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ABSTRACT Soil and plant inoculation with heterotrophic zinc-solubilizing bacteria
(ZSB) is considered a promising approach for increasing zinc (Zn) phytoavailability
and enhancing crop growth and nutritional quality. Nevertheless, it is necessary to
understand the underlying bacterial solubilization processes to predict their repeat-
ability in inoculation strategies. Acidification via gluconic acid production remains
the most reported process. In this study, wheat rhizosphere soil serial dilutions were
plated on several solid microbiological media supplemented with scarcely soluble Zn
oxide (ZnO), and 115 putative Zn-solubilizing isolates were directly detected based
on the formation of solubilization halos around the colonies. Eight strains were se-
lected based on their Zn solubilization efficiency and siderophore production capac-
ity. These included one strain of Curtobacterium, two of Plantibacter, three strains of
Pseudomonas, one of Stenotrophomonas, and one strain of Streptomyces. In ZnO liq-
uid solubilization assays, the presence of glucose clearly stimulated organic acid pro-
duction, leading to medium acidification and ZnO solubilization. While solubilization
by Streptomyces and Curtobacterium was attributed to the accumulated production
of six and seven different organic acids, respectively, the other strains solubilized Zn
via gluconic, malonic, and oxalic acids exclusively. In contrast, in the absence of glu-
cose, ZnO dissolution resulted from proton extrusion (e.g., via ammonia consumption by
Plantibacter strains) and complexation processes (i.e., complexation with glutamic acid in
cultures of Curtobacterium). Therefore, while gluconic acid production was described as a
major Zn solubilization mechanism in the literature, this study goes beyond and shows
that solubilization mechanisms vary among ZSB and are strongly affected by growth
conditions.

IMPORTANCE Barriers toward a better understanding of the mechanisms underlying
zinc (Zn) solubilization by bacteria include the lack of methodological tools for isola-
tion, discrimination, and identification of such organisms. Our study proposes a di-
rect bacterial isolation procedure, which prevents the need to screen numerous bac-
terial candidates (for which the ability to solubilize Zn is unknown) for recovering
Zn-solubilizing bacteria (ZSB). Moreover, we confirm the potential of matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) as a
quick and accurate tool for the identification and discrimination of environmental
bacterial isolates. This work also describes various Zn solubilization processes used by
wheat rhizosphere bacteria, including proton extrusion and the production of different
organic acids among bacterial strains. These processes were also clearly affected by
growth conditions (i.e., solid versus liquid cultures and the presence and absence of glu-
cose). Although highlighted mechanisms may have significant effects at the soil-plant in-
terface, these should only be transposed cautiously to real ecological situations.
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Zinc (Zn) is a micronutrient involved in a variety of metabolic and physiological
reactions in all forms of life (1, 2). Consequently, Zn deficiency may occur in any

living organism when the intake does not match the requirements. Zn deficiency in
crops reduces biomass production and quality (i.e., low Zn concentrations in edible
organs) (3, 4). This is a global issue, as nearly 50% of the soils used for cereal cultivation
contain very little plant-available Zn (5). In fact, the problem is usually not the lack of
Zn in soil but its limited availability to plants due to, e.g., high pH or a high clay content
(3). To determine the availability of Zn in soils, diethylenetriaminepentaacetic acid
(DTPA) extractions are commonly used (6). Soils with levels of DTPA-extractable Zn
lower than 0.5 mg · kg�1 are commonly considered to contain too little available Zn for
optimal crop growth (5). The production of grains with low Zn concentrations further
increases the risks of human Zn deficiency in countries where large parts of the
populations depend on cereals as the staple food (7).

Bacteria are intimately involved in the biogeochemical cycling of Zn. Zn solubility is
affected by autotrophic and heterotrophic bacterial processes, depending on the
metabolism of the bacterium involved and the physicochemical conditions of the
associated environment (8). Metal solubilization mediated by autotrophic bacteria (e.g.,
sulfur/ferric iron-oxidizing bacteria) have been extensively studied and used for the
recovery of Zn, copper (Cu), and nickel from industrial ores and wastes (9). Zn solubi-
lization by heterotrophic bacteria has also drawn attention, and strains with such
properties (often referred as Zn-solubilizing bacteria [ZSB]) have been tested as inoc-
ulum for improving plant Zn accumulation in agronomic studies. For instance, in a pot
experiment performed with soil containing low levels of plant-available Zn by Ramesh
et al., seed inoculation with different Bacillus aryabhattai strains (108 CFU per seed)
resulted in increased wheat grain Zn concentrations from 42 to 61 mg · kg�1 (10). This
increase was partly attributed to the ability of the inoculated ZSB to mobilize soil Zn by
releasing organic acids and decreasing the pH, as they did in liquid solubilization assays
enriched in Zn carbonate (ZnCO3), Zn oxide (ZnO), or Zn phosphate [Zn3(PO4)2]. On the
other hand, in a field study conducted in northern India, Rana et al. found no increase
in wheat grain Zn concentrations in field plots inoculated with a strain of Providencia
sp. (5 � 1013 CFU · ha�1) that solubilized ZnCO3 in plate assays (11). Instead, the
inoculation by Providencia sp. increased the grain iron (Fe), manganese (Mn), and Cu
concentrations, and this was attributed to plant growth promotion, e.g., via the
inhibition of pathogenic fungi. Furthermore, in the context of heavy metal contamina-
tion, several pot studies reported increased Zn uptake in hyperaccumulator plants upon
soil inoculation with ZSB, suggesting the potential of ZSB-assisted phytoextraction
approaches for the remediation of contaminated sites (12, 13). However, also in this
context, inconsistencies were found for the effects of bacterial inoculation on soil metal
availability and uptake by plants (14). Key factors determining the success of these
inoculation strategies include the ability of the inoculated strains to colonize, survive,
and obviously to mobilize trace elements under natural conditions. Therefore, it is
necessary to better understand the bacterial processes responsible for Zn solubilization
to predict their repeatability in inoculation strategies. However, despite the various
potential applications of ZSB, only few studies have focused in detail on the underlying
bacterial processes of solubilization.

The accumulation of gluconic acid (and its keto derivatives) remains by far the most
frequently reported mechanism for Zn solubilization by heterotrophic bacteria (15–19).
Gluconic acid is derived from the extracellular oxidation of glucose, which for bacteria,
is mainly catalyzed by the membrane glucose dehydrogenase (20, 21). The production
of this acid is therefore strongly dependent on the availability of glucose in the
immediate environment of bacteria. The solubilization of ZnCO3, ZnO, and Zn3(PO4)2

via gluconic acid production was described in vitro, e.g., for strains of Pseudomonas (16,
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17), Acinetobacter (22), and Gluconacetobacter (18). The main solubilization process
identified in these studies was medium acidification, resulting from the production of
large gluconic acid quantities. In fact, organic acids may originate from other bacterial
metabolic processes (i.e., the tricarboxylic acid cycle [TCA] and glycolysis) and are not
specifically exuded to mobilize Zn or other trace elements (23). In a metal mobilization
assay conducted by Li et al., the solubilization of Zn by Burkholderia cepacia was
attributed to the production of four other organic acids (i.e., oxalic, tartaric, formic, and
acetic acids) despite the presence of glucose in the growth medium (24). Therefore, it
appears that different species of ZSB can solubilize Zn through the production of
different organic acids and that gluconic acid is not the only compound possibly
involved. Beside organic acids, siderophores are also produced by bacteria and are
primarily involved in Fe solubilization through chelating processes (25). Some sidero-
phores were also found to chelate Zn, but their exact role in Zn solubilization remains
poorly studied (26, 27).

Before processes underlying heterotrophic bacterial Zn solubilization can be stud-
ied, it is first necessary to isolate bacterial strains that are able to mobilize Zn. To
achieve this, bacterial candidates (those in which the ability to solubilize Zn is un-
known) are generally first recovered from environmental samples, and their ability to
solubilize Zn is then investigated (28). This screening is usually done via Zn solubiliza-
tion assays in which each tested bacterial isolate is grown in an agar medium contain-
ing scarcely soluble Zn salts [e.g., ZnO and Zn3(PO4)2]. The formation of clearing zones
around the colonies demonstrates the ability of the isolate to solubilize Zn. Microbio-
logical media used to this end include Bunt and Rovira (29, 30) and Pikovskaya (31–34)
media and many more (22, 35–37). Therefore, ZSB are generally not directly recovered
from environmental samples but rather are screened and identified among numerous
bacterial isolates (i.e., via an indirect isolation procedure). This screening procedure may
turn out to be costly and time consuming, as very often, ZSB represent only a small
proportion of the tested bacteria (33, 38–40).

In this study, the first objective was to develop a so-called “direct” ZSB isolation
procedure to recover quickly and directly a large number of Zn-solubilizing isolates
from wheat rhizospheres, while our second objective was to investigate the bacterial
processes of Zn solubilization under in vitro conditions. We hypothesized that different
species of ZSB can dissolve Zn via the production of different organic acids or through
the release of Zn-chelating siderophores.

RESULTS
Direct isolation and MALDI-TOF characterization of 115 Zn-solubilizing isolates

from wheat rhizospheres. The inoculation of tryptic soy agar plus ZnO (TSA�ZnO),
Pseudomonas agar base plus ZnO (PA�ZnO), Bacillus agar plus ZnO (BA�ZnO), des-
oxycholate citrate lactose sucrose agar no. 2 plus ZnO (DCLS�ZnO), and nutrient agar
plus ZnO (NA�ZnO) plates with dilutions of rhizosphere soil suspensions enabled the
direct isolation of 115 putative Zn-solubilizing isolates (Table 1, step 1). Examples of
plates with Zn-solubilizing colonies are shown in Fig. S1 in the supplemental material.
For each isolate, a bacterial identity number (ID; from 1 to 115) was given. These, as well
as information for each strain on soil origin, medium of isolation, and taxonomic
affiliations as given by matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) analysis, can be found in Table S1. Of the 115 newly
isolated ZSB, 68 were recovered from the PA�ZnO solid medium. On the other hand,
34 of the isolates were recovered from NA�ZnO and only eight, three, and two
Zn-solubilizing isolates were recovered from TSA, DCLS, and BA, respectively. MALDI-
TOF MS fingerprints of the 115 putative Zn-solubilizing isolates were compared with
a bacterial reference library (Spectral archive and microbial identification system
[SARAMIS]; Mabritec AG) (41) (Table 1, step 2). Twenty-eight of the 115 analyzed ZSB
were affiliated with the Microbacterium genus. Equal numbers of isolates (15 each) were
affiliated with Bacillus and Streptomyces genera. Fewer isolates were affiliated with
Pseudomonas (nine isolates), Frigoribacterium (three isolates), Flavobacterium (three
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isolates), Cellulosimicrobium (one isolate), and Arthrobacter (one isolate) genera (Table
S1). No reliable identification was obtained for 40 of the 115 analyzed ZSB. A linear
dendrogram was generated to compare the similarities of the mass spectral fingerprints
of the 115 ZSB (see Fig. S2). Based on this dendrogram, the number of isolates to be
further studied was reduced from 115 to a set of 47 ZSB, named “selection 1.” These
shared less than 60% similarity with their MALDI-TOF signatures and were presumed to
be taxonomically distinct.

Zn solubilization efficiencies and siderophore production abilities of selection
1. The assays were performed with an additional wheat rhizosphere strain (“non-Zn-
solubilizing bacterium” [NZSB]) (Table 1, step 3). This strain was not surrounded by a
solubilization halo on its plate of isolation (PA�ZnO) and was identified as a
Stenotrophomonas rhizophila by MALDI-TOF MS (Table S1). NZSB was used as a negative
control in solid solubilization assays (Table 1, step 3). Not surprisingly, NZSB was not
able to solubilize Zn in the solid plate assays (Table 2). Moreover, NZSB was found to
be unable to release siderophores in modified M9 medium (MM9) (Table 2). The highest
solubilization efficiencies were found for two strains affiliated with the genus Pseu-
domonas (strains 24 and 46), followed by two nonidentified strains (strains 81 and 5)
(Table 2). Microbacterium strain 85 and nonidentified strains 37, 55, and 93 solubilized
only ZnO, while Pseudomonas strain 46 and the nonidentified strains 63 and 103
solubilized only ZnCO3 (details of these data not shown). Except for unaffiliated strains
4 and 71, only Bacillus, Pseudomonas, and Streptomyces strains released detectable
siderophores in the liquid MM9 (Table 2). The quantities of siderophores released per
ml of medium differed considerably between the strains, with productions ranging
from 0.513 � 0.101 (nonidentified 4) to 91.5 � 0.853 (Pseudomonas 106) �mol
deferoxamine mesylate (DFOM) equivalent. Bacillus cereus ATCC 14579, which we know
can produce petrobactin and bacillibactin siderophores (42), was also found to be
positive in our assays (Table 2).

For the fourth and fifth steps of this study (Table 1), eight bacterial strains within
selection 1, with contrasting Zn solubilization efficiencies and siderophore production
abilities, were selected. This set was designated selection 2 and consisted of the
following strains: Pseudomonas strain 24 and nonidentified strains 5 and 81 (best

TABLE 1 Overall strategy used for the isolation and characterization of ZSB recovered from wheat rhizospheres

Steps Biological material Procedure Main output

1. Direct ZSBa isolation Wheat rhizosphere soils Wheat rhizosphere soil suspensions plated on
TSA�ZnO, PA�ZnO, BA�ZnO, DCLS�ZnO,
and NA�ZnOb

Detection and subculture of 115
putative Zn-solubilizing isolates
plus isolation of NZSBc

2. ZSB identification and
clustering

115 Zn-solubilizing isolates MALDI-TOF MSd analysis for:
Mass spectrum cross-comparison with

bacterial reference database (SARAMIS)
Taxonomic affiliation found for 65%

of the isolates
Similarity comparison of the obtained 115

fingerprints by the generation of a
dendrogram

Clustering of 115 isolates and
selection of 47 distinct bacterial
strains (selection 1)

3. Bacterial screening Selection 1 (plus NZSB) Zn solubilization efficiency assay on plates Selection of eight bacterial strains
(including NZSB) (selection 2)Siderophore production ability assay

4. Precise identification of
selection 2

Selection 2 16S rRNA gene sequencing and identification Phylogenetic identification of
selection 2

5. Study of the solubilization
mechanisms

Selection 2 Liquid cultures (with or without glucose)
supplemented with ZnO

Highlight of different solubilization
mechanisms depending on the
strain and the availability of
glucose

Measure of the organic acids and
siderophores produced in culture
supernatant

aZSB, zinc-solubilizing bacteria.
bMicrobiological media and description of the isolation procedure can be found in “Origin of rhizosphere soils and direct ZSB isolation procedure.”
cNZSB, non-Zn-solubilizing bacterium (a bacterial isolate also recovered from wheat rhizosphere [on PA�ZnO], which was not surrounded by a solubilization halo).
dMALDI-TOF MS, matrix-assisted laser desorption ionization–time of flight mass spectrometry.
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solubilizers of all ZSB), Pseudomonas strain 106 (best siderophore producer), and
Streptomyces strain 68 (best siderophore producer from Streptomyces strains) (Table 2).
Moreover, our negative-control Stenotrophomonas rhizophila NZSB, Pseudomonas strain
44 (worst Pseudomonas Zn solubilizer), and the nonidentified strain 42 (very similar to
the nonidentified strain 5 in terms of MALDI-TOF profiles [Fig. S2] and solubilization
efficiencies [Table 2]) were also included in selection 2. In this way, Zn solubilization

TABLE 2 Zinc solubilization efficiencies and siderophore production abilities of 47 preselected ZSB (selection 1)a

Bacterial ID MALDI-TOF MS taxonomic affiliation

Zn solubilization
efficiency Siderophore production ability

Ratiob SD �mol/108 CFUc SD

12 Bacillus cereus 5.41 0.284 40.4 2.47
48 Bacillus cereus 3.69 0.057 �
69 Bacillus cereus 2.55 0.563 �
110 Bacillus megaterium 1.68 0.079 53.2 2.37
14 Bacillus licheniformis 1.25 0.059 1.51 0.559
91 Cellulosimicrobium cellulans 6.36 0.792 �
17 Frigoribacterium faeni 4.55 0.488 �
112 Microbacterium foliorum 4.82 0.685 �
83 Microbacterium foliorum 4.11 1.11 �
79 Microbacterium foliorum 2.2 0.595 �
86 Microbacterium maritypicum 1.43 0.067 �
108 Microbacterium paraoxydans 1.43 0.269 �
89 Microbacterium foliorum 1.15 0.039 �
56 Microbacterium foliorum � �
111 Microbacterium maritypicum � �
85 Microbacterium maritypicum � �
24 Pseudomonas sp. 12.9 2.27 22.4 1.42
46 Pseudomonas sp. 8.98 0.344 3.49 0.727
39 Pseudomonas sp. 6.13 0.315 �
106 Pseudomonas sp. 2.19 0.42 91.5 0.853
115 Pseudomonas sp. 1.79 0.256 103.5 12
44 Pseudomonas chlororaphis 1.48 0.4 3.58 1.72
31 Streptomyces sp. 3.37 0.309 �
68 Streptomyces sp. 3.08 1.41 67.6 0.414
15 Streptomyces sp. 1.36 0.097 12.1 4.75
38 Streptomyces sp. � �
81 Nonidentified 11.5 1.36 �
5 Nonidentified 7.92 0.454 �
80 Nonidentified 7.43 1.41 �
36 Nonidentified 6.10 1.7 �
42 Nonidentified 5.99 0.927 �
28 Nonidentified 5.40 1.72 �
78 Nonidentified 4.28 1.01 �
26 Nonidentified 3.67 1.51 �
87 Nonidentified 3.28 0.435 �
4 Nonidentified 2.46 0.547 0.513 0.101
74 Nonidentified 2.20 0.304 �
82 Nonidentified 2.19 0.968 �
75 Nonidentified 2.15 0.506 �
84 Nonidentified 1.91 0.181 �
71 Nonidentified 1.30 0.079 8.52 6.34
35 Nonidentified 1.23 0.022 �
37 Nonidentified � �
55 Nonidentified � �
63 Nonidentified � �
93 Nonidentified � �
103 Nonidentified � �
ATCC 14579d Bacillus cereus 2.53 0.537 28.7 8.96
NZSBe Stenotrophomas rhizophila � �

aStrains constituting selection 2 are indicated by bold type.
bZn solubilization efficiency calculated as the average ratio of ZnO and ZnCO3 solubilization assays (see Materials and Methods). �, absence of solubilization (i.e., no
clarification zones underneath the agar cores); �, slight clarification zones underneath the agar cores.

c�, absence of siderophore production; �, production of siderophore but no CFU data available (no growth on the NA plates used for CFU measurements).
dPositive control for siderophore production ability assay (42).
eNZSB, non-Zn-solubilizing bacterium (a bacterial isolate recovered from wheat rhizospheres, which was not surrounded by a solubilization halo).
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performances obtained on solid solubilization assays (Table 1, step 3) were compared
with those obtained under liquid conditions (Table 1, step 5). Moreover, selecting
strains with various siderophore production abilities enabled us to check whether a
strain potentially able to produce more siderophores would also solubilize more Zn in
liquid assays.

16S rRNA gene-based phylogenetic analysis of selection 2. As a fourth step
(Table 1), the phylogenetic affiliations of selection 2 were finalized by 16S rRNA gene
sequence analysis. This enabled the identification to the species level of all bacterial
strains of selection 2 and confirmed taxonomic affiliations obtained by MALDI-TOF MS
for strain 44, strain 106, strain 24, NZSB, and strain 68 (Table 3).

Zn solubilization by selection 2. Strains from selection 2 were separately subjected
to solubilization assay medium (SAM) with or without glucose, and the solubilization of
ZnO was monitored over 6 days of incubation (Table 1, step 5). Soluble Zn levels and
pH values from uninoculated controls in SAM without glucose and in SAM plus glucose
remained very close to the initial values during the entire experiment (see Fig. S3); thus,
Zn dissolution by mechanic agitation or contamination of the cultures was excluded.
Only three of the eight tested strains, i.e., Curtobacterium oceanosedimentum strain 81
and Plantibacter flavus strain 5 and strain 42, were able to mobilize Zn when no glucose
was added to the growth medium (Fig. 1A, B, and C). Moreover, Plantibacter flavus strain
5 and strain 42 generally solubilized more Zn in SAM without glucose than Curtobac-
terium oceanosedimentum strain 81 under this condition. Indeed, in SAM without
glucose, Plantibacter flavus strain 5 and strain 42 solubilized ca. 250 mg Zn · liter�1 after
2 days of incubation, while Zn mobilization by Curtobacterium oceanosedimentum strain
81 barely exceeded 100 mg Zn · liter�1 at any time point (Fig. 1A, B, and C). Interestingly,
Zn mobilization by Curtobacterium oceanosedimentum strain 81 in SAM without glucose
was accompanied by a gradual pH increase from 6.8 up to pH �8 (Fig. 1A). In contrast,
Zn solubilization by Plantibacter flavus strain 5 and strain 42 in SAM without glucose
was associated with a pH drop throughout the incubation from 6.8 to ca. 4.8. Acidifi-
cation by Plantibacter flavus strain 5 and strain 42 was even more important in the
presence of glucose, and more Zn was dissolved in these cultures (Fig. 1B and C). For
the other strains (Fig. 1D to H), Zn solubilization occurred only when glucose was added
to the SAM. As for Plantibacter flavus strain 5 and strain 42, solubilization by these five
other strains was associated with pH acidification below pH 5. There was no clear
correspondence between Zn solubilization performances observed in plate assays and
in liquid medium. For example, the amount of Zn solubilized in liquid medium by
Pseudomonas syringae strain 24, which had the highest Zn solubilization efficiency in
plate assays (Table 2), was similar to the amounts for the other strains of selection 2 (Fig.
1). Furthermore, while Stenotrophomonas rhizophila NZSB did not strictly produce any
clarification zones on NA�ZnO or NA supplemented with Zn carbonate (NA�ZnCO3;
0.829 g · liter�1) in step 3 (Table 2), it solubilized Zn in SAM with glucose (Fig. 1H).

Study of the solubilization mechanisms used by selection 2. The concentrations
of siderophores and organic acids measured in each culture filtrate after 4 days of
incubation can be found in the supplemental material (Fig. S4). Low concentrations

TABLE 3 Comparison of MALDI-TOF MS and 16S rRNA gene sequencing identifications of selection 2 strains

Bacterial ID
MALDI-TOF MS
taxonomic affiliation

Most-related bacterial strain by BLAST (accession
no. [% identity])a

81 Nonidentified Curtobacterium oceanosedimentum (LN890020.1, 99%)
5 Nonidentified Plantibacter flavus (HE716918.1, 99%)
42 Nonidentified Plantibacter flavus (HE716918.1, 99%)
44 Pseudomonas chlororaphis Pseudomonas chlororaphis (FJ652611.1, 100%)
106 Pseudomonas sp. Pseudomonas moraviensis (HG000013.1, 99%)
24 Pseudomonas sp. Pseudomonas syringae (AY574913.1, 99%)
NZSB Stenotrophomas rhizophila Stenotrophomonas rhizophila (CP016294.1, 100%)
68 Streptomyces sp. Streptomyces narbonensis (KU324447.1, 99%)
a16S rRNA gene sequences blasted against the NCBI nr database.
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(below 10 �M) of malonic and 2-oxoglutaric acids were found in the uninoculated
control medium (Table 4; see also Fig. S4Q). Moreover, the control medium contained
�100 �M glutamic acid (Table 4).

Organic acids in SAM without glucose cultures. Among the nine organic acids
measured in SAM without glucose, only glutamic acid was found in concentrations
above 10 �M (Table 4). Interestingly, glutamic acid was only observed in cultures of
Curtobacterium oceanosedimentum strain 81 and Plantibacter flavus strain 5 and strain
42, where a considerable amount of Zn had been solubilized (Fig. 1A to C and Table 4).
Additionally, Curtobacterium oceanosedimentum strain 81 and Plantibacter flavus strain
5 released small quantities of citric and oxalic acids, respectively (Table 4). Plantibacter
flavus strain 5 and strain 42 both released succinic acid in SAM without glucose (Table
4). Small amounts of gluconic acid were released by Pseudomonas chlororaphis strain
44, Pseudomonas moraviensis strain 106, Pseudomonas syringae strain 24, Stenotroph-
omonas rhizophila NZSB, and Streptomyces narbonensis strain 68 in SAM without
glucose (Table 4). In these cultures, no glutamic acid was measured (although it was

FIG 1 Zinc oxide dissolution in relation to pH change during incubation of selection 2 isolates for
6 days in SAMs. o, means for SAM without glucose; Œ, means for SAM with glucose. Black lines
represent dissolved Zn; blue dashed lines represent pH. Error bars show standard errors for each of
the means (n � 3).
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present initially in the SAM), which indicates that it was metabolized by these five
strains.

Organic acids in SAM with glucose cultures. All the strains of selection 2 solubi-
lized Zn in SAM with glucose (Fig. 1), including Stenotrophomonas rhizophila NZSB,
which did not produce a clear halo on NA�ZnO or on NA�ZnCO3 (Table 2). Remark-
ably, generally much higher quantities of organic acids were recovered from SAM with
glucose than from SAM without glucose (Table 4). Pseudomonas chlororaphis strain 44,
Pseudomonas moraviensis strain 106, Pseudomonas syringae strain 24, and Stenotroph-
omonas rhizophila NZSB were distinctive from the rest of the selection 2 strains due to
their nearly exclusive production of gluconic, malonic, and oxalic acids (Table 4).
Similarly, Plantibacter flavus strain 5 and strain 42 released mostly gluconic and oxalic
acids in SAM with glucose (Table 4). Relatively to the other strains of selection 2,
Curtobacterium oceanosedimentum strain 81 and Streptomyces narbonensis strain 68
produced only small amounts of gluconic acid, and Streptomyces narbonensis strain 68
released no malonic acid in SAM with glucose. Moreover, these two strains distin-
guished themselves by the production of various organic acids, such as citric, fumaric,
malic, 2-oxoglutaric, and succinic acids (Table 4).

Siderophore production in both media. Curtobacterium oceanosedimentum strain
81 and Plantibacter flavus strain 5 and strain 42 did not release detectable siderophores
in any of the SAMs. On the other hand, Pseudomonas chlororaphis strain 44, Pseudomo-
nas moraviensis strain 106, Pseudomonas syringae strain 24, Stenotrophomonas rhizo-
phila NZSB, and Streptomyces narbonensis strain 68 released siderophores in both SAM
without glucose and SAM with glucose in concentrations above 100 �M DFOM
equivalent (Table 4; see also Fig. S4). While such concentrations of siderophore enabled
the chelation of Fe from the chrome azurol complex in step 3, they did not enable ZnO
solubilization, as these five strains were also those which did not solubilize Zn in SAM
without glucose (Fig. 1). Apart from Streptomyces narbonensis strain 68, the production
of siderophores was generally increased by the addition of glucose in the SAM (Table
4; see also Fig. S4).

DISCUSSION

In this study, the procedure used for the isolation of ZSB from wheat rhizospheres
consisted of plating soil serial dilutions on various microbiological agar media (NA, TSA,
PA, BA, and DCLS) supplemented with glucose and a scarcely soluble Zn salt (ZnO). ZSB
were directly detected on the basis of the observation of clearing zones around the
colonies. Our results showed that PA�ZnO was the most efficient ZSB isolation
medium, perhaps due to the higher diffusion rates of bacterial exudates in this medium
(43). Similar “direct” isolation methods have been used before with different media,
such as modified Bunt and Rovira media (15) or tris-mineral salt media (44). This study
confirms that such a direct ZSB isolation method can be efficiently used for the quick
recovery of a large number of Zn-solubilizing isolates from rhizosphere soil samples.

The next step was to identify which of the 115 newly isolated ZSB were probably the
same strain. Our study used MALDI-TOF MS for the discrimination and typing of
Zn-solubilizing isolates. An analysis of 16S rRNA gene sequences of selection 2 strains
supported the identification provided by MALDI-TOF MS (Table 3), which confirms the
potential of this proteomic technique for the identification of unknown soil bacterial
isolates. The identification of bacteria by MALDI-TOF MS approaches remains limited when
applied to the soil environment, since reference spectrum databases mostly contain
clinically important microorganisms (45). For this reason, no reliable affiliation was given for
approximately 35% of the bacteria (40 isolates) in our study. Nevertheless, the generation
of a dendrogram (see Fig. S2 in the supplemental material) enabled us to appreciate the
similarities between the 115 solubilizing isolates, including those that were not successfully
affiliated to any bacterial taxa. It is worth noting that unaffiliated isolates formed separate
clusters, which strongly suggest that among these 40 isolates, different bacterial taxa were
represented (46). The remaining 65% of the isolates were successfully affiliated with eight
different bacterial genera. In the study presented here, in vitro Zn solubilization is reported
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for strains of Streptomyces, Cellulosimicrobium, and Arthrobacter, as well as for strains of
Curtobacterium and Plantibacter. The ability to solubilize Zn under in vitro conditions is
therefore not restricted to a few bacterial genera. This is in agreement with previous
studies, where isolates belonging to various bacterial genera were reported as Zn solubi-
lizers, including Acinetobacter (47), Exiguobacterium (48), Gluconacetobacter (18), Pseudomo-
nas (16, 17), Rhizobium (33), and Serratia (49).

Previous studies have shown that bacteria can solubilize and acquire Zn bound in
their environment by releasing Zn-chelating siderophores (50, 51). However, in our
liquid solubilization assays, strains that produced siderophores did not dissolve ZnO in
SAM without glucose (Table 4). In these cultures, it is excluded that ZnO was in fact
dissolved by siderophores and thereafter taken up by bacterial cells. Indeed, despite the
production of siderophores in the presence of glucose, large quantities of Zn remained
dissolved in SAM with glucose (Table 4). Therefore, the siderophores produced by
strains of selection 2 seemed unable to chelate Zn and thus dissolve ZnO. Zn-chelating
siderophores may have represented only a small proportion of the siderophores
released by selection 2 strains. So far, although a wide structural diversity of sidero-
phores has been described (27), only a few of these compounds have been clearly
identified as Zn chelators (25).

The potential bacterial mechanisms of Zn solubilization include acidification
(through the production of protons), chelation (via siderophores or organic acids), and
chemical transformation (e.g., with redox reactions, generally under extreme condi-
tions) (52). Protons can be either directly released by bacteria (e.g., for the acquisition
of nutrients and the preservation of charge balance) or indirectly released from
carboxylic groups of exuded organic acids (at pH higher than pKa). Protons can replace
Zn cations at sorption sites of minerals (e.g., oxides and phosphates) and thus mobilize
Zn in solution (52). Metal chelation by organic acids is mostly controlled by pH. Indeed,
in neutral to alkaline environments, organic acids might occur as fully deprotonated
anions and act as metal-complexing agents (53). In our study, with the exception of
Streptomyces narbonensis strain 68 grown in SAM without glucose, all strains released
organic acids in SAMs (Table 4). These were produced in larger amounts when glucose
was initially added to the medium, probably by the stimulation of metabolic activity (54).
Although proton extrusion may also have decreased the pH in SAM plus glucose, the
observed acidification in this medium was probably due to the release of large amounts of
organic acids by the inoculated ZSB. In these cultures, the expected mechanism of
solubilization is rather via acidification, as complexation processes at such pH values are
unlikely (17). In previous studies, the solubilization of insoluble Zn substrates [ZnO, ZnCO3,
and Zn3(PO4)2] was generally linked to an increased proton concentration, resulting from
the production of gluconic acid (15–18, 22). On the other hand, the production of gluconic
acid in our study does not solely explain the observed solubilization. For instance, Curto-
bacterium oceanosedimentum strain 81 and Streptomyces narbonensis strain 68 produced
only marginal quantities of gluconic acid in SAM with glucose. Instead, the nature and
quantity of organic acids possibly responsible for ZnO dissolution in SAM with glucose
depended on the bacterial strain initially inoculated. Indeed, the solubilization of ZnO by
Streptomyces narbonensis strain 68 and Curtobacterium oceanosedimentum strain 81 may be
attributed to the accumulation of six and seven different organic acids, respectively, in SAM
with glucose. On the other hand, the other strains solubilized Zn in SAM with glucose
mostly through the production of gluconic, malonic, and oxalic acids. This is in line with the
observations of Li et al., where metal solubilization was attributed to different organic acids
among Burkholderia cepacia and a mixture of Microbacterium saperdae and Enterobacter
cancerogenus (24).

In the absence of glucose, Plantibacter flavus strain 5 and strain 42 both decreased
the pH in the SAM to levels similar to those observed in SAM with glucose (Fig. 1). This
acidification, which might be responsible for the ZnO dissolution in these cultures,
cannot be explained by organic acid production, as the quantities released by Plan-
tibacter flavus strain 5 and strain 42 were comparable to those measured in the
uninoculated control and thus were too low (�10 �M) to acidify the medium (Table 4).
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The excretion of protons and subsequent ZnO dissolution by Plantibacter flavus strain
5 and strain 42 in SAM without glucose might be the consequence of other metabolic
processes, such as ammonia consumption or bacterial respiration (55). Curtobacterium
oceanosedimentum strain 81 (grown in SAM without glucose) acted as an exception
because, despite the progressive medium alkalization after 4 days of incubation, an
average of 92.2 mg Zn · liter�1 was dissolved. Medium alkalization occurred probably
as a consequence of amino acid hydrolysis and the subsequent release of ammonium.
Since, unlike the other strains, Curtobacterium oceanosedimentum strain 81 did not
consume all of the glutamic acid initially present in SAM without glucose (Table 4), it
is proposed that the remaining glutamic acid solubilized Zn via complexation processes
likely to occur at such pH values (52).

We observed inconsistencies between the Zn solubilization efficiencies in solid and
liquid solubilization assays. Indeed, there was no correspondence between solubilization
zone sizes in solid plates (Table 2) and the amount of Zn dissolved in liquid SAMs (Fig. 1).
Therefore, the intensities of the metabolic processes responsible for Zn solubilization were
affected to various magnitudes among the bacterial strains by growing conditions and the
type of medium (NA for solid versus SAM for liquid assays). For example, different C/N ratios
between these two media probably affected the organic acid production and thus Zn
solubilization (56). A striking example was the case of Stenotrophomonas rhizophila NZSB
(our negative control), which solubilized similar quantities of Zn compared with those of the
other strains after 4 days of incubation in SAM with glucose (Fig. 1H) but did not produce
clear halos on NA�ZnO or NA�ZnCO3 in step 3 (Table 2). Similar cases were reported
before (57). The differences in the types and the quantities of organic acids produced under
solid and liquid growing conditions were considered to be responsible for the observed
variability in solubilization abilities (43).

To conclude, our work describes various bacterial processes of Zn solubilization,
beyond the production of gluconic acid that until now was described as a major
solubilization mechanism. These processes include mostly the extrusion of protons and
the production of different organic acids among bacterial strains. In this study, there is
no evidence for the involvement of bacterially released siderophores in the dissolution
of ZnO. The magnitudes of these processes are strongly affected by the conditions in
which the bacteria are studied. Although the processes highlighted in this study might
have an ecological significance, it is necessary to remain cautious when transposing
these mechanisms to the rhizosphere ecosystem, where biotic and abiotic interactions
are even further from laboratory conditions.

MATERIALS AND METHODS
Overall strategy. The five steps summarizing the overall strategy of this study are presented in Table

1. First, 115 Zn-solubilizing isolates were recovered from wheat rhizospheres using a direct isolation
procedure (Table 1, step 1). To determine which of the 115 isolates likely belonged to the same strains,
their protein mass fingerprints obtained by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry (MS) were compared. This enabled us to reduce the number of bacteria
from 115 to 47 ZSB, and this set of strains, with distinct MALDI-TOF profiles, was named selection 1 (Table
1, step 2). Subsequently, eight bacterial strains (referred to as selection 2), with contrasting Zn solubi-
lization efficiencies and siderophore production abilities, were selected from selection 1 (Table 1, step 3).
Efficient and inefficient ZSB were included in selection 2 to determine later whether bacteria performing
best (or worst) in step 3 (i.e., on solid plate assays) behave in a similar way in liquid solubilization assays
(Table 1, step 5). Thus, the effect of bacterial growth conditions on the ability of a given strain to
solubilize Zn was also investigated. As a fourth step, selection 2 strains were identified using 16S rRNA
gene sequencing. Finally, selection 2 strains were grown in insoluble ZnO-containing liquid broth (SAM),
and Zn dissolution was monitored over 6 days of incubation (i.e., soluble Zn and pH measured once per
day) (Table 1, step 5). Additionally, siderophores and organic acids present in SAMs were measured after
4 days of incubation. These liquid assays were conducted with and without glucose to exclude gluconic
acid production and investigate the potential involvement of other organic acids.

Media and chemicals. The TSA, PA, BA, and DCLS used in this study were obtained from Sigma-
Aldrich (Switzerland). NA was purchased from BD Difco (Switzerland). For the isolation of Zn-solubilizing
isolates from wheat rhizospheres (Table 1, step 1), TSA, PA, BA, DCLS and NA were supplemented with
ZnO (0.629 g · liter�1; Merck, Switzerland) and D-glucose (10 g · liter�1) to obtain TSA�ZnO, PA�ZnO,
BA�ZnO, DCLS�ZnO, and NA�ZnO, respectively. Cycloheximide (50 mg · liter�1; Sigma-Aldrich, Swit-
zerland) was added to all solid media to prevent fungal growth. For the determination of Zn solubili-
zation efficiency (Table 1, step 3), the bacterial strains were subjected to NA�ZnO and NA�ZnCO3. For
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the assessment of siderophore production ability (Table 1, step 3), selection 1 was grown in MM9 and
siderophores were detected following the chrome azurol S (CAS) solution assay, as described by
Alexander and Zuberer (58). The MM9 contained (per 1,000 ml) KH2PO4 (0.3 g), NaCl (0.5 g), NH4Cl (1 g),
mannitol (2 g), MgSO4·7H2O (493 mg), CaCl2 (11 mg), MnSO4·H2O (1.17 mg), H3BO3 (1.4 mg), CuSO4·5H2O
(0.04 mg), ZnSO4·7H2O (1.2 mg), Na2MoO4·2H2O (1 mg), Casamino Acids (3 g; BD Difco, Switzerland), and
PIPES {[piperazine-N,N’-bis(2-ethanesulfonic acid)]} (30.24 g; Sigma-Aldrich, Switzerland). The study of the
solubilization mechanisms (Table 1, step 5) was performed in the solubilization assay medium (SAM). This
liquid medium had the same chemical composition as the MM9 except that ZnO (0.629 g · liter�1) was
supplemented and the PIPES buffer was removed. These liquid assays were performed in SAM with or
without glucose added (10 g · liter�1). Nutrient broth (NB) used for routine liquid bacterial cultivation was
prepared with peptone (5 g · liter�1; BD Difco, Switzerland) and meat extract (3 g · liter�1; Sigma-Aldrich,
Switzerland).

Origin of rhizosphere soils and direct ZSB isolation procedure. The Zn-solubilizing isolates used
in this study were recovered from the rhizospheres of two varieties of wheat (Triticum aestivum L.) at
different development stages (Table 5). To further diversify the taxonomic range of the isolated bacteria,
we used three distinct soils with differing chemical properties (i.e., two from Switzerland and one from
Iran), since the diversity of soil bacterial populations is strongly affected by soil edaphic properties (59).
The wheat plants were sampled either directly from the field or from pot experiments (Table 5). Entire
wheat plants were transported to the laboratory and processed within 5 h after sampling. The bulk soil
was removed from the plants by shaking and tapping the root systems gently. Only soil strongly
adhering to the roots (i.e., a thin [�2-mm] soil layer) was considered rhizosphere soil. Roots, including
rhizosphere soil, were cut off from the shoot with sterile blends, suspended in 30 ml of a sterile NaCl
solution (9 g · liter�1), and shaken horizontally for 30 min (120 rpm). Tenfold serial dilutions were
prepared from the rhizosphere soil suspensions, and 100-�l aliquots of dilutions (10�3, 10�4, and 10�5)
were spread on NA�ZnO, TSA�ZnO, PA�ZnO, BA�ZnO, and DCLS�ZnO. These plates were incubated
upside down at 28°C for up to 14 days until halo-forming colonies appeared on the surfaces (see Fig. S1
in the supplemental material). Colonies surrounded by clear clarification zones were selected as ZSB,
streaked with a wire loop onto NA plates, and subcultured for purification. For long-term storage, the
isolates were stored at �80°C in NB supplemented with 20% (vol/vol) glycerol. For each bacterial isolate,
an identification number (from 1 to 115) was given.

Characterization of isolates by MALDI-TOF MS of whole-cell lysates. (i) Preparation of samples
for MALDI-TOF MS analyses. A total of 115 Zn-solubilizing isolates were characterized by MALDI-TOF
MS (Table 1, step 2) at Mabritec AG (Riehen, Switzerland) according to the procedure described by Ziegler
et al. (41, 60). In brief, all the isolates were streaked on NA plates and grown for 24 h at 28°C. Each
bacterial isolate was spotted in duplicates on MALDI target plates. Subsequently, spots were overlaid
with 1 �l of 5.43 M formic acid, were air-dried, and were again overlaid with 1 �l of matrix solution
consisting of a saturated solution of alpha-cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich, Swit-
zerland) in 8.04 M acetonitrile (Sigma-Aldrich, Switzerland), 7.16 M ethanol, and supplemented with 263
�M trifluoroacetic acid (TFA). Spots were completely dried at room temperature before being introduced
into the mass spectrometer.

(ii) MALDI-TOF fingerprinting, identification, and cluster analysis. Signatures of bacteria were
obtained using a MALDI-TOF mass spectrometer (Axima Confidence; Shimadzu-Biotech Corp., Kyoto,
Japan), with detection in the linear positive mode at a laser frequency of 50 Hz and within a mass range
of 3 to 20 kDa. The acceleration voltage was 20 kV, and the extraction delay time was 200 ns. A minimum
of 10 laser shots per sample was set to generate each of the protein fingerprints. For each spot, 50
protein mass fingerprints were averaged and processed using the Launchpad 2.8 software (Shimadzu-
Biotech Corp., Kyoto, Japan). Each target plate was first externally calibrated using spectra of the
reference strain Escherichia coli DH5�. The use of Escherichia coli DH5� enables proper calibration of the
MALDI-TOF system, since its genome/proteome and hence its mass peaks are very well known. In this
respect, Escherichia coli DH5� has been used for MALDI-TOF external calibration independently of the
organism under study, such as yeast (61), fungi (62), and insects (63).

With the aim to assign taxonomic affiliations to the isolates (bacterial genera and/or species), the
obtained mass fingerprints were analyzed and cross-matched with bacterial references in a proprietary
and enlarged version of the database SARAMIS (AnagnosTec, Potsdam-Golm, Germany) at Mabritec AG,
Switzerland. These references compile spectra obtained from several strains of the same species
cultivated on different growth media for different incubation times (2 to 14 days) (41). Thus, the
identification of our bacterial isolates was independent from the above-mentioned parameters.

The Launchpad 2.8 software was used to generate ASCII mass lists from the MALDI-TOF finger-
prints. These were imported into SARAMIS, and a binary matrix was calculated using the SARAMIS
SuperSpectrum tool with an error window of 800 ppm. A pairwise similarity matrix was calculated using
Dice similarities (64). A cluster analysis was performed and a linear dendrogram was generated using the
taxonomy tool of the SARAMIS software.

In vitro assessment of Zn solubilization efficiency. We assessed solubilization efficiency by subject-
ing the strains to NA�ZnO and NA�ZnCO3 media (cf. chemical compositions in “Media and chemicals”)
(Table 1, step 4). Fifty microliters of the bacterial suspensions was spread directly from the corresponding
glycerol stocks on NA plates. After an overnight incubation at 28°C, NA plates were naturally covered with a
thin layer of grown bacteria, and cores of 8 mm were transferred upside down onto the surface of NA�ZnO
and NA�ZnCO3 plates in four replicates per strain. The inoculated NA�ZnO and NA�ZnCO3 plates were
incubated in the dark for 7 days at 28°C. The calculation of Zn solubilization efficiency (SE) was adapted from
that described by Nguyen et al. (65) and was defined as the average ratio from both ZnO and ZnCO3

Costerousse et al. Applied and Environmental Microbiology

January 2018 Volume 84 Issue 1 e01715-17 aem.asm.org 12

 on D
ecem

ber 17, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


TA
B

LE
5

Rh
iz

os
p

he
re

so
ils

us
ed

in
th

is
st

ud
y

So
il

Lo
ca

ti
on

(c
ou

n
tr

y)
G

PS
co

or
d

in
at

e
Te

xt
ur

ea
p

H
To

ta
l

Zn
(m

g
kg

�
1
)

D
TP

A
Zn

(m
g

kg
�

1
)

W
h

ea
t

va
ri

et
y

(g
ro

w
in

g
st

ag
es

)b
G

ro
w

th
co

n
d

it
io

n
Re

fe
re

n
ce

s
fo

r
ot

h
er

st
ud

ie
s

us
in

g
th

es
e

so
ils

Sw
is

s
so

il
no

.1
O

b
er

em
b

ra
ch

(S
w

itz
er

la
nd

)
47

°2
9=

N
,8

°3
9=

E
Si

lt
y

cl
ay

7.
4

N
ot

av
ai

la
b

le
N

ot
av

ai
la

b
le

c
Tr

iti
cu

m
ae

st
iv

um
L.

cv
.

Le
vi

s
(2

2,
30

)
Fi

el
d

p
ar

ce
l

So
nn

en
b

üh
l

2d

N
on

e

Sw
is

s
so

il
no

.2
Zu

ric
h-

Re
ck

en
ho

lz
(S

w
itz

er
la

nd
)

47
°2

5=
N

,8
°3

1=
E

Sa
nd

y
lo

am
6.

5
74

.9
4.

22
Tr

iti
cu

m
ae

st
iv

um
L.

cv
.

Fi
or

in
a

(2
2,

30
)

G
la

ss
ho

us
ee

67

Ir
an

ia
n

so
il

Ru
da

sh
t

re
se

ar
ch

st
at

io
n

(Ir
an

)
32

°2
9=

N
,5

2°
10
=E

Si
lt

y
cl

ay
lo

am
7.

9
80

.2
0.

45
Tr

iti
cu

m
ae

st
iv

um
L.

cv
.

Fi
or

in
a

(7
7)

68

a
IU

SS
W

or
ki

ng
G

ro
up

W
RB

(6
9)

.
b
BB

C
H

de
ve

lo
p

m
en

t
st

ag
e

ac
co

rd
in

g
to

La
nc

as
hi

re
et

al
.(

70
).

c G
iv

en
th

e
so

il
lo

ca
tio

n
an

d
fie

ld
-b

as
ed

ob
se

rv
at

io
ns

,t
hi

s
so

il
w

as
lik

el
y

no
t

b
el

ow
Zn

de
fic

ie
nc

y
th

re
sh

ol
d,

co
rr

es
p

on
di

ng
to

D
TP

A
ex

tr
ac

ta
b

le
Zn

va
lu

es
lo

w
er

th
an

0.
5

m
g

·k
g�

1
(6

).
d
Rh

iz
os

p
he

re
so

il
sa

m
p

le
s

w
er

e
ta

ke
n

fr
om

th
e

p
ar

ce
l

So
nn

en
b

üh
l

2
m

an
ag

ed
b

y
St

ric
kh

of
(E

sc
hi

ko
n

21
,C

H
-8

31
5,

Li
nd

au
,S

w
itz

er
la

nd
).

e W
he

at
w

as
gr

ow
n

in
th

e
sa

m
e

co
nd

iti
on

s
as

de
sc

rib
ed

b
y

A
gh

ili
et

al
.(

68
).

Zinc Mobilization Processes among Bacterial Strains Applied and Environmental Microbiology

January 2018 Volume 84 Issue 1 e01715-17 aem.asm.org 13

 on D
ecem

ber 17, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org
http://aem.asm.org/


solubilization assays: SE � ([AS/AG]ZnO � [AS/AG]ZnCO3)/2, where AS is the area of solubilization and AG is the
area of bacterial growth. These areas were measured with ImageJ software (version 1.49).

In vitro assessment of siderophore production. For the determination of siderophore production
ability (Table 1, step 4), each bacterial strain was pregrown in 10 ml NB with shaking for at least 24 h at
28°C. Fifty microliters from these cultures was transferred to 5 ml MM9 with no added Fe to induce
siderophore production (cf. chemical compositions in “Media and chemicals”). To determine how many
bacterial cells were initially transferred from NB to MM9, NB cultures were analyzed for bacterial
abundance (CFU per ml) by inoculating NA plates with tenfold serial dilutions (10�3, 10�4, and 10�5).
MM9 cultures were incubated for 24 h on a rotary shaker at 28°C. Two-milliliter aliquots were sampled
from these cultures and centrifuged at 2,500 � g for 10 min. Supernatants were filtered through
0.22-�m-pore-size filters (Millipore), and siderophore concentrations were measured in the sample
filtrates with the chrome azurol S (CAS) microtiter method as described by Alexander and Zuberer (58).
DFOM (Sigma-Aldrich, Buchs, Switzerland) was used as a standard siderophore, with standard curves
ranging from 0 to 150 �M. The color change from blue to orange, indicating the presence of sidero-
phores in solution, was monitored by measuring the absorbance (630 nm) with a microplate reader
(Synergy HT; BioTek Instruments). The results were expressed as �mol of siderophore (DFOM equivalent)
produced per CFU initially transferred per ml of MM9. Bacillus cereus ATCC 14579 (DSMZ no. 31) was used
as a reference strain for siderophore production ability assays (42) and was obtained from the German
Collection of Microorganisms and Cell Cultures.

16S rRNA gene sequencing. To identify selection 2 strains on the basis of 16S rRNA sequences
(Table 1, step 4), all eight bacterial strains were incubated in NB on a rotary shaker for 24 h at 28°C, and
genomic DNA was extracted using the Nucleospin microbial DNA isolation kit (Macherey-Nagel GmbH &
Co. KG, Germany). Briefly, 16S rRNA was PCR amplified using primers 27F (AGA GTT TGA TCM TGG CTC
AG) and 1492R (CGG TTA CCT TGT TAC GAC TT) under standard PCR conditions (66). After purification,
the PCR products were Sanger sequenced at Microsynth (Balgach, Switzerland) using the two PCR
primers as well as the internal primer 785F (GGA TTA GAT ACC CTG GTA). The sequence data for each
strain were assembled and manually edited. Consensus sequences for each strain were then blasted
against the NCBI nr database for species identification in September 2016.

In vitro liquid solubilization assays. Bacterial mechanisms responsible for ZnO solubilization were
investigated in SAM with glucose and SAM without glucose (cf. chemical compositions in “Media and
chemicals”) (Table 1, step 5). For each strain, 50 ml of sterile SAM was dispensed in 100-ml Erlenmeyer
flasks and subsequently inoculated with 2.5 � 108 CFU per ml. The experiment was conducted with three
independent replicates per strain. Eight-milliliter aliquots were sampled from the Erlenmeyer flasks
initially and after 1, 2, 3, 4, and 6 days of shaking at 120 rpm (28°C). These samples were prepared for
analyses by centrifugation at 2,500 � g for 10 min, and the supernatants were filtered through
0.22-�m-pore-size filters (Millipore). Dissolved ZnO in cultures (i.e., solubilized Zn) and pH values were
measured at each time point with an inductively coupled plasma optical emission spectrometer (ICP-OES;
Shimadzu ICPE-9820) and a pH meter (713 pH meter, electrode 6.0262.100; Metrohm), respectively. Three
uninoculated Erlenmeyer flasks of SAM without glucose and SAM with glucose were incubated under the
same conditions and used as the controls. In addition, siderophores and organic acids were measured in
culture supernatants sampled after 4 days of incubation. Siderophores were quantified with the CAS
microtiter method as described in “In vitro assessment of siderophore production.” Organic acids in
sample filtrates were analyzed by liquid chromatography (LC; NanoAcquity UPLC; Waters Corp.) coupled
with a QTOF mass spectrometer (Synapt G2 HDMS; Waters Corp.). An ethylene-bridged hybrid (BEH)
amide column (Acquity UPLC, column internal diameter, 200 �m; column length, 15 cm; particle size, 1.7
�m; Waters Corp.) was used for the separation of the organic acids. LC-MS was performed at the
Functional Genomics Center Zurich (FGCZ; Zurich, Switzerland). Organic acids were also measured in an
uninoculated SAM without glucose control to determine which compounds were originally present in
the medium. To simplify the visualization of the organic acid data, the concentrations of each compound
in SAMs after 4 days of incubation are shown semiquantitatively in Table 4, but complete data can be
found in the supplemental material (Fig. S4).

Any graphics were constructed using GraphPad Prism, version 7.0a (GraphPad Software, La Jolla, CA).
Data availability. Selection 2 strains are stored at the Station for Plant Sciences Research of Eschikon

(Lindau, Switzerland) (https://www.ethz.ch/en/campus/locations/zurich-region/lindau.html) and are
available for noncommercial use upon request.
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