade A, and several other
protein families specific to clade B. From the pangenome
analysis, six siderophore-related protein families were found
in the newly sequenced genomes but not Pseudomonas
koreensis.

Additionally, 61 heme-related protein families were dis-
covered in the pangenome analysis, where 36 protein families
were shared by each of the 10 newly constructed genomes and
25 protein families were uniquely distributed across the clades
(Table 5). Themajority (57%) of heme-related protein families
were also shared among the clades and P. koreensis (Table 5).
Other iron-related protein families were found either only in
the clades or in conjunction with P. koreensis (Table 6).
Protein families that were shared by all organisms from both
clades were numerous and included protein families involved
in iron binding (e.g., 4Fe-4S ferredoxin/iron-sulfur binding

Table 5 (continued)

Heme-related Clade/accession P.
koreensis

Putative large exoprotein involved in heme utilization or adhesion of
ShlA/HecA/FhaA family

RCOC00000000

Putative large exoprotein involved in heme utilization or adhesion of
ShlA/HecA/FhaA family

RCNZ00000000

Quino(hemo)protein alcohol dehydrogenase, PQQ-dependent (EC 1.1.99.8) A

Quinohemoprotein amine dehydrogenase 40 kDa subunit A

Quinohemoprotein amine dehydrogenase alpha subunit (EC 1.4.99.-) A

Quinohemoprotein amine dehydrogenase gamma subunit (EC 1.4.99.-) A

Secreted hemolysin-type calcium-binding bacteriocin, putative A

ShlB/FhaC/HecB family hemolysin secretion/activation protein A/B +

Siroheme synthase/precorrin-2 oxidase (EC 1.3.1.76)/sirohydrochlorin
ferrochelatase (EC 4.99.1.4)/uroporphyrinogen-III methyltransferase (EC
2.1.1.107)

A/B +

Siroheme synthase/precorrin-2 oxidase (EC 1.3.1.76)/sirohydrochlorin
ferrochelatase (EC 4.99.1.4)/uroporphyrinogen-III methyltransferase (EC
2.1.1.107)

RCOB00000000

Sulfite reductase [NADPH] hemoprotein beta-component (EC 1.8.1.2) A/B +

Thermostable hemolysin delta-VPH RCOA00000000, RCOE00000000, RCNW00000000,
RCNY00000000, RCOD00000000, RCOB00000000

+

TonB-dependent hemoglobin/transferrin/lactoferrin family receptor A/B +

Type cbb3 cytochrome oxidase biogenesis protein CcoS, involved in heme b
insertion

A/B +

Uncharacterized protein EC-HemY, likely associated with heme metabolism
based on gene clustering with hemC, hemD in Proteobacteria (unrelated to
HemY-type PPO in GramPositives)

A/B +

Uncharacterized protein EC-HemY, likely associated with heme metabolism
based on gene clustering with hemC, hemD in Proteobacteria (unrelated to
HemY-type PPO in GramPositives)

RAZO00000000

Uncharacterized protein EC-HemY, likely associated with heme metabolism
based on gene clustering with hemC, hemD in Proteobacteria (unrelated to
HemY-type PPO in GramPositives)

RAZO00000000
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Table 6 Other iron-related protein families assigned to clades A and B, specific taxa, and Pseudomonas koreensis [GC 001605965.1]. Clade
designation is from phylogenetic results

Other iron-related protein families Clade/accession P. koreensis

4Fe-4S ferredoxin, iron-sulfur binding A/B +

4Fe-4S ferredoxin, iron-sulfur binding A/B +

Ferredoxin-dependent glutamate synthase (EC 1.4.7.1) A/B +

Ferric iron ABC transporter, ATP-binding protein RCNW00000000

Ferric iron ABC transporter, ATP-binding protein A

Ferric iron ABC transporter, ATP-binding protein A/B +

Ferric iron ABC transporter, iron-binding protein RCOA00000000

Ferric iron ABC transporter, iron-binding protein A/B +

Ferric iron ABC transporter, iron-binding protein A

Ferric iron ABC transporter, iron-binding protein A/B +

Ferric iron ABC transporter, permease protein A/B +

Ferric iron ABC transporter, permease protein A

Ferric iron uptake transcriptional regulator A/B +

Ferrous iron transport periplasmic protein EfeO, contains peptidase-M75
domain and (frequently) cupredoxin-like domain

B +

Ferrous iron transport periplasmic protein EfeO, contains peptidase-M75
domain and (frequently) cupredoxin-like domain

B +

Ferrous iron transport permease EfeU B +

Ferrous iron transport peroxidase EfeB B +

FIG137594: putative iron-regulated membrane protein A/B +

FIG138928: iron-regulated membrane protein A/B +

Glycolate dehydrogenase (EC 1.1.99.14), iron-sulfur subunit GlcF A/B +

Iron (III)-transport system permease HitB A/B +

Iron-binding protein IscA for iron-sulfur cluster assembly A/B +

Iron(III) ABC transporter A/B +

Iron(III) ABC transporter, periplasmic-binding protein RCOE00000000

Iron(III) ABC transporter, periplasmic-binding protein A/B +

Iron-containing redox enzyme family protein A/B +

Iron-regulated protein A precursor RCNW00000000

Iron-regulated protein A precursor RCNW00000000

Iron-regulated protein A precursor A/B +

Iron-regulated protein A precursor A/B +

Iron-sulfur cluster assembly scaffold protein IscU A/B +

Low-affinity iron permease family protein A/B +

Non-specific DNA-binding protein Dps/iron-binding ferritin-like antioxidant
protein/ferroxidase (EC 1.16.3.1)

A/B +

Outer membrane receptor for ferric coprogen and ferric-rhodotorulic acid A/B +

Periplasmic aromatic aldehyde oxidoreductase, iron-sulfur subunit YagT A/B +

Predicted L-lactate dehydrogenase, iron-sulfur cluster-binding subunit YkgF A/B +

Predicted L-lactate dehydrogenase, iron-sulfur cluster-binding subunit YkgF A/B +

Predicted L-lactate dehydrogenase, iron-sulfur cluster-binding subunit YkgF RCNZ00000000

Probable iron-binding protein from the HesB_IscA_SufA family A/B +

Probable iron-binding protein from the HesB_IscA_SufA family RCOE00000000

Probable iron-sulfur-binding protein YPO1417 A/B +

Putative iron-regulated membrane protein A/B +

Succinate dehydrogenase iron-sulfur protein (EC 1.3.99.1) A/B +

Ubiquinol-cytochrome C reductase iron-sulfur subunit (EC 1.10.2.2) A/B (excluding RCNW00000000) +

Ubiquinol-cytochrome C reductase iron-sulfur subunit (EC 1.10.2.2) RCNW00000000

Uncharacterized iron-regulated membrane protein; iron uptake factor PiuB A/B +
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and outer membrane receptor for ferric coprogen and ferric-
rhodotorulic acid.), transport (e.g., ferric iron ABC
transporter/iron-binding protein, low-affinity iron permease,
etc.), and utilization (heme iron utilization protein) (Tables 5
and 6). Of the protein families unique to clade B, four protein
families were associated with the tripartite periplasmic protein
Efe (EfeO, EfeB, and EfeU) (Table 6).

Discussion

Enrichment Limitations

Ten individual draft genomes of siderophore-producing pseu-
domonads were isolated from ‘Concord’ vineyard soils where
vines consistently exhibit chlorosis and decreased vine health.
These genomes were observed to be part of two distinct phy-
logenetic clades within the Pseudomonas genus and had dif-
ferent functional capacities, including siderophore biosynthe-
sis, recognition, and transport. Importantly, each clade also
had the capacity to produce at least one of each of the major
functional groups of siderophores. We did not observe a clear
connection between isolated genomes and cover cropping
treatments and other field/plant parameters; however, the mi-
crobial enrichment process likely selected for similar sets of
organisms, suited to the medium in addition to the above-
ground treatments and vine health status. Additionally, sam-
ples were chosen for sequencing based on visual assessments
of siderophore production, by CAS color-change reactivity,
and many of the sequenced wells were of similar color, indi-
cating similar siderophore functional type [40, 41]. The mi-
croplate assay was useful for isolating siderophore-producing
bacteria and the analysis pipeline in KBase provided a robust
and rapid phylogenetic and functional genomic assessment of
many whole bacterial genomes simultaneously.

Functional Ecology of Pyoverdine

Pangenomic analysis of the CAS-selected cultures revealed
a variety of siderophore and other protein families related
to Fe nutrition and transport. Members of clade B appear
more closely related to the P. koreensis compared with
clade A, which can also be observed in the pangenome

circle plots (Fig. 2). A substantial functional overlap was
identified between two phylogenetically distinct clades in-
cluding the capacity to express proteins related to the bio-
synthesis, transport, and/or perception of the three major
groups of siderophores (i.e., carboxylates, hydroxamates,
and catecholates), as well as mixed-type siderophores
which have two or more iron-binding functional groups
[42]. The majority of the siderophore-related protein fami-
lies found in the ten sequenced genomes belonged to the
mixed-type category and included protein families related
to pyoverdine and aerobactin biosynthesis, utilization, and
regulation.

Pyoverdine is a fluorescent siderophore produced by many
species of pseudomonads but has been primarily studied in P.
aeruginosa and P. fluorescens [43, 44]. Previously, in silico
genomic analysis of P. fluorescens identified 31 genes puta-
tively involved in pyoverdine synthesis, transport, or regula-
tion [44]. In the current study, 16 different protein families
related to pyoverdine biosynthesis, transport, and regulation
were identified, with all protein families belonging to all ten
sequenced genomes and P. koreensis. Pyoverdine production
by pseudomonads has proven to be highly efficient in captur-
ing ferric iron due to its high affinity for Fe(3+), as well as the
high specificity of the pyoverdine outer membrane receptors
[45, 46]. In a study comparing iron uptake capabilities be-
tween P. fluorescens C7R12 and a C7R12 pyoverdine minus
mutant, it was found that the mutant was significantly more
susceptible to iron deficiency compared to the wild-type strain
[47]. Importantly, the C7R12 mutant had the capacity to pro-
duce other unknown siderophores, but Fe acquisition was still
inhibited, suggesting a dominant role of pyoverdine in Fe
nutrition within the cell. Additionally, the work of Cunrath
et al. (2016) [48] and Baldi et al. (2016) [49] also found that
pyoverdine was critical to maintenance of the balance of metal
ions (the metallome) in a polluted environment, significantly
preventing the accumulation of toxic metal within the cells of
P. aeruginosa and P. putida.

Other recent work with pyoverdine biosynthesis establishes
this siderophore as a Bpublic good^ that can be shared among
cells, exploited by cheating organisms [25] and therefore impli-
cates the production of this siderophore as playing a crucial role
in cooperation and competitive co-evolution in complex micro-
bial communities [50]. The organisms excreting pyoverdines

Table 6 (continued)

Other iron-related protein families Clade/accession P. koreensis

Uncharacterized iron-regulated membrane protein; iron uptake factor PiuB A/B +

Uncharacterized iron-regulated membrane protein; iron uptake factor PiuB RAZO00000000

Xanthine dehydrogenase iron-sulfur subunit (EC 1.17.1.4)/xanthine dehydrogenase,
FAD-binding subunit (EC 1.17.1.4)

A/B +
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into the extracellular environment not only have an advantage in
iron scavenging abilities, but also promote the growth of non-
siderophore producers, and provide intraspecific benefits to oth-
er beneficial microorganisms that would otherwise be at a dis-
advantage [26, 50]. However, pyoverdine structure varies across
the Pseudomonas genus and some pyoverdines can effectively
inhibit the growth of non-producers, often due to the specificity
of their cognate receptors [25]. Future research should determine
the extent and mechanisms of cheating in pseudomonads in
these soils.

Rarity of Aerobactin in Soils

Buyer et al. (1991) was reportedly the first group to dis-
cover aerobactin production in a bacterium that did not
belong to the family Enterobacteriaceae and found a halo-
philic pseudomonad capable of producing the siderophore
[51]. Aerobactin is categorized as a mixed-type siderophore
having two hydroxamates and one α-hydroxy carboxylate
ligand, and has been primarily studied as a virulence factor
in pathogenic species of bacteria, such as Escherichia coli
and Salmonella spp. [52–54]. However, aerobactin produc-
tion has been observed in select non-pathogenic bacteria

including members of the Pseudomonas and Citrobacter
genera [55], and has recently been observed widely distrib-
uted across the Vibrionaceae family [56]. Our results sug-
gest aerobactin production may also be observed in pseu-
domonads from vineyard soils, as well as, other pseudomo-
nads (the relatives).

Highly Diverse Membrane Receptors

Along with pyoverdine and aerobactin biosynthetic protein
families, a large number of diverse membrane receptor
protein families for a variety of iron chelates were also
present in the newly sequenced genomes. Carboxylate-
type siderophores chelate ferric iron only through α-
hydroxyl and carboxylate functional groups, with perhaps
the most common siderophore of this type being citrate
[52]. Essential to the uptake of ferric-citrate is the outer
membrane protein FecA which was identified in all ten
assembled genomes, with an additional FecA encoding
p r o t e i n f a m i l y f o u n d i n P s e u d om o n a s s p .
RAZO00000000. With pKa values ranging from 3.5 to 5,
carboxylate-type siderophores are preferred by microor-
ganisms in acidic environments; however, they tend to be

Fig. 2 Pangenome analyses of clades A (a) and B (b) performed using the
Build Pangenome with OrthoMCL app (PangenomeOrthomcl version
0.0.7). Red indicates base singletons, sky blue represents non-core genes

with respect to Pseudomonas koreensis [GC 001605965.1] compared
with the respective pangenomes. Gray represents non-core genes within
the pangenome. Dark blue represents core genes
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outcompeted by catecholates at near neutral pH levels
[57]. Enterobactin, the most extensively studied
catecholate type siderophore, has a pKa of approximately
6.5–8 and a high affinity for Fe at neutral pH [58]. In the
current study, the enterobactin-responsive activator PfeR
was found in each of the ten assembled genomes and is
required for synthesis of the ferric enterobactin receptor
PfeA in Pseudomonas aeruginosa [59]. According to a
study by Michel et al. (2007), P. aeruginosa has also been
found to produce ferripyochelin (a catecholate type
siderophore) in Fe-limiting conditions [60]. In this con-
text, a ferripyochelin-binding protein family was identified
in each of the ten sequenced genomes suggesting their
potential to utilize extracellular ferripyochelin in the soil
environment. Hydroxamate type siderophores have pKa
values that typically range from 8 to 10 making them ef-
fective chelators in alkaline soils, such as the soils ana-
lyzed in this study [61]. Among the most common and
historically significant siderophores of this type is
ferrichrome. Ferrichrome production has mainly been
identified in species of fungi, and to our knowledge has
yet to be identified in any Pseudomonas species. However,
research with P. aeruginosa has shown that they are able
to express ferrichrome outer membrane receptors to trans-
port iron-bound ferrichrome inside their cells [62–64].
Furthermore, the energy necessary for ferrichrome uptake
by P. aeruginosa is supplied by the inner membrane pro-
tein TonB [64]. The results suggest that the sequenced
pseudomonads possess similar capabilities due to the iden-
tification of several ferrichrome-iron receptor protein fam-
ilies in addition to multiple TonB-binding protein families.
Of note, TonB-dependent transporters have also been as-
sociated with mechanisms to utilize xenosiderophores,
allowing uptake of virtually any siderophore produced by
another organism, trans-kingdom, and even previously un-
recognized siderophore-Fe complexes, by the TonB ex-
pressive organism [65].

Importance of Protein Efe

An interesting distinction between the clades was identified by
the annotation of the three protein families EfeU, EfeO, and EfeB
in clade B and P. koreensis, which are essential to the production
of the tripartite periplasmic protein Efe. Studies with Escherichia
coli have shown EfeUOB system is induced under low pH con-
ditions to transport both ferric and ferrous iron into bacterial cells,
and has a higher affinity for ferrous iron with optimal activity in
aerobic and acidic conditions [66, 67]. Studies with Bacillus
subtilis 168 revealed the EfeUOB system has a high affinity for
both ferrous and ferric iron [58]. The EfeUOB system has re-
ceived far less attention in thePseudomonas genus, but orthologs
have been identified, along with an additional putative compo-
nent EfeM [66, 68]. Additionally, Efe-like proteins (Algp7)

encoded in Sphingomonas sp. actively bind both ferric and fer-
rous Fe, as well as zinc and copper [69]. We observed orthologs
of EfeU, EfeO, and EfeB in some pseudomonads isolated from
vineyard soils, which suggests they could be involved in Fe
cycling in these soils. It is possible the organisms composing
clade B could capitalize on associations with strategy I plants,
like grapevines, which rely on acidification of the rhizosphere
and root exudates to increase Fe bioavailability [7]. This, how-
ever, suggests inter-kingdom iron piracy and cheating on the part
of the pseudomonads composing clade B, and merits further
investigation. Additionally, these data, along with those present-
ed in Table 3, suggest there are fundamental biological differ-
ences in these two distinct clades ranging across various meta-
bolic pathways.

Conclusions

Ten whole pseudomonad genomes, composing two distinct
taxonomic and functionally distinct clades, were sequenced
from ‘Concord’ vineyard soils. Based on the quantity and di-
versity of iron- and siderophore-related protein families ob-
served in the genomes, the organisms in this study can either
produce or utilize many different types of siderophores and
other sources of iron. While the organisms can produce and
uptake pyoverdine (a known Bpublic goods^ source of Fe), they
are also capable of scavenging Fe by taking up siderophores
generated by other organisms and various other forms of Fe,
which is a trait of Bcheating^ organisms. The complex iron
scavenging system present in these organisms suggests their
potential role in attenuating soil Fe cycling and bioavailability,
which could have implications for Fe limitation to ‘Concord’
grapevines and their associated microbial communities.
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