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Abstract: Soils with low pH and high aluminium (Al) contamination restrict common bean pro-
duction, mainly due to adverse effects on rhizobia. We isolated a novel rhizobium strain, B3, from
Kenyan soil which is more tolerant to Al stress than the widely used commercial strain CIAT899.
B3 was resistant to 50 µM Al and recovered from 100 µM Al stress, while CIAT899 did not. Calcein
labeling showed that less Al binds to the B3 membranes and less ATP and mScarlet-1 protein, a
cytoplasmic marker, leaked out of B3 than CIAT899 cells in Al-containing media. Expression profiles
showed that the primary targets of Al are genes involved in membrane biogenesis, metal ions binding
and transport, carbohydrate, and amino acid metabolism and transport. The identified differentially
expressed genes suggested that the intracellular γ-aminobutyric acid (GABA), glutathione (GSH),
and amino acid levels, as well as the amount of the extracellular exopolysaccharide (EPS), might
change during Al stress. Altered EPS levels could also influence biofilm formation. Therefore, these
parameters were investigated in more detail. The GABA levels, extracellular EPS production, and
biofilm formation increased, while GSH and amino acid level decreased. In conclusion, our compara-
tive analysis identified genes that respond to Al stress in R. phaseoli. It appears that a large portion
of the identified genes code for proteins stabilizing the plasma membrane. These genes might be
helpful for future studies investigating the molecular basis of Al tolerance and the characterization of
candidate rhizobial isolates that perform better in Al-contaminated soils than commercial strains.

Keywords: aluminium toxicity; RNA-Seq; common bean; Rhizobium phaseoli; gene expression;
aluminum tolerance

1. Introduction

Common bean (Phaseolus vulgaris) is a major food worldwide. On average, the world
consumption of common beans reached 2.51 kg per person in 2018 [1], an ~8% increase
compared to 2008. As a legume, it forms symbiotic relationships with rhizobial bacteria,
which enables the conversion of free atmospheric nitrogen (N) to ammonium, thus reducing
the overutilization of N fertilizers in agriculture. Herridge et al. [2] demonstrated that
the rhizobia fix between 50 and 70 million tonnes of N per year. They colonize the roots
of the legumes and form nodules, which harbor oxygen-sensitive nitrogenase. Although
the molecular basis of nodule formation and N fixation has been well investigated in
the last decades [3–5], much less is known about abiotic stresses that inhibit symbiosis.
In particular, besides salinity and drought stress, soils with low pH and therefore high
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aluminium (Al) contamination restrict common bean production worldwide, mainly due
to severe impairment of nodule formation [6].

Al exists as insoluble salts, Al-silicates, and oxides [7] in soils. It is the third most abun-
dant element (8%) in the earth’s crust after oxygen (47%) and silicon (28%) and the main
reason for phytotoxicity in acid soils [8–10]. According to Kochian et al. [11], approximately
half of the global arable land is acidic and exhibits Al toxicity to crops. Anthropogenic activ-
ities and, in particular, mineral leaching in the tropical soils have increased soil acidification
up to the pHs between 5.5 and 4.6, and in extreme cases even below 4.5 [12]. Consequently,
insoluble Al salts dissociate [13] in agricultural areas [14]. Plants counteract increasing Al
stress in the soil by exuding organic acids and protons, immobilizing Al3+ by secretion
of mucilage, sequestrating the ion in the vacuole, or secreting it from the root cells into
the surrounding rhizosphere. These processes are often associated with activation of the
antioxidant system in the host [9,12,15–17].

Al also affects the proliferation and growth of rhizobia in liquid media and soil [18].
Unlike in plants, Al toxicity is not only caused by its dissociation because of its acidity.
Wood and Cooper [19] found that Al remained toxic to Rhizobium trifoli even after its
precipitation from the media (at higher pH values). This implies that Al imparts harmful
effects on soil bacteria over a wide pH range. Finally, it interferes with the nodulation
process by inhibiting root hair formation and nodule initiation [20].

Al toxicity and tolerance mechanisms in rhizobia have not been conclusively eluci-
dated. Johnson and Wood [21] proposed that Al3+ ions enter the cells of R. trifoli, bind
to the DNA, and prevent its replication due to increased stability of the helical structure.
Tolerance to Al by rhizobia was also correlated to its ability to withstand low pH [22]. A
positive correlation was found between extracellular polysaccharide (EPS) production and
rhizobia tolerance to acidy [23,24]; however, Tremaine and Miller (cited by [25]) ruled out
the possibility that Al tolerance in rhizobia is due to EPSs complexion with Al ions. The
authors compared different EPS-producing bacteria and showed that EPS production did
not correlate with their Al tolerance. Additonally, Kingsley and Bohlool [25] showed that
EPS was not responsible for Al tolerance in Rhizobium leguminosarum. The mutant strain
with a lesion in EPS synthesis showed the same Al tolerance ability as the wild-type.

Cytoplasmic resistance nodulation cell division (RND) pumps (also known as the
CusCBA (CBA) efflux system) in the outer and inner membrane of the gram-negative
bacteria have been proposed to participate in Al tolerance in rhizobia [6]. They associate
with periplasmic adaptor proteins and outer membrane channels and export copper (Cu)
and silver (Ag) ions to the external media [26]. Furthermore, the divalent metal efflux
carrier DmeF confers metal tolerance in the bacterium Cupriavidus metallidurans, and a
homolog of the C. metallidurans’ dmeF gene was found in R. leguminosarum [27]. It is highly
expressed in response to cobalt (Co) and nickel (Ni) treatments, indicating that it suppresses
toxicity caused by these ions. Consistent with this idea, a dmeF mutant showed an increased
sensitivity to the two ions [27], but not to Zn (II), Cd (II), and Cu (II) ions. This may indicate
that the tolerance to one metal is not uniform for all other heavy metal ions, including
Al. Finally, since tolerance to Al toxicity correlated with the amounts of organic acids,
such as citric acid and malic acids, in the culture media of rhizobia [13], these acids might
participate in Al tolerance.

Previous studies have consistently observed that rhizobia tolerance to Al toxicity is
strain-specific [13,25], perhaps due to their independent evolution under their respective
environmental challenges. This variability calls for an independent investigation of rhizobia
from a specific location when investigating their Al tolerance. For those studies, western
Kenya soils are interesting and economically important because they possess pH as low
as 4.9 and Al concentrations as high as 28 mM [28,29]. Commercially available rhizobia
strains, such as the CIAT899, do not colonize common bean plants very well in Kenyan
soils [28,30]. We previously isolated and characterized the novel rhizobial strains B3 and
S2, which efficiently nodulated Kenyan common beans [31]. This study investigated how
these rhizobial strains are adapted to the high Al concentrations in these soils. We included
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a novel isolate, called S3, from Nambale, Busia County (0◦27′22.4′ ′ N 34015′52.8′ ′ E) and
compared Al toxicity and tolerance of this strain with two recently characterized isolates
from Kenya as well as with the commercial strain R. tropici CIAT899. Since B3 was the most
tolerant strain to Al toxicity, it was selected for further analysis.

2. Materials and Methods
2.1. Rhizobia Exposure to Al Toxicity

Rhizobia were grown in a medium previously described by Wood and Cooper [19] at
pH 5.5 with the following composition in µM: MgSO4·7H2O, 500; CaCl2·6H2O, 1000; KCl,
50; KH2PO4, 10; FeEDTA, 25; H3BO3, 10; ZnSO4·7H2O, 0.5; MnSO4·4H2O, 1; CuSO4·5H2O,
0.1; CoCl2·6H2O, 0.005; NaMoO4·2H2O, 0.025. After autoclaving, arabinose (0.3 g/L),
galactose (0.3 g/L), sodium glutamate (1.8 g/L), biotin (250 µg/L), and thiamine (100 µg/L)
were added as filter-sterilized solutions with a 0.2-micron syringe filter (Carl Roth, Karl-
sruhe, Germany). A total of 50 mL of the media was dispensed in 100 mL flasks, and a
filter-sterilized solution of KAl(SO4)2·12H2O was added to make 0, 25, 50, 100, 175, and
200 µM concentrations. All the reagents were purchased from Carl Roth (Carl Roth, Karl-
sruhe, Germany). An amount of 100 µL of bacteria cells at OD600 = 0.5, initially cultured in
yeast extract mannitol broth (YMB), was added to each flask and incubated in the incubator
shaker (150 rpm) at 30 ◦C. After 48 h, cell density was measured at OD600. The experiment
was independently repeated four times. Growth inhibition by each Al concentration was
calculated by the equation:

% inhibition =

(
1− AbsTreatment

AbsControl

)
× 100

AbsTreatment: absorbance at 25, 50, 125, and 200 µM KAl(SO4)2·12H2O
AbsControl: absorbance at 0 µM of KAl(SO4)2·12H2O

2.2. Cell Viability after a Short-Time Al Exposure and Recovery after Longtime Exposure

Cell viability was performed by counting colony-forming units (CFUs) on yeast extract
mannitol agar (YMA) plates. Cells of B3 and CIAT899 cultured in 50 mL YMB for 24 h
were harvested by centrifugation for 10 min at 3300× g and washed two times in saline
solution (0.85% NaCl). They were then transferred to a 100 mL conical flask containing
50 mL of defined glutamate-arabinose-galactose-salt media [19]. The two strains were
treated with 0, 25, and 100 µM of Al3+ ions. After 12 h, 1 mL of the sample was retrieved,
serially diluted 10-fold from 10−1 to 10−10, and 100 µL was retrieved on every diluent to
perform plate count. The experiment was independently repeated three times. For long
exposure, isolate B3 and CIAT899 cells were exposed to 0, 25, 50, 100, and 200 µM of Al3+

ions in glutamate-arabinose-galactose-salt media an incubator shaker at 30 ◦C for 96 h. One
mL was then retrieved and harvested by centrifugation at 5000× g for 5 min at 4 ◦C. They
were then washed three times in sterile saline water. These Al-free cells were then used
to inoculate 50 mL of freshly prepared YMB. They were incubated in an orbital shaker
maintained at 30 ◦C. After 48 h, absorbance at 600 nm was measured in an Eppendorf
BioSpectrometer® basic (Hamburg, Germany). The experiment was repeated four times.
The CFUs per mL counts were transformed to log10, and together with OD600 values from
the longtime exposure study, they were visualized with the seaborn package [32] in python
3.10. One-way ANOVA was then performed to compare the mean difference between
untreated (0 Al3+ treatment) and treated cells in both viability and longtime recovery
studies with Scipy v1.0 [33], followed by Tukey’s HSD (honestly significant difference) for
pairwise mean comparisons with statsmodels v0.13.1 [34] in python 3.10.

2.3. Al Localization to the Cell Membrane

To investigate whether the cell membrane is one of the possible Al toxicity sites in
rhizobia, we performed calcein (bis[N,N]-bis(carboxymethyl)aminomethyl) fluorescein
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staining [35,36]. Calcein (Thermo Fisher Scientific, Waltham, MA, USA) reacts with Al in
an acidic environment (pH 5–6) to form a fluorescence 2:3 Calcein-aluminum compound.
The cells previously cultured for 24 h in defined glutamate media were exposed to 50 µM
or 100 µM Al overnight on a 150 rpm orbital shaker at 30 ◦C. They were then harvested
by centrifugation for 10 min at 3300× g at 4 ◦C and washed four times to remove any
unbound Al in 0.5 M MES (2-(N-morpholino) ethanesulfonic acid) buffer (pH 5.5). The cell
pellet was finally resuspended in 5 mL of the MES buffer. In total, 5 µL of 20 mM calcein
(Thermo Fisher Scientific, Waltham, MA, USA) stock (prepared in dry dimethyl sulfoxide
freshly before the start of the experiment and stored on ice in the dark) was added to the
samples. Cells were put in an incubator (New Brunswick Innova™®, Edison, NJ, United
States) at 30 ◦C and shaken at 100 rpm. After 2 h, they were washed three times with the
MES buffer to remove any unbound calcein, followed by gentle centrifugation at 3000× g
for 10 min. Fluorescence was then recorded using a microplate reader (BMG Labtech,
Ortenberg, Germany), where excitation and emission were set at 510 nm and 490 nm,
respectively. The fluorescence intensity emitted is proportional to the membrane-bound
Al quantity [36]. One-way ANOVA was performed to determine the mean difference in
fluorescence intensity between isolate B3 and CIAT899.

2.4. Membrane Damage

The leakage of ATP and fluorescence protein mScarlet-1 into the media was used in
assessing membrane damage after exposing cells to Al. Overnight cultures were washed
three times in MES buffer (pH 5.5) with centrifugation at 5000× g for 10 min. They were
then suspended in MES buffer, treated with 50 µM Al3+ and incubated at 30 ◦C in an
orbital shaker. After 4 h, they were centrifuged at 12,000× g for 10 min, and the ATP
in the supernatant was determined using BacTiter-Glo™ Microbial Cell Viability Assay
kit (Promega, Madison, WI, USA). This assay is based on the ATP’s ability to react with
luciferin to form a luminescence complex. The Luminoskan™ Microplate Luminometer
(Thermo Fisher Scientific, Waltham, MA, USA) measured the resulting luminescence.
Luminescence values were normalized by calculating L/Lmax (luminescence counts per
s/total luminescence counts remaining).

mScerlet-1 is an engineered fluorescence red protein [37] that was constitutively ex-
pressed in E. coli when cloned in the plasmid [38]. To determine its leakage in the media, we
transformed isolate B3 with the plasmid pMRE165 following the method described by Garg
et al. [39]. Plasmid DNA was extracted from E. coli cells and isolated with GeneJET plasmid
miniprep kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
protocol. In an incubator shaker, a loopful of isolate B3 suspension was inoculated in
50 mL YMB and maintained at 30 ◦C for 48 h. Cells were chilled on ice for 30 min and then
harvested by centrifugation at 3300× g at 4 ◦C for 10 min. The cell pellet was washed four
times in cold, sterile deionized distilled water and finally in 10% glycerol. The cells were
then resuspended in 5 mL 10% glycerol and kept on ice. A total of 2 µg of plasmid DNA
was put in 90 µL of the cell suspension and mixed by vortexing at high speed for 10 s before
incubation on ice for 30 min. The plasmid-cell mixture was loaded on a chilled electropora-
tion plate and exposed to a single dosage of high voltage in a BTX’s ECM600 Electrocell
Manipulator (South San Francisco, CA, USA) that generated a field strength of 25 kV/cm
with a 0.1 cm gap cuvette. The cuvette was kept on ice for 10 min and then spread on YMA
plates supplemented with 50 µg of kanamycin and 10 µg of tetracycline. The plates were
then incubated for up to 7 days in an incubator at 30 ◦C. Colonies emitting fluorescence after
observation in Axio Imager.M2 fluorescence microscope (Zeiss Microscopy GmbH, Jena,
Germany) were scored as positive for mScarlet-1. For the leakage assay, 1 mL of mScarlet-1
positive cells were centrifuged for 5 min at 4 ◦C at 5000× g. The media was removed, and
the pellet was washed three times with MES buffer (pH 5.5). The cells were resuspended in
1 mL MES buffer and treated with 0 µM, 25 µM, and 100 µM of Al3+ ions and incubated
at 30 ◦C. After 1 h, they were centrifuged at 10,000× g for 5 min. The fluorescence from
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the supernatant was measured with the microplate reader; the excitation wavelength was
569 nm, and the emission wavelength was 594 nm. The experiment was repeated five times.

Luminescence and fluorescence intensity was reported as fold change of Al-treated
against the untreated cells. One-way ANOVA was performed to determine the significant
difference of the leaked ATP between CIAT899 and B3 and mScarlet-1 leakage between
treated and untreated cells.

2.5. Mechanisms of Tolerance to Al Stress

We implemented global gene expression in R. phaseoli strain B3 to elucidate tolerance
mechanisms to Al toxicity in rhizobia. This strain was chosen for this experiment because
of its high tolerance to Al-contaminated media.

2.5.1. RNA Isolation and Sequencing

Cells pre-cultured in YMB were used to inoculate the glutamate-arabinose-galactose-
salt media at pH 5.0 either treated with 100 µM Al3+ in the form of KAl(SO4)2·12H2O or
untreated control and with three replications for each treatment. Cultures were incubated
in a 150 rpm orbital shaker at 30 ◦C. After 48 h, 1.5 mL cells at OD600 = 0.5 were harvested
by centrifugation at 5000× g at 4 ◦C for 10 min. RNA was then extracted with TRIzol®

reagent (Invitrogen, Waltham, MA, USA) following the manufacturer’s recommendation.
Briefly, cells were immediately homogenized in TRIzol® reagent and incubated at room
temperature for 10 min. An amount of 200 µL of chloroform was added, mixed, and chilled
on ice for 3 min, then centrifuged at 12,000× g for 15 min at 4 ◦C. The upper aqueous
layer was carefully transferred to a 1.5 mL tube containing 500 µL of the isopropanol and
incubated at room temperature for 10 min. The samples were then centrifuged at 12,000× g
for 10 min at 4 ◦C. Isopropanol was removed carefully, and the pellet was washed twice
with 1 mL of 75% ethanol. The sample was centrifuged at 7500× g for 5 min at 4 ◦C, and
ethanol was carefully removed in each case. Ethanol was then removed by drying the
sample at room temperature for 15 min. The sample was dissolved in 50 µL of RNase-
free water (Thermo Fisher Scientific, Waltham, MA, USA) and DNA digested by DNase
I (Thermo Fisher Scientific, Waltham, MA, USA). The quantity of RNA was determined
by measuring absorbance at 260 nm with NanoVue (GE Healthcare, Chicago, IL, USA). In
comparison, the quality was estimated by determining the 260/280 nm and 260/230 nm
ratios. We only selected samples with both ratios more than 2 for sequencing.

After the QC procedures, ribosomal RNA and long-non-coding libraries were re-
moved using the Illumina Ribo-Zero Plus rRNA Depletion Kit (Illumina, Inc., San Diego,
CA, USA). The mRNA was randomly fragmented by the NEBNext® Magnesium RNA
Fragmentation Module (New England Biolabs GmbH, Ipswich, MA, USA) followed by
cDNA synthesis with SuperScript IV Reverse Transcriptase kit (Thermo Fisher Scientific,
Waltham, MA, USA). The second strand was synthesized using NEBNext® Ultra™ II RNA
Library Prep Kit for Illumina® (New England Biolabs GmbH, Ipswich, MA, USA). This was
followed by purification by AMPure XP beads (New England Biolabs GmbH, Ipswich, MA,
USA), terminal repair, polyadenylation, sequencing adapter ligation, size selection, and
degradation of second-strand U-contained cDNA by the Thermolabile USER® II Enzyme
(New England Biolabs GmbH, Ipswich, MA, USA). The strand-specific cDNA library was
generated after the final PCR enrichment and quality assessment. The mRNA library
was sequenced with Illumina Miseq (Illumina, Inc. US Illumina) at Novogene Company
Limited (Cambridge, UK).

2.5.2. Differential Expression Analysis

The sequencing reads were checked for quality with FastQC [40]. Trimmomatic v0.36
program [41] was used to filter out low-quality sequences (Phred score < 20) and those
containing adaptors. The reads were aligned to the R. phaseoli strain R650 (NCBI accession:
GCA_001664385.1) genome with Bowtie2 v2.4.4 [42]. The alignment file was sorted and
indexed by samtools v1.13 [43]). Multcov script in bedtools v2.30.0 was used to count
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the number of reads overlapping each gene on the reference genome presented in a bed
file in all the alignment bam files to generate the count matrix. Contaminating ribosomal
RNA sequence counts were removed from the count matrix with an in-house python script
before differential expression analysis. DESeq2 v1.30.1 [44] in R v4.1.2 was used to perform
count normalization and differential expression. Differentially expressed genes (DEGs)
were visualized as a volcano plot using a python package, bioinfokit v1.0.8 [45]. DEGs
were treated as significantly expressed when the adjusted p-value was less than 0.05 and
the fold change was greater than 2.0.

Quantitative real-time PCR (qRT-PCR) was used to check the reliability of the whole
RNA-seq process. RNA was extracted with TRIzol® reagent (Invitrogen, Waltham, MA,
USA). It was then used to prepare a cDNA library using RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The qRT-PCR was performed
on the CFX Connect Real-Time PCR Detection System (Bio-Rad, A). Three upregulated
DEGs, encoding AMC88_RS25470 (Bon domain-containing protein), AMC88_RS00605
(putrescine-ornithine antiporter, potE), and AMC88_RS16850 (DUF1236 domain-containing
protein), were selected for qPCR. The qPCR amplification products of the three genes were
normalized to those of gyrase B (gyrB) and ATP synthase subunit alpha (atpA). One-way
ANOVA was performed to determine the significant difference between the expression of
Al-treated and untreated controls.

2.5.3. Functional Annotation of DEGs

Protein sequences of DEGs were retrieved from R. phaseoli (accession GCF_001664385.1)
proteome using the inhouse bash script. These protein sequences were then locally searched
against NCBI’s Conserved Domain Database (CDD) [46] with reverse position-specific blast
(RPS-BLAST) for conserved domains. These domains were then searched against a database
of Clusters of Orthologous Groups of proteins (COGs) [47] for their functional orthology
using cdd2cog.pl v0.1 script in Leimbach’s [48] bac-genomics-scripts. The Cello2go [49]
and Gram-LocEN [50], web-based systems that screen various amino acid properties on
proteins, performed the sub-cellular localization of the proteins. Structure prediction of the
first three proteins was implemented with Phyre2 [51], and protein topology was predicted
with the Phobius web server [52].

2.6. Exopolysaccharide (EPS) Production and Biofilm Formation

In total, 10 mL of four-day cultures grown in defined glutamate-arabinose-galactose-
salt media were centrifuged at 10,000× g for 10 min at 4 ◦C. The cells were dried in the oven
at 65 ◦C for 24 h and weighted. Sodium chloride crystals were added to the supernatant
up to a concentration of 1 M. An equal amount of isopropanol (10 mL) was added. The
solutions were incubated at 4 ◦C overnight for EPS precipitation. EPS was recovered by
centrifugation for 30 min at 15,000× g and washed twice in 100% ethanol. After evaporation
of all traces of ethanol, EPS was suspended in deionized water. To ensure that all EPS
dissolves in water, it was incubated in an orbital shaker maintained at 200 rpm for 3 h at
37 ◦C. The amount of EPS was then estimated by the phenol-sulphuric acid assay [53,54]. In
the tube containing 200 µL of diluted EPS solution, 200 µL of 5% phenol and 98% sulphuric
acid were added and thoroughly mixed. The resultant mixture was incubated at room
temperature for 1 h, and then the absorption was measured at 490 nm. The quantity of EPS
was determined from the glucose standard curve and expressed as the amount in grams of
EPS per gram of the cells. For biofilm quantification, 1 mL culture of OD600 = 0.3 was put
in a test tube followed by treatment with 0 µM, 50 µM, or 100 µM of Al3+, and kept in a
30 ◦C incubator for 48 h. The unbound cells were removed, and the biofilm was washed
twice with phosphate buffer (pH 7.0). The biofilm was then stained by 1 mL of gram crystal
violet (Sigma Aldrich, Baden-Württemberg, Germany), incubated in the dark for 30 min,
and washed three times with the phosphate buffer to remove the unbound stain. It was
dried at room temperature for 15 min, and the absorbance was measured at 585 nm with
the spectrophotometer.
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2.7. Intra-Cellular Glutathione (GSH), γ-Aminobutyric Acid (GABA), and Amino
Acids Determination
2.7.1. Quantification of GSH

The samples were extracted in 0.5 mL of 5% (w/v) meta-phosphoric acid. The extract
was then diluted in a ratio of 1:10 (v:v) in water containing 13C2, 15N1 labeled GSH as
used to analyze GSH in the diluted extracts. Chromatography was done on an Agilent
1200 HPLC system (Agilent Technologies, Böblingen, Germany). Separation of 5 µL of the
diluted sample was achieved on a reversed-phase C-18 column (Nucleodur Sphinx RP,
250 × 4.6 mm, 5 µm, Macherey-Nagel, Düren, Germany). Formic acid (0.2%) in water and
acetonitrile were employed as mobile phases A and B, respectively. The elution profile
was: 0–3.5 min, 2% B in A; 3.5–9.0 min, 2–35% B in A; 9.1–11 min 100% B and 11.1–15 min
2% B in A. The mobile phase flow rate was 1.0 mL/min. The temperature of the column
was maintained at 25 ◦C. The liquid chromatography was coupled to an API5000 tandem
mass spectrometer (AB Sciex, Darmstadt, Germany) equipped with a Turbospray ion
source operated in negative ionization mode. Infusion experiments with pure standards
optimized the instrument parameters. The ionspray voltage was maintained at −4000 eV.
The turbo gas temperature was set at 620 ◦C. Nebulizing gas was set at 60 psi, curtain gas
at 30 psi, heating gas at 60 psi, and collision gas at 6 psi. The multiple reaction monitoring
(MRM) was used to monitor analyte parent ion→ product ion: GSH (m/z 306.0→143.0;
DP -60, CE -28), 13C2, 15N1-GSH (m/z 309.0→146.0; DP -60, CE -28). Both the Q1 and Q3
quadrupoles were maintained at unit resolution. Analyst 1.5 software (AB Sciex, Darmstadt,
Germany) was used for data acquisition and processing. GSH in the sample was quantified
using 13C2, 15N1-GSH.

2.7.2. Quantification of GABA and Amino Acids

The samples were extracted in 0.5 mL of methanol. The obtained raw extract was
diluted in a ratio of 1:10 (v:v) in water containing the U-13C, 15N labeled amino acid
mix (algal amino acids 13C, 15N, Isotec, Miamisburg, OH, USA) at a concentration of
10 µg of the mix per mL. LC-MS/MS directly analyzed GABA in the diluted extracts,
according to Scholz et al. [55]. Chromatography was done on an Agilent 1260 HPLC
system (Agilent Technologies, Böblingen, Germany). Separation of 1 µL of the diluted
sample was achieved on a Zorbax Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 µm, Agilent
Technologies, Germany). 0.05% of formic acid in water and acetonitrile were utilized as
mobile phases A and B, respectively. The elution profile was: 0–1 min, 3% B in A; 1–2.7
min, 3–100% B in A; 2.7–3 min 100% B, and 3.1–6 min 3% B in A. The mobile phase flow
rate was put at 1.1 mL/min. The column temperature was maintained at 25 ◦C. The
liquid chromatography was coupled to a QTRAP6500 tandem mass spectrometer (AB
Sciex, Darmstadt, Germany) equipped with a Turbospray ion source operated in positive
ionization mode. Infusion experiments with pure standards optimized the instrument
parameters. The ion spray voltage was kept at 5500 eV. The turbo gas temperature was set
at 620 ◦C. Nebulizing gas was set at 70 psi, curtain gas at 40 psi, heating gas at 70 psi, and
collision gas at medium. Multiple reaction monitoring (MRM) was then used to monitor
analyte parent ion→ product ion: GABA (m/z 104.1→87.1; DP 51, CE 17), U-13C,15N-Ala
(m/z 94.1→47.1; DP 51, CE 17). For MRMs of other amino acids: see Table S1. Both the Q1
and Q3 quadrupoles were maintained at unit resolution. Analyst 1.5 software (AB Sciex,
Darmstadt, Germany) was used for data acquisition and processing. Each amino acid’s
concentration was calculated relative to its corresponding labelled amino acids. GABA in
the sample was quantified using U-13C, 15N-Ala, applying a response factor of 1.0.

2.8. Data Analysis

One-way analysis of variance was performed using Scipy v1.0 [33], followed by
Tukey’s HSD for pairwise mean comparisons with statsmodels v0.13.1 [34] in python
3.10. Graphical data representation was performed with seaborn 0.9.0 [32] or Matplotlib
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v3.5.1 [56] packages in python 3.10. Image adjustment was performed in Gimp
v2.10.28 software.

3. Results
3.1. Rhizobia Exposure to Al Toxicity

Growth in Al-containing media was compared for three rhizobia strains from Western
Kenya (S3 and two previously isolated R. phaseoli strains B3 and S2) [31] and the commercial
strain CIAT899. Al inhibited the growth of all four strains already at 25 µM (~10%), and
above 125 µM Al, growth of the four bacteria was inhibited by >90% (Figure 1). Between
these two extremes, the three isolates B3, S2, and S3 grew better than the commercial
strain CIAT899, and in all Al concentrations, B3 showed the best growth among the three
Kenyan isolates. In particular, in media with 100 µM Al, B3 grew almost twice as well
as the commercial strain CIAT899, although the percentage growth was not significantly
different. Therefore, this strain was investigated in more detail. Figure 1 demonstrates that
the new strains are better adapted to the conditions of the Kenyan soil than the commercial
strain CIAT899.
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Figure 1. Percent growth inhibition of isolates B3, S2, S3, and standard R. tropici CIAT899 in media
with Al at pH 5.5.

3.2. Cell Viability after Al Exposure and Longtime Effect

Next, we compared cell viability and recovery from Al stress for the strain B3 and
CIAT899. Short-time exposure (12 h) to all tested Al concentrations had a profound negative
effect on the viability of CIAT899, whereas the viability of isolate B3 was not significantly
affected by 25 µM Al. However, at 100 µM Al, the viability of B3 was also severely reduced
(Figure 2A). Furthermore, recovery from longtime exposure (96 h) to Al differed for both
strains. After exposing the cells to 25, 50, 100, or 200 µM of Al, about 87%, 52%, 11%,
and less than 1% of the B3 cells recovered, whereas no recovery at all was observed for
the standard R. tropici CIAT899 (less than 1% recovery at the lowest Al concentration)
(Figure 2B). This demonstrates that B3 is better adapted to Al stress than the commercial
strain CIAT899.
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Figure 2. Cell viability approximated by plate count of viable cells after short-time exposure (A) and
viability recovery after longtime exposure (B) of isolates B3 and CIAT899 to different Al concentrations.
Asterisks represent significance differences between Al-treated CIAT899 and B3 and their respective
untreated controls (at 0 µM Al) (one-way ANOVA; * p ≤ 0.05; ** p ≤ 0.001).

3.3. Al Binds to the Rhizobium Cell Membrane

Calcein exclusively binds to Al in the pH range between 5 and 6 to generate a fluo-
rescence complex that can be visualized by fluorescence microscopy or quantified with a
fluorescence plate reader. Unlike calcein-AM, Calcein does not enter the living cells; thus,
it can label extracellular Al bound to the cell membrane. The fluorescence signal produced
by CIAT899 was significantly higher than that of B3 (Figure 3). This indicates that more Al
is bound to CIAT889 than B3 membranes.
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3.4. Membrane Leakage under Al Stress

To investigate whether Al impairs the integrity of the plasma membrane, we deter-
mined the amount of extracellular ATP released into the growth medium after exposure of
the B3 and CIAT899 cells to Al stress. Isolate B3 released 60 times and CIAT889 350 times
more ATP into the medium when the cells were exposed to Al stress (Figure 4A). This sug-
gests that B3 membranes are more stable under Al stress conditions than CIAT899 membranes.
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tween untreated B3 cells with Al-treated cells at various concentrations (one-way ANOVA; * p ≤ 0.05;
** p ≤ 0.001). Values on the y-axis show fold change compared to the untreated cells.

To test whether protein leakage from the cell increases with increasing Al concen-
trations in the medium, we used a B3 strain transformed with the fluorescence protein
mScarlet-1. The fluorescence signal in the media increased with increasing Al in the me-
dia (Figure 4B). These two experiments support the idea that Al makes the membrane
of rhizobia more permeable, which results in the release of cytoplasmic substances into
the medium.

3.5. DEGs in Isolate B3 under Al Stress

When isolate B3 was exposed to 100 µM of potassium Al sulfate (KAl(SO4)2·12H2O) at
pH 5.5 for 48 h, 138 genes were upregulated (adjusted p ≤ 0.05; log2 fold change ≥ 1)
compared to the untreated control. Eighty-three genes originated from the chromo-
some (NZ_CP013532.1), 22 from the plasmid 1 (NZ_CP013533.1), seven from each of
the plasmids 1 and 2 (NZ_CP013534.1 and NZ_CP013535.1), and 19 genes from plasmid 4
(NZ_CP013536.1). Only 53 genes were down-regulated under Al stress, from which 39 are
on the chromosome, two on plasmid 1 and 6 on plasmids 2 and 4, respectively. Notably,
for three genes, coding for the BON domain-containing protein AMC88_RS25470, the
putrescine-ornithine antiporter AMC88_RS00605 and the DUF1236 domain-containing pro-
tein AMC88_RS16850, we observed very strong stimulations under Al stress (fold changes
~8; Figure 5A). Quantitative real-time PCR confirmed the results for the three genes, with
the same order observed by the RNA sequencing (Figure 5B). This suggests that these
genes/proteins have important functions under Al stress (cf. below).
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Figure 5. Gene expression analysis of Al-treated B3 cells compared to untreated control cells. A
volcano plot (A) shows significantly different (colored) or not significantly different (grey) up-and
down-regulated genes in Al-treated cells. (B) Quantitative real-time PCR of the three upregulated
genes, highlighted in panel (A). Asterisks in (B) represent significant differences in transcript abun-
dance between Al treated samples and untreated controls (one-way ANOVA; ** p ≤ 0.001).

3.6. Subcellular Localization of Proteins of the DEGs

More than 50% of the upregulated genes code for membrane-associated proteins or
are transported across the inner membrane (inner membrane; 31%, outer membrane; 3%,
periplasm; 16% and extracellular; 6%). This suggests that Al damages membranes and that
the identified genes code for proteins involved in the repair and the prevention of further
damage. Moreover, more than 50% of downregulated genes code for cytoplasmic proteins.
This indicates that Al enters the cell, inhibits or damages the transcription and translation
machinery, and represses the expression of the genes for proteins with cytoplasmic functions
(Figure 6).
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3.7. Structural and Topological Predictions for Proteins of Three Highly Al-Responsive DEGs

Three genes with the most robust response to Al code for a putrescine-ornithine antiporter
(AMC88_RS00605), a BON (bacterial OsmY and nodulation) domain (AMC88_RS25470)-
and a DUF1236 domain (AMC88_RS16850)-containing protein. The putrescine-ornithine
antiporter contains 12 transmembrane regions and is located in the inner membrane
(Figure S1A). Neither a function nor a structure has been proposed for the other two
proteins. AMC88_RS25470 has a single BON domain which has its name from the 20 kDa
E. coli OsmY protein located in or at the outer membrane or periplasmic space. OsmY is
expressed in response to stress and, in particular, osmotic shock. The protein has been
proposed to prevent shrinkage of the cytoplasmic compartment by contacting the phos-
pholipid interfaces surrounding the periplasmic space. OsmY has two BON domains, and
each of them could interact with the surfaces of phospholipids in the inner and outer mem-
branes [57]. BonA, another BON-domain containing protein from Acinetobacter baumannii,
is located in the outer membrane and forms a divisome-localized decamer [58]. Loss of
BonA modulates the density of the outer membrane, changes its structure, and links to
the peptidoglycan. The BonA decamer can permeate the peptidoglycan layer and form
a membrane-spanning complex during cell division [58]. In addition, the Mycobacterium
tuberculosis OmpATb protein is water-soluble, functions as an outer membrane porin, and
contributes to the bacterium’s adaptation to the acidic environment [59]. The oligomeric
rings are inserted into the phospholipid membrane, similar to related proteins from the
Type III secretion systems [60]. Voltage measurements demonstrate that OmpAtb forms
conducting pores in model membranes. Our BON domain-containing protein is predicted
to be soluble and non-cytoplasmic, with properties resembling proteins destined for the
periplasm (Figure S1B). It lacks signal peptide, meaning unknown mechanisms transport it
across the inner membrane. Finally, 88% of the amino acid residues of this BON domain-
containing protein could be modeled to the outer membrane lipoprotein division and
outer membrane stress-associated lipid-binding protein (DolP). The strong activation of
the gene by Al and the functional analysis of its BON domain suggest that the rhizobial
protein might have stabilizing functions in or at the periplasmic side of the outer membrane
under stress.

The AMC88_RS16850 protein has an uncharacterized DUF1236 domain and is pre-
dicted to be located in the inner membrane and periplasm. This protein’s first 22 N-terminal
amino acids constitute a signal peptide followed by a 20 amino acids-long transmembrane
region. The residual C-terminal rest of the protein is predicted to be non-cytoplasmic
and thus likely exposed to the periplasmic space (Figure S1C). AMC88_RS16850 shows
42% homology to the Outer membrane protein A (OmpA) found in many gram-negative
bacteria, which participates in cellular responses to DNA damage, conjugation, protection
against viral entry into the host cell, and ion transport (Table 1) [61]. This suggests that the
identified protein might have similar functions. Taken together, the strong up-regulation
of the three genes in B3 indicates that they have specific membrane-associated functions
under Al stress.
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Table 1. Structural prediction of the three proteins whose mRNAs responded most strongly to Al
stress. AMC88_RS25470 (BON domain-containing protein), AMC88_RS00605 (putrescene-ornithine
antiporter protein), and AMC88_RS16850 (DUF1236 domain-containing protein).

Structural Modeling AMC88_RS25470 AMC88_RS00605 AMC88_RS16850

Signal peptide × ×
√

Transmembrane ×
√ √

Cytoplasmic regions ×
√

×
Non-cytoplasmic regions

√ √ √

Subcellular localization periplasm cytoplasm, inner membrane,
and periplasm

the inner membrane,
periplasm

Predicted protein function binding
(phospholipids?) transmembrane transport binding (arginine, metal ions?)

Structural homolog Model template DolP arginine/agmatine
antiporter OmpA

Coverage (%) 88 91 42

3.8. Functional Annotation of DEGs

Functional annotation of the proteins of the DEGs according to the COG pathways
uncovered that more genes with predicted protein functions are up- than down-regulated
(Figure 7). The four most important pathways were “amino acid transport and metabolism”,
“carbohydrate transport and metabolism”, “inorganic ion transport and metabolism”, and
“cell membrane biogenesis”. This indicates that the cell membrane, primary metabolism,
and metabolite transport are the primary targets of Al stress. Interestingly, proteins cate-
gorized as “Chromatin structure and dynamics”, “cell cycle control”, “cell division, chro-
mosome partitioning”, or “translation, ribosomal structure, and biogenesis” are mainly
downregulated. This demonstrates that Al stress down-regulates general processes associ-
ated with gene expression and DNA alterations leading to cell division. It is also necessary
to note that many DEGs code for proteins with no or little defined functions (“general
function prediction only”, “function unknown”).
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About 10.6% of all the DEGs code for ATP-binding cassette (ABC) transporters. These
ATP-containing membrane-bound permeases are involved in either export or import of
solutes across the periplasmic space [62]. Most upregulated genes which code for pro-
teins of the category “amino acid transport and metabolism” transport or metabolize
branched-chain amino acids, histidine, proline, lysine, glycine, serine, glutamate, ornithine,
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putrescine, or γ-aminobutyric acid. Examples are the lactoylglutathione lyase, which
catalyzes the formation of metalloprotein methylglyoxal from GSH, amino acid oxidases,
γ-aminobutyrate permeases involved in exogenous GABA uptake, the ABC-type pro-
line, and glycine betaine systems, arginine/lysine/ornithine decarboxylase, and other
amino acid transporters. An important observation is the downregulation of mRNA levels
for the protoporphyrin-IX and N-acetyl-L-glutamate biosynthesis pathways that utilize
L-glutamate through the enzymes glutamate-1-semialdehyde-2,1-aminotransferase and
N-acetyl-glutamate synthase. We also observed the downregulation of the mRNA for
4-aminobutyrate aminotransferase, which catalyzes the formation of succinate semialde-
hyde and L-glutamate from GABA and 2-oxoglutarate. Apparently, Al-stressed cells try
to maintain high GABA levels. Repression of dihydrodipicolinate synthase, an enzyme
that catalyzes the second step of lysine synthesis from L-aspartate, could be important to
maintain high aspartate levels in the stressed cells.

In the carbohydrate transport and metabolism category, the proteins of the upregu-
lated genes are primarily involved in transporting polysaccharide metabolites or proteins
involved in carbohydrate metabolism. This includes proteins involved in EPS biosynthesis,
ABC-type polysaccharide transport systems with ATPase activities, a lipopolysaccharide
biosynthesis protein, polysaccharide export permeases, and an enzyme involved in ex-
tracellular polysaccharide synthesis. Higher levels of the latter protein might point to an
effort of the cell to synthesize more polysaccharides and export them to the extracellular
matrix. Upregulated genes for the inorganic ion transport and metabolism code primarily
for ABC-type proteins involved in nitrate, molybdate, sulphate, or Fe3+ transport. Others
mediate cation transport, particularly for heavy metals such as Cu2+, Co2+, Zn2+, and
Cd2+. Genes for a putative silver efflux pump and a flavoprotein involved in K+ trans-
port were also upregulated. However, several genes for extracellular iron uptake systems
were repressed, such as an ABC-type enterochelin transport and a siderophore export
system. Also downregulated were genes for Mg2+ and Ni2+ transport. Finally, in contrast
to the upregulation of genes involved in K+ uptake, those involved in Na+ uptake were
downregulated, such as the NhaP-type Na+/H+ and Na+/phosphate symporters.

Upregulated DEGs belonging to the category of cell membrane biogenesis code for
small-conductance mechanosensitive channels which either open to allow the solute flow
out of the cell or close to prevent solute flow from the cytoplasm. Two important downreg-
ulated genes in this category could participate in preserving L-aspartate and L-glutamate in
the cytoplasm. UDP-3-O-acyl-N-acetylglucosamine deacetylase is involved in the biosyn-
thesis of the above-mentioned lipid A, the periplasmic protein, which links the inner and
outer membrane, and a membrane fusion protein. Finally, the lysine biosynthesis from
aspartate is down-regulated by repression of mRNA level for the enzyme dihydrodipicoli-
nate synthase, and L-glutamate utilization was blocked through the downregulation of the
glutamate racemase gene.

3.9. EPS Production and Biofilm Formation Increased with Increasing Al Concentration

EPSs are polymers secreted by bacteria to cope with harsh environmental conditions
and contain mainly polysaccharides, DNA, and proteins. They are essential components of
the complex biofilm, a matrix of extracellular polymers that enable bacterial attachment to
surfaces. Some genes responsible for EPS biosynthesis and transport were differentially
expressed in the gene expression study. We, therefore, experimentally determined whether
the amount of extracellular and biofilm EPS formed by the B3 isolate correlated with the
concentration of Al in the medium. There was a very strong correlation between Al concen-
tration and the amount of extracellular EPS (Pearson’s corr. coeff. = 0.9963) and between
the amount of EPS and the quantity of formed biofilm (Pearson’s corr. coeff. = 0.9735)
(Figure 8).



Cells 2022, 11, 873 15 of 22
Cells 2022, 11, x FOR PEER REVIEW 16 of 23 
 

 

 
(A) (B) 

Figure 8. Amount of produced exopolysaccharides (A) and biofilm formation (B) by isolate B3 un-
der different concentrations of Al. Asterisks represent the significant differences in the quantity of 
EPS and biofilm between Al-treated samples and untreated controls (one-way ANOVA; ** p ≤ 0.001). 

3.10. GSH, γ-Aminobutyric Acid, and Amino Acid Quantification 
Upregulation of the genes for glutamate synthase and aspartate aminotransferase 

under stress might indicate GABA or GSH biosynthesis and accumulation. Therefore, we 
performed quantitative real-time PCR for the genes for glutamate decarboxylase 1 (GAD1, 
involved in GABA biosynthesis) and GSH synthetase (GSS, involved in GSH biosynthesis) 
to compare the expression patterns of the two processes between Al-treated and untreated 
controls. GAD1 was higher expressed in treated cells than in untreated cells. In contrast, 
GSS was significantly downregulated in Al-treated cells compared to the untreated cells 
(Figure 9A). We further quantified intracellular GSH and GABA levels to determine if this 
is reflected at the metabolite level. According to the results of qPCR analysis, the GSH 
level was less in Al-treated cells than in the untreated controls (Figure 9B). At the same 
time, the amount of intracellular GABA was significantly higher in Al-treated cells com-
pared to the untreated controls (Figure 9C). Due to the upregulation of many genes in-
volved in the transport of amino acids across the cell membrane, we also measured the 
amounts of the amino acids in the Al-treated and untreated cells. Al-treated cells con-
tained lower amounts of most amino acids. The only exception was arginine, which was 
slightly elevated in Al-treated cells (Figure 9D). 

Figure 8. Amount of produced exopolysaccharides (A) and biofilm formation (B) by isolate B3 under
different concentrations of Al. Asterisks represent the significant differences in the quantity of EPS
and biofilm between Al-treated samples and untreated controls (one-way ANOVA; ** p ≤ 0.001).

3.10. GSH, γ-Aminobutyric Acid, and Amino Acid Quantification

Upregulation of the genes for glutamate synthase and aspartate aminotransferase
under stress might indicate GABA or GSH biosynthesis and accumulation. Therefore, we
performed quantitative real-time PCR for the genes for glutamate decarboxylase 1 (GAD1,
involved in GABA biosynthesis) and GSH synthetase (GSS, involved in GSH biosynthesis)
to compare the expression patterns of the two processes between Al-treated and untreated
controls. GAD1 was higher expressed in treated cells than in untreated cells. In contrast,
GSS was significantly downregulated in Al-treated cells compared to the untreated cells
(Figure 9A). We further quantified intracellular GSH and GABA levels to determine if this
is reflected at the metabolite level. According to the results of qPCR analysis, the GSH level
was less in Al-treated cells than in the untreated controls (Figure 9B). At the same time,
the amount of intracellular GABA was significantly higher in Al-treated cells compared to
the untreated controls (Figure 9C). Due to the upregulation of many genes involved in the
transport of amino acids across the cell membrane, we also measured the amounts of the
amino acids in the Al-treated and untreated cells. Al-treated cells contained lower amounts
of most amino acids. The only exception was arginine, which was slightly elevated in
Al-treated cells (Figure 9D).
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Figure 9. Expression of GAD1 and GSS genes by RT-qPCR (A), fold change of the amounts of GSH
(B), γ-aminobutyric acid (C), and amino acids (D) in Al-treated cells relative to the untreated controls.
Asterisks represent significant differences in the expression levels of GAD1 and GSS genes (A),
amount of GSH (B), and GABA (C) between Al-treated samples and untreated controls (one-way
ANOVA; ** p ≤ 0.001).

4. Discussion
4.1. Rhizobia Toxicity to Al

Although Al is the most abundant element in the earth’s crust, it has no known
function in living organisms [63]. No known ligands and chaperons can bind Al, there
are no known channels or transporters specifically involved in Al transport in or out of
biological cells, and no known pathways specific for Al metabolism or excretion [64]. Al
is toxic to rhizobia, and our goal was to isolate novel strains which are better adapted to
Al-contaminations in soil. In this study, we investigate one of our rhizobial strains which
was isolated from bean nodules growing on Kenyan soil. It remains to be determined
whether this isolate is unique or only one of many strains which perform better under
Al stress.

In our study, all investigated isolates already experienced about 10% growth inhibition
at the lowest concentration of Al (25 µM). Even after a short time of exposure, the growth
of the commercial strain CIAT899 was severely impaired and recovered only slowly from
the stress after longtime exposure. In contrast, the viability of B3 was not significantly
reduced when exposed to 25 µM Al for a short time. It also recovered its viability after more
prolonged exposure to 100 µM Al. In other studies, CIAT899 tolerated 500 µM of Al3+ at
pH 5 [65] and 300 µM Al3+ at pH 4.5–6 [25]. However, these experiments were performed
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on agar plates, which often overestimate Al and acid tolerance in rhizobia. Our previous
study observed that CIAT899 could grow on YMA plates with pH 3.8, while growth in
liquid media was inhibited by >98% at pH 4.8 [31]. Nevertheless, direct comparison of both
strains in this study under identical conditions demonstrated that B3 performs better under
Al stress than CIAT899.

About 30% of sub-Saharan African soils are classified as acidic (pH≤ 5.5) and therefore
are faced with severe problems of Al toxicity [66]. Thus, microorganisms proliferating in
such soils are challenged to develop resistance against the hazardous H+ ions. Since low
pHs and the release of Al ions from insoluble compounds are tightly related phenomena,
tolerance mechanisms to Al cannot be uncoupled from acidity in soils [67]. Our previous
study [31] showed that isolate B3 performs exceptionally well in the media with pH 4.8.
Better tolerance to Al in the medium could thus be a direct consequence of its resistance
against low pHs.

We found that Al binds to the rhizobia cell membrane, which probably impairs
membrane integrity. The binding of Al to the membranes diminished the negative charges
of phospholipids and amino acids in membrane proteins in Triticum aestivum L. root
tips [68]. It also reduced the Mg2+-ATPase activity in Zea mays L. microsomal fractions [69].
Al binding to membrane phospholipids altered lipid-protein interaction and modified their
transport in human erythrocytes [70]. Since significantly more Al bound to CIAT899 than to
B3 membrane, we propose that this is responsible for membrane damage and consequently
the higher leakage of ATP from Al-treated CIAT899 than B3 cells. Increased membrane
permeability under Al stress might explain the lower amount of intracellular amino acids
detectable in Al-treated cells than in untreated controls. We also confirmed a high leakage
with increasing Al concentrations in the medium at the protein level, with the heterologous
protein mScarlet-1. The gene for this water-soluble fluorescent protein was introduced into
B3 on a plasmid and is not required for any function of the rhizobium; therefore, the results
with mScarlet-1 provide independent evidence for Al-mediated membrane permeability.

4.2. Rhizobia Tolerance to Al Toxicity

The high number of DEGs for membrane-associated proteins might be due to the cell’s
attempt to repair the Al-mediated membrane damage, restrict further damage, and prevent
the entry of Al into the cells. BON domain-containing proteins are structural proteins with
stress-protecting functions in or at the periplasmic membrane [57]. For example, DolP, a
lipoprotein with an identical structure to AMC88_RS25470, is crucial to the biogenesis of
the outer membrane in E. coli, and its loss resulted in increased membrane fluidity [71].
BON domains contact the interphases of phospholipids surrounding the periplasmic space
preventing shrinkage of the cytoplasmic compartment [71]. Upon osmotic stress, two
proteins with BON domains (YgauU and OsmY) were induced in E. coli [72], presumably
functioning as a membrane-binding domain. In addition to AMC88_RS25470, three addi-
tional proteins with BON domains were up-regulated by Al (AMC88_RS03050 [fold change,
2.1], AMC88_RS11410 [fold change, 4.2], AMC88_RS20165 [fold change, 3.1]) in this study.
Further experiments will demonstrate whether BON domains participate in membrane
stabilization during Al stress in R. phaseoli.

We did not find structural or functional information for AMC88_RS16850, a DUF1236
domain-containing protein that is also strongly upregulated at the mRNA level under Al
stress. Its structure was weakly linked to that of the outer membrane protein A (OmpA with
42% coverage). AMC88_RS16850 has an uncharacterized binding site and a transmembrane
domain. AMC88_RS16850 is predicted to be localized in the inner cell membrane with its
C-terminus in the periplasm. It might be involved in the transport/binding of Al or other
Al-complexing substances in the periplasm or participate in the ion’s translocation across
the inner membrane. Again, this needs to be experimentally determined in future work.

Metabolic processes involved in transcription and protein synthesis were downregu-
lated during Al stress. Downregulation of genes for cytoplasmic proteins may be due to
impairments of cytoplasmic functions caused by elevated intracellular Al concentrations.
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After Al has entered the rhizobia cells through unknown mechanisms, it could bind to
DNA [21], RNA, and other transcription/translation machinery components. Of the 14
ABC transporter genes differentially expressed in response to Al in this study, 13 were up-
and only one was down-regulated. The latter gene codes for a substrate-binding protein
(PstS) of the phosphate ABC transporter family, which is involved in phosphate transporta-
tion into the cell [73]. Since Al complexes with more phosphate ions, downregulation of the
phosphate importer gene may have a protective function which also restricts Al entry into
the cytoplasm. Experiments in Saccharomyces cerevisiae and Schizosaccharomyces pombe have
shown that ABC transporters are involved in heavy metal resistance [74]. In Arabidopsis
thaliana, mutants lacking AtPDR8 (an ABC transporter gene) exhibited greater tolerance
to cadmium and lead toxicity than the wild-type plants [75]. Three genes homologous to
known ABC transporters (GenBank ZP_002212691 and NP_766950) induced by various
heavy metal ions were identified in R. leguminosarum, M. loti, and S. meliloti [76]. Therefore,
further investigations of the ABC transporters identified in this study may contribute to
the understanding of Al extrusion from Al-stressed rhizobia cells.

The enhanced biosynthesis of hydrophobic amino acids was responsible for the tol-
erance of Lactobacillus plantarum against Cd toxicity [73]. The amino acid metabolites
spermine, spermidine, and putrescine, which scavenge Pd, relieved a Halomonas sp. strain
from metal-induced toxicity [77]. In this study, most upregulated genes code for pro-
teins involved in amino acid transport or catabolism, such as amino acid oxidases, which
catalyze the oxidation of L-amino acids to their corresponding α-keto acids, amino acid
decarboxylases, which catalyze the formation of indolamines, catecholamines, and trace
amines [78], as well as many other genes involved in the transport of amino acids. Trans-
port and metabolism of amino acids might also explain the low amount of intracellular
amino acids observed in the Al-treated cells. The exception was amino acid L-glutamate,
whose biosynthesis genes were upregulated in Al-treated cells in addition to increased
extracellular glutamate uptake.

Additionally, we observed downregulation of most genes that utilize glutamate except
those involved in GABA biosynthesis. Elevation of GABA biosynthesis (GAD1) from
glutamate and further repression of genes involved in GABA degradation can explain the
elevated amount of GABA in Al-treated cells. However, we did not observe an increased
GSH biosynthesis from glutamate in Al-treated cells. Expression of the GS gene was not
downregulated in real-time qPCRs, and significantly less GSH accumulated in Al treated
cells than in untreated controls. These data suggest that GSH might not be involved in or
at least might be less critical for rhizobial tolerance to Al stress. However, GABA seems to
participate in Al tolerance in R. phaseoli through unknown mechanisms.

Transport and metabolism of carbohydrates may also play a role in Al tolerance in
rhizobia. Notably, higher expression of EPS and lipopolysaccharide biosynthetic genes
and genes involved in the extracellular transport of the polysaccharides were observed
in Al-treated cells. Several studies had previously established the involvement of EPS in
rhizobia tolerance to Al toxicity [22,76]. However, an involvement of EPS in Al tolerance
does not seem to be widespread in rhizobia; since several high EPS producers were sensitive
to Al, and some Al-tolerant EPS knockdown mutants still tolerated high concentrations of
Al [25]. In our study, the amount of EPS production in R. phaseoli positively correlated with
the concentration of Al in the medium. This, therefore, suggests that rhizobial tolerance
is species-specific, and our results cannot be applied to all rhizobia species. Mechanisms
through which EPS relieves rhizobia from Al stress are poorly understood. The idea that Al
complexes with EPS making it unavailable and thus becoming less toxic was revised after
discovering that the addition of EPS to the media failed to relieve Al-sensitive rhizobia
from Al toxicity (cited by [25]). An alternative hypothesis could be that the produced EPS
promotes biofilm formation, restricting Al penetration into the rhizobia cell. In fact, biofilm
formation positively correlated with the Al concentration in the media. EPS protection by
the rhizobia may thus be a mechanical block rather than chemical complexation of Al ions.
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Several genes involved in the transport of Zn, Cd, Cu, and Co were induced by Al
stress. This may show that transporters involved in extruding excess metal ions also partic-
ipate in removing Al from the cells. In E. coli, resistance-nodulation-cell division (RND)
superfamily efflux pumps spanning the inner and outer membranes were responsible for E.
coli’s resistance to several toxic heavy metal ions [26]. Moreover, we observed repression
of genes involved in the uptake of different extracellular iron, such as the ABC-type ente-
rochelin transport system and a siderophore export system. Siderophores, usually complex
and enabling cellular uptake of extracellular iron, also complexed Al and transported it
into Bacillus megaterium cells [79].

5. Conclusions

We have shown that the rhizobia cell membranes are primary Al targets and respon-
sible for the membrane damage. The cells activate mechanisms that repair and stabilize
the membrane. Increased extracellular EPS is used to form a more robust biofilm around
the cells, restricting further Al entry. Since Al seems to be transported into the cells using
similar mechanisms to iron, both iron and Al uptake are downregulated in Al-stressed
cells. We identified ABC-transporters and novel proteins associated with the bacterial
inner and outer membranes, which are candidates for conferring Al tolerance to rhizobia.
Downregulation of genes for cytoplasmic enzymes involved in primary and amino acid
metabolism are consistent with alteration in levels of their target metabolites. Besides
general repression of cytoplasmic functions under Al stress, specific metabolites such as
GABA might play uncharacterized roles in the Al resistance response in R. phaseoli.
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antiporter protein), and (C) AMC88_RS16850 (DUF1236 domain-containing protein); Table S1: Details
of analysis of GABA and amino acids by LC-MS/MS [HPLC 1260 (Agilent Technologies)-QTRAP6500
(SCIEX)] in positive ionization mode.

Author Contributions: Conceptualization, C.W., R.O., A.C.U.F., J.O.M. and G.O.A.; methodology,
C.W. and M.R.; software, C.W. and G.O.A.; validation, C.W., R.O. and A.C.U.F.; formal analysis, C.W.
and R.O.; investigation, C.W., M.R., G.O.A., and J.O.M.; resources, R.O., A.C.U.F., M.R. and J.O.M.;
data curation, C.W.; writing—original draft preparation, C.W.; writing—review and editing, R.O.,
A.C.U.F., J.O.M., G.O.A., C.W. and M.R.; visualization, C.W.; supervision, R.O., A.C.U.F. and G.O.A.;
project administration, R.O. and A.C.U.F.; funding acquisition, R.O., A.C.U.F. and J.O.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Germany Academic Exchange Service (DAAD) grant number
(57399475) Friedrich Schiller University of Jena and the National Research Fund (NRF) Kenya. The
APC was funded by the Friedrich Schiller University of Jena.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) repository (GEO
accession number: GSE193556).

Acknowledgments: The authors are grateful to Claudia Röppischer, Christin Weilandt, and Sarah
Mußbach for their technical assistance during the experimentation. We also appreciate Dres. Jan
Klein and Sandra Scholz for their contribution to the cloning and expressing heterologous protein
mScarlet-1 in rhizobia.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/cells11050873/s1
https://www.mdpi.com/article/10.3390/cells11050873/s1


Cells 2022, 11, 873 20 of 22

References
1. FAOSTAT. Food and Agricultural Organization of the United Nations. 2019. Available online: https://www.fao.org/faostat/en/

#data (accessed on 15 December 2021).
2. Herridge, D.F.; Peoples, M.B.; Boddey, R.M. Global inputs of biological nitrogen fixation in agricultural systems. Plant Soil 2008,

311, 1–18. [CrossRef]
3. Perret, X.; Staehelin, C.; Broughton, W.J. Molecular basis of symbiotic promiscuity. Microbiol. Mol. Biol. Rev. 2000, 64, 180–201.

[CrossRef] [PubMed]
4. Sharma, V.; Bhattacharyya, S.; Kumar, R.; Kumar, A.; Ibañez, F.; Wang, J.; Guo, B.; Sudini, H.K.; Gopalakrishnan, S.; DasGupta, M.

Molecular basis of root nodule symbiosis between Bradyrhizobium and ‘crack-entry’legume groundnut (Arachis hypogaea L.).
Plants 2020, 9, 276. [CrossRef] [PubMed]

5. Spaink, H.P. The molecular basis of infection and nodulation by rhizobia: The ins and outs of sympathogenesis. Annu. Rev.
Phytopathol. 1995, 33, 345–368. [CrossRef] [PubMed]

6. Jaiswal, S.K.; Naamala, J.; Dakora, F.D. Nature and mechanisms of aluminium toxicity, tolerance and amelioration in symbiotic
legumes and rhizobia. Biol. Fertil. Soils 2018, 54, 309–318. [CrossRef] [PubMed]

7. Bojorquez-Quintal, E.; Escalante-Magana, C.; Echevarria-Machado, I.; Martinez-Estevez, M. Aluminum, a Friend or Foe of Higher
Plants in Acid Soils. Front. Plant Sci. 2017, 8, 1767. [CrossRef]

8. Gupta, N.; Gaurav, S.S.; Kumar, A. Molecular basis of aluminium toxicity in plants: A review. Am. J. Plant Sci. 2013, 4, 41018.
[CrossRef]

9. Kochian, L.V. Cellular mechanisms of aluminum toxicity and resistance in plants. Annu. Rev. Plant Biol. 1995, 46, 237–260.
[CrossRef]

10. Wang, Y.; Li, R.; Li, D.; Jia, X.; Zhou, D.; Li, J.; Lyi, S.M.; Hou, S.; Huang, Y.; Kochian, L.V. NIP1; 2 is a plasma membrane-localized
transporter mediating aluminum uptake, translocation, and tolerance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2017, 114,
5047–5052. [CrossRef] [PubMed]

11. Kochian, L.V.; Hoekenga, O.A.; Pineros, M.A. How do crop plants tolerate acid soils? Mechanisms of aluminum tolerance and
phosphorous efficiency. Annu. Rev. Plant Biol. 2004, 55, 459–493. [CrossRef] [PubMed]

12. Brunner, I.; Sperisen, C. Aluminum exclusion and aluminum tolerance in woody plants. Front. Plant Sci. 2013, 4, 172. [CrossRef]
[PubMed]

13. Artigas Ramirez, M.D.; Silva, J.D.; Ohkama-Ohtsu, N.; Yokoyama, T. In vitro rhizobia response and symbiosis process under
aluminum stress. Can. J. Microbiol. 2018, 64, 511–526. [CrossRef] [PubMed]

14. Violante, A.; Cozzolino, V.; Perelomov, L.; Caporale, A.; Pigna, M. Mobility and bioavailability of heavy metals and metalloids in
soil environments. J. Soil Sci. Plant Nutr. 2010, 10, 268–292. [CrossRef]

15. Ma, J.F.; Ryan, P.R.; Delhaize, E. Aluminium tolerance in plants and the complexing role of organic acids. Trends Plant Sci. 2001, 6,
273–278. [CrossRef]

16. Matsumoto, H.; Motoda, H. Aluminum toxicity recovery processes in root apices. Possible association with oxidative stress. Plant
Sci. 2012, 185, 1–8. [CrossRef] [PubMed]

17. Taylor, G.J. Current views of the aluminum stress response: The physiological basis of tolerance. Curr. Top Plant Biochem. Physiol.
1991, 10, 57–93.

18. Paudyal, S.; Aryal, R.R.; Chauhan, S.; Maheshwari, D.K. Effect of heavy metals on growth of Rhizobium strains and symbiotic
efficiency of two species of tropical legumes. Sci. World 2007, 5, 27–32. [CrossRef]

19. Wood, M.; Cooper, J. Acidity, aluminium and multiplication of Rhizobium trifolii: Effects of initial inoculum density and growth
phase. Soil Biol. Biochem. 1988, 20, 83–87. [CrossRef]

20. Flis, S.; Glenn, A.; Dilworth, M. The interaction between aluminium and root nodule bacteria. Soil Biol. Biochem. 1993, 25, 403–417.
[CrossRef]

21. Johnson, A.C.; Wood, M. DNA, a Possible Site of Action of Aluminum in Rhizobium spp. Appl. Environ. Microbiol. 1990, 56,
3629–3633. [CrossRef] [PubMed]

22. Cunningham, S.D.; Munns, D.N. The correlation between extracellular polysaccharide production and acid tolerance in Rhizo-
bium. Soil Sci. Soc. Am. J. 1984, 48, 1273–1276. [CrossRef]

23. Cunningham, S.D.; Munns, D.N. Effects of rhizobial extracellular polysaccharide on pH and aluminum activity. Soil Sci. Soc. Am.
J. 1984, 48, 1276–1280. [CrossRef]

24. Mukherjee, S.K.; Samaddar, K.R. The correlation between salt tolerance and extracellular polysaccharide production in Rhizobium.
Microbes Environ. 1997, 12, 9–13. [CrossRef]

25. Kingsley, M.T.; Bohlool, B.B. Extracellular polysaccharide is not responsible for aluminum tolerance of Rhizobium leguminosarum
bv. phaseoli CIAT899. Appl. Environ. Microbiol. 1992, 58, 1095–1101. [CrossRef] [PubMed]

26. Delmar, J.A.; Su, C.C.; Yu, E.W. Structural mechanisms of heavy-metal extrusion by the Cus efflux system. Biometals 2013, 26,
593–607. [CrossRef] [PubMed]

27. Rubio-Sanz, L.; Prieto, R.I.; Imperial, J.; Palacios, J.M.; Brito, B. Functional and expression analysis of the metal-inducible dmeRF
system from Rhizobium leguminosarum bv. viciae. Appl. Environ. Microbiol. 2013, 79, 6414–6422. [CrossRef] [PubMed]

https://www.fao.org/faostat/en/#data
https://www.fao.org/faostat/en/#data
http://doi.org/10.1007/s11104-008-9668-3
http://doi.org/10.1128/MMBR.64.1.180-201.2000
http://www.ncbi.nlm.nih.gov/pubmed/10704479
http://doi.org/10.3390/plants9020276
http://www.ncbi.nlm.nih.gov/pubmed/32093403
http://doi.org/10.1146/annurev.py.33.090195.002021
http://www.ncbi.nlm.nih.gov/pubmed/18999965
http://doi.org/10.1007/s00374-018-1262-0
http://www.ncbi.nlm.nih.gov/pubmed/31258230
http://doi.org/10.3389/fpls.2017.01767
http://doi.org/10.4236/ajps.2013.412A3004
http://doi.org/10.1146/annurev.pp.46.060195.001321
http://doi.org/10.1073/pnas.1618557114
http://www.ncbi.nlm.nih.gov/pubmed/28439024
http://doi.org/10.1146/annurev.arplant.55.031903.141655
http://www.ncbi.nlm.nih.gov/pubmed/15377228
http://doi.org/10.3389/fpls.2013.00172
http://www.ncbi.nlm.nih.gov/pubmed/23781222
http://doi.org/10.1139/cjm-2018-0019
http://www.ncbi.nlm.nih.gov/pubmed/29620430
http://doi.org/10.4067/S0718-95162010000100005
http://doi.org/10.1016/S1360-1385(01)01961-6
http://doi.org/10.1016/j.plantsci.2011.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22325861
http://doi.org/10.3126/sw.v5i5.2652
http://doi.org/10.1016/0038-0717(88)90130-7
http://doi.org/10.1016/0038-0717(93)90066-K
http://doi.org/10.1128/aem.56.12.3629-3633.1990
http://www.ncbi.nlm.nih.gov/pubmed/16348368
http://doi.org/10.2136/sssaj1984.03615995004800060014x
http://doi.org/10.2136/sssaj1984.03615995004800060015x
http://doi.org/10.1264/jsme2.12.9
http://doi.org/10.1128/aem.58.4.1095-1101.1992
http://www.ncbi.nlm.nih.gov/pubmed/16348680
http://doi.org/10.1007/s10534-013-9628-0
http://www.ncbi.nlm.nih.gov/pubmed/23657864
http://doi.org/10.1128/AEM.01954-13
http://www.ncbi.nlm.nih.gov/pubmed/23934501


Cells 2022, 11, 873 21 of 22

28. Kawaka, F.; Dida, M.M.; Opala, P.A.; Ombori, O.; Maingi, J.; Osoro, N.; Muthini, M.; Amoding, A.; Mukaminega, D.; Muoma, J.
Symbiotic Efficiency of Native Rhizobia Nodulating Common Bean (Phaseolus vulgaris L.) in Soils of Western Kenya. Int. Sch. Res.
Not. 2014, 2014, 258497. [CrossRef]

29. Mulama, S.; Onamu, R.; Odongo, F.; Muoma, J. Abundance and Symbiotic Rhizobia Colonizing Soybean (Glycine max) in Soils of
Kakamega County, Western Kenya. Int. J. Agron. 2021, 2021, 6627541. [CrossRef]

30. Bala, A.; Giller, K.E. Symbiotic specificity of tropical tree rhizobia for host legumes. New Phytol. 2001, 149, 495–507. [CrossRef]
[PubMed]

31. Wekesa, C.S.; Furch, A.C.U.; Oelmuller, R. Isolation and Characterization of High-Efficiency Rhizobia From Western Kenya
Nodulating With Common Bean. Front. Microbiol. 2021, 12, 697567. [CrossRef] [PubMed]

32. Waskom, M.L. Seaborn: Statistical data visualization. J. Open Source Softw. 2021, 6, 3021. [CrossRef]
33. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;

Bright, J.; et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]
[PubMed]

34. Seabold, S.; Perktold, J. Econometric and statistical modeling with Python skipper seabold 1 1. In Proceedings of the the 9th
Python in Science Conference, Austin, TX, USA, 28 June–3 July 2010; p. 61.

35. Fox, E.; Meyer, E.; Panasiak, N.; Taylor, A.R. Calcein staining as a tool to investigate coccolithophore calcification. Front. Mar. Sci.
2018, 326. [CrossRef]

36. Markuszewski, R. Structure, Fluorescence, and Chelating Properties of Calcein; Citeseer: Durham Ctr Ames, IA, USA, 1976.
37. Bindels, D.S.; Haarbosch, L.; van Weeren, L.; Postma, M.; Wiese, K.E.; Mastop, M.; Aumonier, S.; Gotthard, G.; Royant, A.; Hink,

M.A.; et al. mScarlet: A bright monomeric red fluorescent protein for cellular imaging. Nat. Methods 2017, 14, 53–56. [CrossRef]
[PubMed]

38. Schlechter, R.O.; Jun, H.; Bernach, M.; Oso, S.; Boyd, E.; Muñoz-Lintz, D.A.; Dobson, R.C.; Remus, D.M.; Remus-Emsermann,
M.N. Chromatic bacteria–A broad host-range plasmid and chromosomal insertion toolbox for fluorescent protein expression in
bacteria. Front. Microbiol. 2018, 9, 3052. [CrossRef]

39. Garg, B.; Dogra, R.C.; Sharma, P.K. High-efficiency transformation of Rhizobium leguminosarum by electroporation. Appl.
Environ. Microbiol. 1999, 65, 2802–2804. [CrossRef] [PubMed]

40. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: https://www.
bibsonomy.org/bibtex/f230a919c34360709aa298734d63dca3 (accessed on 15 December 2021).

41. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

42. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
43. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The sequence align-

ment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
44. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]
45. Bedre, R. Bioinformatics Data Analysis and Visualization Toolkit. Zenodo 2020. [CrossRef]
46. Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song, J.S.;

et al. CDD/SPARCLE: The conserved domain database in 2020. Nucleic Acids Res. 2020, 48, D265–D268. [CrossRef]
47. Tatusov, R.L.; Galperin, M.Y.; Natale, D.A.; Koonin, E.V. The COG database: A tool for genome-scale analysis of protein functions

and evolution. Nucleic Acids Res. 2000, 28, 33–36. [CrossRef]
48. Leimbach, A. Bac-genomics-scripts: Bovine E. coli mastitis comparative genomics edition. Zenodo 2016. [CrossRef]
49. Yu, C.S.; Cheng, C.W.; Su, W.C.; Chang, K.C.; Huang, S.W.; Hwang, J.K.; Lu, C.H. CELLO2GO: A web server for protein

subCELlular LOcalization prediction with functional gene ontology annotation. PLoS ONE 2014, 9, e99368. [CrossRef]
50. Wan, S.; Mak, M.-W.; Kung, S.-Y. Gram-LocEN: Interpretable prediction of subcellular multi-localization of Gram-positive and

Gram-negative bacterial proteins. Chemom. Intell. Lab. Syst. 2017, 162, 1–9. [CrossRef]
51. Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J. The Phyre2 web portal for protein modeling, prediction and

analysis. Nat. Protoc. 2015, 10, 845–858. [CrossRef]
52. Kall, L.; Krogh, A.; Sonnhammer, E.L. Advantages of combined transmembrane topology and signal peptide prediction–the

Phobius web server. Nucleic Acids Res. 2007, 35, W429–W432. [CrossRef]
53. Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.t.; Smith, F. Colorimetric method for determination of sugars and related

substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]
54. Nielsen, S.S. Phenol-sulfuric acid method for total carbohydrates. In Food Analysis Laboratory Manual; Springer: Boston, MA, USA,

2010; pp. 47–53.
55. Scholz, S.S.; Reichelt, M.; Mekonnen, D.W.; Ludewig, F.; Mithöfer, A. Insect herbivory-elicited GABA accumulation in plants is a

wound-induced, direct, systemic, and jasmonate-independent defense response. Front. Plant Sci. 2015, 6, 1128. [CrossRef]
56. Hunter, J.D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 2007, 9, 90–95. [CrossRef]
57. Yeats, C.; Bateman, A. The BON domain: A putative membrane-binding domain. Trends Biochem. Sci. 2003, 28, 352–355. [CrossRef]

http://doi.org/10.1155/2014/258497
http://doi.org/10.1155/2021/6627541
http://doi.org/10.1046/j.1469-8137.2001.00059.x
http://www.ncbi.nlm.nih.gov/pubmed/33873339
http://doi.org/10.3389/fmicb.2021.697567
http://www.ncbi.nlm.nih.gov/pubmed/34566909
http://doi.org/10.21105/joss.03021
http://doi.org/10.1038/s41592-019-0686-2
http://www.ncbi.nlm.nih.gov/pubmed/32015543
http://doi.org/10.3389/fmars.2018.00326
http://doi.org/10.1038/nmeth.4074
http://www.ncbi.nlm.nih.gov/pubmed/27869816
http://doi.org/10.3389/fmicb.2018.03052
http://doi.org/10.1128/AEM.65.6.2802-2804.1999
http://www.ncbi.nlm.nih.gov/pubmed/10347085
https://www.bibsonomy.org/bibtex/f230a919c34360709aa298734d63dca3
https://www.bibsonomy.org/bibtex/f230a919c34360709aa298734d63dca3
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.5281/zenodo.3747737
http://doi.org/10.1093/nar/gkz991
http://doi.org/10.1093/nar/28.1.33
http://doi.org/10.5281/zenodo.215824
http://doi.org/10.1371/journal.pone.0099368
http://doi.org/10.1016/j.chemolab.2016.12.014
http://doi.org/10.1038/nprot.2015.053
http://doi.org/10.1093/nar/gkm256
http://doi.org/10.1021/ac60111a017
http://doi.org/10.3389/fpls.2015.01128
http://doi.org/10.1109/MCSE.2007.55
http://doi.org/10.1016/S0968-0004(03)00115-4


Cells 2022, 11, 873 22 of 22

58. Grinter, R.; Morris, F.C.; Dunstan, R.A.; Leung, P.M.; Kropp, A.; Belousoff, M.; Gunasinghe, S.D.; Scott, N.E.; Beckham, S.; Peleg,
A.Y.; et al. BonA from Acinetobacter baumannii Forms a Divisome-Localized Decamer That Supports Outer Envelope Function.
mBio 2021, 4, e0148021. [CrossRef] [PubMed]

59. Teriete, P.; Yao, Y.; Kolodzik, A.; Yu, J.; Song, H.; Niederweis, M.; Marassi, F.M. Mycobacterium tuberculosis Rv0899 adopts a
mixed α/β-structure and does not form a transmembrane β-barrel. Biochemistry 2010, 49, 2768–2777. [CrossRef]

60. Yang, Y.; Auguin, D.; Delbecq, S.; Dumas, E.; Molle, G.; Molle, V.; Roumestand, C.; Saint, N. Structure of the Mycobacterium
tuberculosis OmpATb protein: A model of an oligomeric channel in the mycobacterial cell wall. Proteins 2011, 79, 645–661.
[CrossRef] [PubMed]

61. Datta, D.; Krämer, C.; Henning, U. Diploidy for a structural gene specifying a major protein of the outer cell envelope membrane
from Escherichia coli K-12. J. Bacteriol. 1976, 128, 834–841. [CrossRef]

62. Davidson, A.L.; Dassa, E.; Orelle, C.; Chen, J. Structure, function, and evolution of bacterial ATP-binding cassette systems.
Microbiolo. Mol. Biol. Rev. 2008, 72, 317–364. [CrossRef]

63. Piña, R.G.; Cervantes, C. Microbial interactions with aluminium. Biometals 1996, 9, 311–316. [CrossRef]
64. Exley, C.; Mold, M.J. The binding, transport and fate of aluminium in biological cells. J. Trace Elem Med. Biol. 2015, 30, 90–95.

[CrossRef]
65. Avelar Ferreira, P.A.; Bomfeti, C.A.; Lima Soares, B.; de Souza Moreira, F.M. Efficient nitrogen-fixing Rhizobium strains isolated

from amazonian soils are highly tolerant to acidity and aluminium. World J. Microbiol. Biotechnol. 2012, 28, 1947–1959. [CrossRef]
[PubMed]

66. Pauw, E.F.D. The management of acid soils in Africa. Outlook Agric. 1994, 23, 11–16. [CrossRef]
67. Wood, M. A mechanism of aluminium toxicity to soil bacteria and possible ecological implications. In Plant-Soil Interactions at

Low pH: Principles and Management; Springer: Dordrecht, The Netherlands, 1995; pp. 173–179.
68. Kinraide, T.B.; Ryan, P.R.; Kochian, L.V. Interactive effects of Al3+, H+, and other cations on root elongation considered in terms

of cell-surface electrical potential. Plant Physiol. 1992, 99, 1461–1468. [CrossRef] [PubMed]
69. Suhayda, C.G.; Haug, A. Organic acids reduce aluminum toxicity in maize root membranes. Physiol. Plant. 1986, 68, 189–195.

[CrossRef]
70. Zambenedetti, P.; Tisato, F.; Corain, B.; Zatta, P.F. Reactivity of Al (III) with membrane phospholipids: A NMR approach. Biometals

1994, 7, 244–252. [CrossRef]
71. Bryant, J.A.; Morris, F.C.; Knowles, T.J.; Maderbocus, R.; Heinz, E.; Boelter, G.; Alodaini, D.; Colyer, A.; Wotherspoon, P.J.;

Staunton, K.A. Structure of dual BON-domain protein DolP identifies phospholipid binding as a new mechanism for protein
localisation. Elife 2020, 9, e62614. [CrossRef]

72. Weber, A.; Kogl, S.A.; Jung, K. Time-dependent proteome alterations under osmotic stress during aerobic and anaerobic growth
in Escherichia coli. J. Bacteriol. 2006, 188, 7165–7175. [CrossRef]

73. Aguena, M.; Ferreira, G.M.; Spira, B. Stability of the pstS transcript of Escherichia coli. Arch. Microbiol. 2009, 191, 105–112.
[CrossRef]

74. Song, W.-Y.; Park, J.; Eisenach, C.; Maeshima, M.; Lee, Y.; Martinoia, E. ABC transporters and heavy metals. In Plant ABC
Transporters; Springer: Cham, Switzerland, 2014; pp. 1–17.

75. Kim, S.-G.; Kim, S.-Y.; Park, C.-M. A membrane-associated NAC transcription factor regulates salt-responsive flowering via
FLOWERING LOCUS T in Arabidopsis. Planta 2007, 226, 647–654. [CrossRef]

76. Sá-Pereira, P.; Rodrigues, M.; Sim[otilde]es, F.; Domingues, L.; Videira e Castro, I. Bacterial activity in heavy metals polluted soils:
Metal efflux systems in native rhizobial strains. Geomicrobiol. J. 2009, 26, 281–288. [CrossRef]

77. Mohapatra, S.; Rajesh, N.; Rajesh, V. Impact of heavy metal lead stress on polyamine levels in Halomonas BVR 1 isolated from an
industry effluent. Sci. Rep. 2017, 7, 13447. [CrossRef]

78. Hadjiconstantinou, M.; Neff, N.H. Enhancing aromatic L-amino acid decarboxylase activity: Implications for L-DOPA treatment
in Parkinson’s disease. CNS Neurosci. 2008, 14, 340–351. [CrossRef] [PubMed]

79. Hu, X.; Boyer, G.L. Siderophore-Mediated Aluminum Uptake by Bacillus megaterium ATCC 19213. Appl. Environ. Microbiol.
1996, 62, 4044–4048. [CrossRef] [PubMed]

http://doi.org/10.1128/mBio.01480-21
http://www.ncbi.nlm.nih.gov/pubmed/34311571
http://doi.org/10.1021/bi100158s
http://doi.org/10.1002/prot.22912
http://www.ncbi.nlm.nih.gov/pubmed/21117233
http://doi.org/10.1128/jb.128.3.834-841.1976
http://doi.org/10.1128/MMBR.00031-07
http://doi.org/10.1007/BF00817932
http://doi.org/10.1016/j.jtemb.2014.11.002
http://doi.org/10.1007/s11274-011-0997-7
http://www.ncbi.nlm.nih.gov/pubmed/22806016
http://doi.org/10.1177/003072709402300104
http://doi.org/10.1104/pp.99.4.1461
http://www.ncbi.nlm.nih.gov/pubmed/16669059
http://doi.org/10.1111/j.1399-3054.1986.tb01913.x
http://doi.org/10.1007/BF00149555
http://doi.org/10.7554/eLife.62614
http://doi.org/10.1128/JB.00508-06
http://doi.org/10.1007/s00203-008-0433-z
http://doi.org/10.1007/s00425-007-0513-3
http://doi.org/10.1080/01490450902892647
http://doi.org/10.1038/s41598-017-13893-0
http://doi.org/10.1111/j.1755-5949.2008.00058.x
http://www.ncbi.nlm.nih.gov/pubmed/19040557
http://doi.org/10.1128/aem.62.11.4044-4048.1996
http://www.ncbi.nlm.nih.gov/pubmed/16535439

	Introduction 
	Materials and Methods 
	Rhizobia Exposure to Al Toxicity 
	Cell Viability after a Short-Time Al Exposure and Recovery after Longtime Exposure 
	Al Localization to the Cell Membrane 
	Membrane Damage 
	Mechanisms of Tolerance to Al Stress 
	RNA Isolation and Sequencing 
	Differential Expression Analysis 
	Functional Annotation of DEGs 

	Exopolysaccharide (EPS) Production and Biofilm Formation 
	Intra-Cellular Glutathione (GSH), -Aminobutyric Acid (GABA), and Amino Acids Determination 
	Quantification of GSH 
	Quantification of GABA and Amino Acids 

	Data Analysis 

	Results 
	Rhizobia Exposure to Al Toxicity 
	Cell Viability after Al Exposure and Longtime Effect 
	Al Binds to the Rhizobium Cell Membrane 
	Membrane Leakage under Al Stress 
	DEGs in Isolate B3 under Al Stress 
	Subcellular Localization of Proteins of the DEGs 
	Structural and Topological Predictions for Proteins of Three Highly Al-Responsive DEGs 
	Functional Annotation of DEGs 
	EPS Production and Biofilm Formation Increased with Increasing Al Concentration 
	GSH, -Aminobutyric Acid, and Amino Acid Quantification 

	Discussion 
	Rhizobia Toxicity to Al 
	Rhizobia Tolerance to Al Toxicity 

	Conclusions 
	References

