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ABSTRACT

The exact molecular mechanisms as well as the genes involved in the mineral weathering
(MW) process by bacteria remain poorly characterized. To date, a single type of glucose
dehydrogenase (GDH) depending on a particular co-factor named pyrroloquinoline quinone
(PQQ) is known. These enzymes allow the production of gluconic acid through the oxidation
of glucose. However, it remains to be determined how bacteria missing PQQ-dependent GDH
and/or the related pgq biogenesis genes weather minerals. In this study, we considered the
very effective mineral weathering bacterial strain PMB3(1) of Collimonas pratensis. Genome
analysis revealed that it does not possess the PQQ based system. The use of random
mutagenesis, gene complementation and functional assays allowed us to identify mutants
impacted in their ability to weather mineral. Among them, three mutants were strongly altered
on their acidification and biotite weathering abilities (58 to 75% of reduction compared to
WT) and did not produce gluconic acid. The characterization of the genomic regions allowed
noticeably to the identification of a Glucose/Methanol/Choline oxidoreductase. This region
appeared very conserved among collimonads and related genera. This study represents the
first demonstration of the implication of a PQQ-independent GDH in the mineral weathering

process and explains how Collimonas weather minerals.
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INTRODUCTION

Minerals represent physical supports and reservoirs of nutritive elements for the
development of the biosphere. Their dissolution, i.e., mineral weathering (MW), participates
in the release of their nutritive constituents. This essential process permits to maintain the
relative fertility of the soils and to support the growth of the plants. In nutrient-poor and non-
amended environments such as forests, minerals are considered as one of the most important
stock of nutrients for the long-lasting development of the ecosystem (Ranger and Turpault,
1999). However, MW is a slow process, which depends on the intrinsic properties of those
minerals (i.e., dissolution constant) and extrinsic conditions that result from a combination of
abiotic and biotic processes. For instance, in acidic draining medium, biotite dissolves faster
than quartz because of their intrinsic properties (i.e., chemical composition) (Brantley, 2008).
In drained soils, water and acid circulation are known as important abiotic factors involved in
the dissolution of minerals. Plants and soil microorganisms are also known to participate in
this process (Gadd, 2007; Landeweert et al. 2001). Tree roots and fungal hyphae can
physically weather minerals (i.e., division) through the pressure applied (Bonneville et al.
2009). Plant development through nutrient pumping and rhizosphere acidification induces
stronger MW than in the surrounding bulk soil (Calvaruso et al. 2009; Turpault et al. 2009;
Hinsinger et al. 2003). The production of chelating and acidifying agents was also reported
for a wide range of plants, symbiotic fungi and bacteria (Jongmans et al. 1997; Uroz et al.
2009a).

Effective MW bacteria have been described in various environments, and especially in the
rhizosphere of different plants (i.e., trees, cactus) living in nutrient-poor environments (Puente
et al. 2004). Notably, several studies evidenced a significant enrichment of these functional
communities in the rhizosphere compared to the surrounding bulk soil (Collignon ef al. 2011;

Calvaruso et al. 2010; Zhang et al. 2016). In addition, microcosm experiments revealed that



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Picard et al.

effective MW bacterial strains can improve plant growth. Indeed, the inoculation or co-
inoculation of different MW bacterial strains was shown to increase the seedling biomass, the
shoot length, the root biomass, the total root length and the total root surface area of Pinus
sylvestris compared to non-inoculated plants (Calvaruso et al. 2006; Koele et al. 2009). To
date, the ability to solubilize mineral has been reported for a wide range of bacterial genera
(i.e., Achromobacter, Agrobacterium, Bacillus, Collimonas, Pseudomonas, Rhizobium,
Burkholderia, Microccocus, Aereobacter, Flavobacterium or Erwinia) (Puente et al. 2004, ,
Collignon et al. 2011; Rodriguez and Fraga, 1999; Uroz et al. 2011).

If the ability of the bacteria to weather minerals is well documented, our understanding of
the molecular basis and especially of the genes involved in MW remains limited. This gap of
knowledge has seriously hampered studies of the ecology, evolution and relative role of the
mineral weathering bacteria. To date, no molecular tools exist to assess and quantify the
occurrence, diversity, and activity of mineral weathering genes in natural bacterial
populations. Heterotrophic bacteria are known to produce chelating agents (i.e., siderophores
and organic acids) and acidifying metabolites (i.e., protons, organic acids), but the molecular
demonstrations of their relative role in the MW process are limited as well as is our
knowledge of the conservation among bacteria of the molecular markers involved.
Considering the organic acid production, several studies showed that the direct oxidation
pathway of glucose is involved and more specifically the steps producing gluconic acid (GA)
and 2-ketogluconic acid (2KGA) through the activity of a glucose dehydrogenase (GDH) and
a gluconate dehydrogenase (GADH), respectively (Goldstein, 1995). To date, the
demonstration of the link between phosphate dissolution and the activity of the GDH activity
was obtained on a wide range of bacterial genera. All these studies highlighted the implication
of a specific type of GDH that depends on a particular cofactor, the pyrroloquinoline quinone

(PQQ) (Goldstein et al. 2003; Babu-Khan et al. 1995; Liu et al. 1992; Wagh et al. 2014).
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The implication of a PQQ-dependent GDH enzyme in the dissolution of a complex mineral,
biotite, was recently evidenced for a strain of Pseudomonas (Wang et al. 2020).

In this study, we investigated the molecular basis of MW in the model bacterial strain
Collimonas pratensis PMB3(1), which was shown to be very effective at MW (Uroz et al.
2007; Uroz et al. 2009a). This bacterial genus is usually considered as member of the rare
biosphere due to its low representativeness in metagenomic data from soil (Leveau et al.
2010). However, collimonads can represent dominant taxa in specific habitats such as on
mineral particles or in the mycorrhizosphere (Lepleux et al. 2012; Uroz et al. 2012, Colin et
al. 2017). Collimonads are recognized as particularly effective at mobilizing nutrients from
recalcitrant sources such as chitin and minerals, suggesting that they are particularly well
adapted to live in nutrient-poor conditions (Leveau et al. 2010). Their strong MW
effectiveness was suggested to be linked to their ability to acidify the medium in presence of
glucose and to produce high amounts of gluconic acid (Uroz et al. 2009b). Using a random
mutagenesis approach, associated to a functional screening and a gene complementation and
chemical analyses, we identified the genes involved in the MW ability of strain PMB3(1) and
evidenced a novel MW pathway involving a PQQ-independent, synthesis of gluconic acid,

encoded by a glucose dehydrogenase (GDH).

MATERIALS AND METHODS

Bacterial strains and growth media. Bacterial strains and plasmids are listed in Table 1. The
model bacterial strain Collimonas pratensis PMB3(1) considered in this study was isolated
from oak (Quercus petraea)—Scleroderma citrinum ectomycorrhizae sampled in the organo-
mineral soil horizon from the long term experimental forest site of Breuil-Chenue located in

the Morvan region (France; for sampling details see Calvaruso et al. 2007). Strain PMB3(1)
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was isolated from the symbiotic fungal mantle of the mycorrhizal fungus. Previous
experiments showed that the strain PMB3(1) was particularly effective at weathering mineral
(Uroz et al. 2007, 2009b). All strains were grown at 25°C, except the strains of Escherichia
coli, which were grown at 37°C. The media used were Luria-Bertani (LB), AB medium
(Chilton et al. 1974) and a modified version of the Bushnell-Haas (BHm; devoid of iron)
medium (Uroz et al. 2007). The AB minimal (ABm) medium was supplemented with
mannitol (2 g/l final concentration) as carbon source. The BHm medium was supplemented
with glucose (2 g/l final concentration) as carbon source. Glucose was selected in our
experiments because it represents the dominant carbohydrate source found in forest soil and
in plant root exudates (Jolivet et al. 2006; Medeiros et al. 2006; Grayston and Campbell,
1996). Its presence is also explained by hydrolysis of various compounds such as starch,
saccharose (Derrien et al. 2004) or by hydrolysis of trehalose, a carbohydrate accumulated in
mycorrhizal roots (Martin et al. 1985). Antibiotics, when required, were added to the media at
the following final concentrations: Tetracycline 10 pg/ml, Kanamycin 100 pg/ml and

Ampicillin 100 pg/ml.

Tn5-OT182 mutagenesis. The wild-type strain PMB3(1) of C. pratensis was mutagenized
with Tn5-OT182 as described previously (Deshazer et al. 1997; Dennis et al. 1998), with
minor modifications. The donor strain, E. coli S17-1Apir (pOT182), was grown at 37°C in
antibiotic-containing LB broth overnight, and the recipient strain, C. pratensis PMB3(1), was
grown at 25°C in ABm liquid medium for 2 days. The day of the bi-parental conjugation,
each culture (30 ml) was centrifuged and washed twice with sterile MQ water to remove any
antibiotic from the medium and mixed in a final volume of 5 ml of sterile MQ water. The
mixed suspension was spotted on agar LB plates (i.e., 10 ul drops). After Sh of incubation at

25°C, the bacterial lawn of each plate was harvested using sterile MQ water (5 ml), and 150
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ul of this suspension were plated on tetracycline-containing ABm plates for isolation of the
Tn5 mutants of the strain PMB3(1). A total of 2,000 mutants able to grow on ABm
supplemented with mannitol and tetracycline were recovered after 5 days incubation at 25°C
and organized in 96-well microplates. To confirm the presence of the plasposon in the mutant
genome, a portion of the plasposon sequence was amplified by PCR using pOT-For and pOT-
Rev primers (Table 1). The quality of the mutant library was tested on a subset of Tn5
mutants and on the mutants of interest to determine whether the library was formed by

independent events.

DNA manipulations and plasposon rescue. Total DNA was extracted from the WT strain
PMB3(1) and the related Tn5 mutants using the protocol of Pospiech and Neumann (1995).
The flanking Tn5-OT182 integration regions were identified using the rescue method as
described previously (Deshazer et al. 1997). Briefly, 5 nug of DNA of each mutant was
digested 4 h with EcoRI-HF in 50 pl. After heat inactivation, the digested DNA was ligated
overnight in 25 pl. A volume of 10 pl was transformed into chemically competent E. coli
DH5a and the transformants recovered on the appropriate selective medium. The resulting
plasmids were extracted using the Miniprep kit from QIAGEN and sequenced with the primer
pOT-RT at Eurofins MWG Operon (https://www.eurofinsgenomics.eu/). All enzymes for
restriction digestion and ligation were purchased from New England Biolabs and were used
according to the manufacturers’ instructions. When required, PCR amplicons were purified
using QIAquick PCR purification and gel extraction kits from QIAGEN. PCR was performed

using Taq polymerase from SPRIME.

Construction of pB2-gdhC, pB2-resB and pB2-tatABC. The ineffective MW phenotype of

three Tn5-OT182 mutants of the strain PMB3(1) were complemented by expressing each
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gene or region of interest (gdhC, resB and tatABC) in trans on plasmids pB2-gdhC, pB2-resB
and pB2-tatABC. These genes/regions were amplified using specific primers (Table 1). The
conditions for PCR involved a Smin denaturation step at 94°C, followed by 30 cycles of 94°C
for 45s, melting temperature (Tm) for 45s, and 72°C for 2min30s. The Tm temperature was
adapted according to the gene or region of interest. Each PCR product was purified and
ligated into the pGEM-T Easy plasmid (Promega), and validated by Sanger sequencing (52).
The gene gdhC was cloned as a Kpnl - Spel fragment, the gene resB as a Sacl - Spel
fragment, and the tatABC genes as a Smal - Xbal fragment into pPBBR1IMCS-2 (Kovach et al.
1995) to yield plasmids pB2-gdhC, pB2-resB and pB2-tatABC respectively. After verification
by sequencing, the resulting constructs were transferred in chemically competent E. coli S17-
IApir and conjugated to the corresponding Tn5-OT182 mutant. The complemented mutants
were selected on agar ABm medium supplemented with tetracycline and kanamycin. The
presence of the intact gene in the complemented mutants was verified by a PCR using the
appropriate primers (Table 1), the WT strain was the positive control and the mutant was the
negative control. For each construction, a single transconjugant was conserved after

validation and used in the different bioassays described below.

Analysis and quantification of organic acids. After a 4-day culture (25°C; 200 rpm) in
liquid BHm amended with glucose (2 g/l) and devoid of iron, the supernatants of cultures of
the WT and Tn5-OT182 mutants were recovered by centrifugation (10,000g during 15min).
The supernatants were then filtered at 0.22 pm (GHP Acrodisc 25 mm syringe filter ; PALL)
and stored at -20°C. Organic acid analyses were performed on an ion chromatography with
conductivity detection (ICS 3000, Dionex Corp.) associated to an analytical column (IonPac®
AS 11 HC, Dionex corp.) according to Balland et al. (2010). The supernatants were eluted

with KOH solutions of varying concentrations (0.9-60 mM) over time (step gradient) with a
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flow rate of 1.3 ml/min. Synthetic organic acids have used as references (sodium formate, D-
gluconic acid, sodium butyrate, pyruvic acid sodium salt, sodium citrate tribasic, sodium
oxalate, sodium propionate, sodium acetate, succinic acid disodium salt, DL-malic acid

disodium salt, sodium-L-lactate and malonic acid disodium salt).

Analysis of the production of gluconate, 2KGA and SKGA. Qualitative analysis was
performed using thin layer chromatography (TLC) to identify which form of gluconic acid
was produced by the WT strain PMB3(1). To do it, cultures were done in ABm medium
supplemented with 10 g/l of glucose at 25°C and under shaking. After 4 days, the supernatant
of culture was recovered and filtered at 0.22 pm (GHP Acrodisc 25 mm syringe filter; PALL).
A volume of 4 pl for the standards and twice 4 pl for the culture supernatants were spotted on
a Silica Gel 60 plate (Merck). After drying at room temperature, migration was performed in
a solvent reagent containing ethyl acetate-acetic acid-methanol and deionized water
(6:1.5:1.5:1). When the TLC plate was dried, spread with a freshly prepared revelation
solution (diphenylamine (1 g) ; aniline (1 ml) ; acetone (50 ml) ; phosphoric acid (7.5 ml)).
The treated TLC plate was then incubated at 120°C for 20 min to allow apparition of coloured
spots. The results were analysed by measuring the retention factor (Rf) (corresponding to the
distance moved by the sample divided to the solvent front) and the observation of the spot
colour. The glucose, gluconate, 2KGA and 5KGA appeared as dark blue, pink, brown and
dark purple spots, respectively. Solutions of glucose, gluconate, 2-keto gluconate and 5-keto
gluconate adjusted at 100 mM were used as standard. In addition, gluconic acid was also
quantified using an enzymatic bioassay (kit 10428191035 from r-biopharm/Roche), according

to the manufacturer’s instructions.
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Screening of the Tn5-pOT182 mutant library. A first screening of the mutant library was
done in microplates using liquid ABm medium supplemented with tetracycline. After 3-days
culture, part of the cell suspension was spotted using a 96-well replicator on : i) solid
TriCalcium Phosphate (TCP) to determine the MW ability of each Tn5-mutant and ii)
modified liquid TCP medium (TCPm) to determine their acidification ability. These two
bioassays are commonly used to determine the mineral weathering potential of bacterial
strains (Calvaruso et al. 2007; Lepleux et al. 2013; Uroz et al. 2009b; Colin et al. 2017). In
addition, the homogeneity of the Ca3(POs); in the TCP assays allow for a high throughput
screening of mutant libraries. On the contrary, biotite is a heterogeneous material requiring
important replication of the assay, making its use incompatible with a first screening of the
mutant libraries. The solid TCP medium is composed per litter of : NH4Cl 5 g ; NaCl 1 g ;
MgSO4 1 g ; Glucose 10 g ; Ca3(PO4), 4 g and 16 g of agar (pH 6.5). After incubation at 25°C
for 7 days, the diameters of colonies and the diameter of discoloration zone (halo) were
measured to determine the ability of each Tn5-mutant to solubilize inorganic phosphorous.
The TCPm medium is modified version of the TCP devoid of Ca3(PO,),. The Ca3;(PO4), was
removed from the medium to allow a better determination of the protons produced. The pH
determination was performed after a 3-day incubation time. The supernatant was recovered by
centrifugation (8,000 g for 15 min) and a volume of 180 pl was transferred to new
microplates containing 20 pl of pH indicator (bromocresol green solution ; 1g/1), according to
Uroz et al. (2007). The pH of the supernatant was determined at 595 nm using an automatic
microplate reader (Bio-Rad, model iMark) and converted in pH values using a calibration

curve (Uroz et al. 2007).

Functional assays done on Tn5-OT182 mutants impaired in their MW ability. After the

first step of screening, all the Tn5-OT182 mutants presenting a significantly reduced halo of

10
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solubilisation on solid TCP and/or a pH value significantly higher than the WT strain were
tested in a calibrated way on different bioassays in order to generate quantitative and
comparable data. The recovered Tn5-mutants were cultivated overnight in liquid LBm
medium supplemented with tetracycline. The WT strain was used as a positive control. Ten
milliliters of each culture was washed three times with sterile MQ-water to eliminate all
medium traces. The absorbance at 595 nm of each resulting suspension was then adjusted at

0.95+0.03.

Phosphate solubilisation and solution acidification

Ten microliters of each calibrated suspension were then dropped in triplicates on the surface
of the solid TriCalcium Phosphate (TCP) and in microplates containing the modified liquid
TCP medium (TCPm). Measures of P solubilisation and of acidification were performed as

described above (Colin et al. 2017).

Biotite dissolution

Five hundred microliters of the calibrated suspension of each strain was transferred into
sterile glass tubes containing 4.5 ml of BHm medium (20 mg/l KCl; 150 mg/l MgS0O.,7H,0;
80 mg/l NaH,PO4,2H,0; 90 mg/l Na,HPO., 2H,0; 65 mg/l (NH4),SO4, 100 mg/l KNOs;; 20
mg/l CaCl,) buffered at pH 6.5 and supplemented with glucose (2 g/l1) and 100 mg of sterile
biotite particles.

The biotite was obtained from Bancroft (Canada) and is a 2:1 phyllosilicate frequently
found in acidic forest soils. This mineral holds K, Mg, and Fe nutrients. It is a pure
homogeneous mineral, and its composition is as follows: 410.1 g/kg SiO,, 109 g/kg Al,Os,
22.1 g/kg Fe,03, 100.5 g/kg FeO, 2.7 g/lkg MnO, 189 g/kg MgO, 4.1 g/kg Na,O, 94.6 g/kg

K,0, 22.8 g/kg TiO,, 44.2 g/kg F, and 0.8 g/kg Zn. Its structural formula is (Si3Al,;) (Fe3+0, 12

11
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Fe* 061 Mgs 06 Mng o2 Tig.13) and Ko gs Nag.os O10 (OHoos Fi1.02). The particle size of biotite was
calibrated from 200 to 500 pm.

Before use, all glass was rinsed with chloridric acid and deionised water to remove any
chemical traces. The tubes containing the culture medium with biotite were then sterilised by
autoclaving at 121°C. After seven days of incubation at 25°C (200 rpm), 1 ml of supernatant
was sampled and centrifuged at 11,000g for 15 min and filtered at 0.22 um. Quantification of
the iron released from biotite and of the acidification of the medium were determined by
adding 180 pl of supernatant of each culture in a new microplate containing 20 ul of
ferrospectral or bromocresol green, respectively (Uroz et al. 2007). The absorbance of these
suspensions was measured at 595 nm and the data transformed in pH and iron concentrations
using the colorimetric assays described above to determine the MW potential of each Tn5-
pOT182 mutant.

In addition, model chelating (citric acid) or acidifying (hydrochloric acid) molecules were
used as control in the same mineral weathering assay. Serial dilutions of citric acid (10° M;
pH adjusted to 6 to 2) and hydrochloric acid (concentration adjusted to be at pH 6 to 2) were
performed in BHm medium and incubated in the same condition than the bacterial strains

tested as described in Uroz et al. 2007.

Cytochrome oxydase test

To test if mutants are affected in their cytochrome oxydase activity, 100 pl of the calibrated
cell suspension were spotted on a filter paper and flooded in a 1% Tetramethyl-p-
phenylenediamine (TMPD) solution during 10 min. After this incubation period, the filter
paper was dried 30s and inspected. In the case of a positive reaction, the filter paper becomes

purple, while in the case of a negative reaction it remains white (Kovacs, 1956).

12
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Glucose dehydrogenase (GDH) test

To test if mutants were affected in their GDH activity, the test of Matsushita and Ameyama
(1982) was used on the calibrated cell suspension (CS) or on cell crude extract (CE). The cell
crude extract was obtained by ultra sonication treatment (Vibra-Cell; Sonics, Newtown USA)
of the CS, followed by a centrifugation at 7000 g (15 min) to remove intact cells and a
filtration at 0.22pm. A volume of 100ul of CS or CE was incubated with 100 pl of Tris-HCL
(50mM; pH:7.5), 10 pul of 2,6-dichlorophenolindophenol (DCIP; 6.7mM), 10 ul of phenazine
methosulfate (PMS; 20mM), 10 ul of (FAD; 600uM), 100ul of glucose (1M), and MQ water
in a final volume of 300 pL. The reaction is initiated by the addition of D-glucose. GDH
activity is measured at 600 nm in microplate reader (Tecan infinite M200 pro). Controls
without glucose and/or FAD were performed. In addition, a control without the CS or CE was

performed for each of the condition tested (+/- FAD; +/- Glucose).

Growth assay and carbon substrate use

To determine whether the mutants were impaired in their growth ability, tests were performed
under nutrient-rich and nutrient-poor conditions. For the nutrient-rich condition, 10 pl of each
calibrated suspension (WT and mutants) were added to 190 pl of liquid LB medium in a
microplate. The microplate was incubated at 25°C and orbital shaking during 4 days in a
microplate reader (Tecan infinite M200 pro). The absorbance was measured at 600 nm each 3
hour. For the nutrient-poor condition, 10 pl of each calibrated suspension was added to 190 pl
of liquid BHm medium amended with a source of carbon (2 g/lI). The carbon sources used
were glucose, gluconic acid, 2-Keto-gluconate, 5-Keto-gluconate. After 5 days of incubation
at 25°C, the pH was measured with bromocresol green as described above and the growth was

measured at 595 nm.

13
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Bioinformatic analyses. Genome analysis was performed using NCBI and MAGE (Vallenet
et al. 2009). Homology search analysis and alignment were performed with BLAST (BlastN
and BlastP ; Altschul et al. 1997). Localization of the Tn5-OT182 insertion was done on
MAGE. A research of Twin Arginine Translocation (TAT) signal carrying proteins was done
using the predictor servers Tatfind (Dilks et al. 2003) and TatP 1.0 (Bendtsen et al. 2005).
The two proteins lists were assembled and analysed. Analyses of the pfam domains and of the
conservation of the GdhL subunit sequence were done using pfam ( El-Gebali ef al. 2019) and
Seaview (version 4.5.4) (Gouy et al. 2010). To study the conservation of the GdhL sequence,
a set of 22 different genera or species related to Collimonas and available on international
databases were analysed among them, 11 were assigned to Collimonas genus (Collimonas sp.
PA-H2, OK242, OK307 and OK607, C. fungivorans Ter331 and Ter6, C. arenae Cal35,
Terl0 and Ter282, C. pratensis Ter91, Ter291). Other genera taxonomically close to
Collimonas were chosen : 2 belonging to the Glaciimonas genus (Glaciimonas sp. PCH181
and GS1), one to Janthinobacterium, 2 to Herbaspirillum (H. rubrisubalbicans and H.
seropidecae) and one to Burkholderia cepacia. In addition, we selected the sequences of the
large subunit of a set of GMC oxidoreductase which function was demonstrated: a gluconate
dehydrogenase (GADH ; BAH80545.1) and a sorbitol dehydrogenase (BAD60913.1) from
Gluconobacter frateurii (Toyama et al. 2005; Saichana et al. 2009), a fructose dehydrogenase
large subunit of Gluconobacter japonicas (BAM93252.1) (Kawai et al. 2013). We also
considered the sequences of the large subunit of a putative sorbitol dehydrogenase from
Gluconobacter oxydans H24 (AFW02570.1) and a dehydrogenase subunit from Pantoea
agglomerans (AAF21261.1). The same genome resources were also used to recover the pqq-

genes as well as the pqq-dependent enzymes.
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Statistical analysis. Statistical analyses were performed in R software. Data shown were
means of, at least, triplicates. Differences between sample’s means were analysed by

ANOVA and Tukey HSD tests.

Nucleotide sequence accession number. The nucleotide sequence reported in this paper are
related to the genome sequence of the strain PMB3(1), which has been deposited in the

GenBank database under accession no. WXXL00000000.

RESULTS
1) Genomic and physiological characterization

At the genomic level, the detailed analysis of the genome of strain PMB3(1) did not permit
to evidence any PQQ-dependent GDH nor the presence of the PQQ cofactor encoding genes.
Similarly, none of the Collimonas genome available in the international databases (i.e.,
Collimonas sp. PA-H2, C. fungivorans Ter331 and Ter6, C. arenae Cal35, Terl10 and Ter282,
C. pratensis Ter91, Ter291) possess PQQ encoding genes and/or PQQ-dependent enzymes,
suggesting that alternative MW pathways exist in collimonads.

At the chemical level, high concentrations of gluconic acid were detected in the supernatant
of cultures of strain PMB3(1) done with glucose (Table 2), evidencing that this strain was
capable of converting glucose to gluconic acid (GA) through an alternative, PQQ-independent
pathway. Noticeably, the thin layer chromatography analyses confirmed the large production
of gluconic acid, but also a weak production of 2 keto-gluconic acid (2KGA) by strain
PMB3(1) as evidenced by the comparison with the migration retention factor (Rf) and the
colour of the synthetic GA and 2KGA controls used (Fig. 1; Table 2). A kinetic analysis
confirmed the continuous accumulation of GA, while 2KGA was hardly detectable.

Interestingly, the growth assays done in minimal medium supplemented with a single source
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of carbon (i.e., glucose, GA, 2KGA or SKGA) confirmed that glucose, GA and 2KGA were
used as carbon source by strain PMB3(1), but not SKGA. Among them, glucose was the sole
carbon which metabolism allowed an acidification of the culture supernatant (pH=3.5), while

the pH did not change in presence of GA and 2KGA (i.e., pH=6.2).

2) Isolation of mutants affected in the ability to solubilize inorganic phosphorous

The first high throughput screening of the mutant library allowed us to recover a total of 4
mutants (i.e., 25(10F), 31(11B), 34(11H), 59(7B)) impaired in their ability to solubilize
inorganic phosphorous (P1).

The use of the calibrated procedure (see materials and methods) confirmed that these 4
mutants were significantly altered in their ability to solubilize Pi (P<0.05). Based on this
second screening, three of these mutants, 25(10F), 31(11B), 34(11H), did not present a
solubilisation halo (Table 2). For the mutant 59(7B), a reduction of 34% of the halo diameter
was observed compared to the WT strain (halo. WT: 0.79 cm + 0.04 vs halo 59(7B): 0.52 cm
+ 0.1). All these mutants and WT presented similar colony diameters. The acidification assay
revealed that the ability of mutants 25(10F), 31(11B) and 34(11H) to acidify was significantly
reduced (P<0.05). Indeed, while the WT strain and mutant 59(7B) acidified the medium from
the initial pH 6.5 to pH 3.7 in three days, mutants 25(10F), 31(11B), 34(11H) acidified the

medium only to c.a. pH 4.7 (average value).

3) Ability to weather biotite

The ability to weather a complex mineral was tested only for the three mutants totally
impaired in their ability to solubilize Pi (i.e., 25(10F), 31(11B), 34(11H)) as well as for the
WT strain (Fig. 2). After a 7-day incubation in presence of glucose as carbon source, the WT

strain was able to release 1.29 + 0.13 mg/l of iron in the solution. In comparison, the three
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mutants 25(10F), 31(11B) and 34(11H) released significantly less iron (0.32 + 0.08, 0.54 +
0.04 and 0.39 + 0.02 mg/l, respectively) (P<0.05) (Fig. 2A). Those values corresponded to a
maximal reduction of 75% for mutant 25(10F) and a minimal reduction of 58% for mutant
31(11B) compared to the WT strain. After the 7-day incubation, the WT strain decreased the
pH of the culture supernatant to pH=3.3 + 0.1, while the mutants reached significantly higher
value (4.3 to 4.5; P<0.05) (Fig. 2B). The co-visualization of the quantity of iron released from
biotite and of the pH of the supernatant confirmed the strong perturbation of the mineral

weathering ability of the mutants compared to the WT strain (Fig. 2C).

4) Sequence analyses of the genomic region for the different mutants

The genomic region flanking the plasposon insertion of each mutant was isolated by self-
cloning using the plasposon rescue method. For each mutant, 3 independent clones were
recovered, sequenced and blasted against the genome sequence of strain PMB3(1). This
revealed a single genomic region per mutant, demonstrating a unique plasposon insertion
event in each of the mutants considered [25(10F), 31(11B), 34(11H), 59(7B)]. The sequences
were also blasted against nucleic acid and protein databases of the NCBI for homologous
sequences.

In mutant 25(10F), the plasposon is inserted in a gene we named gdhC (NKI70796.1). This
gene presented high homology with a cytochrome c subunit of a Glucose/Gluconate/Sorbitol
2-dehydrogenase (Fig. 3, Table 3). Pfam analysis highlighted two conserved domains
(cytochrome ¢ from 36 to 137 aa/ cytochrome CBB3 from 322 to 406 aa ; e-value = 6.6e-07
/5.4e-10, respectively) corresponding to a cytochrome c¢ oxidase protein. This gene is
preceded by two genes presenting sequence homology with subunits of a
Glucose/Methanol/Choline (GMC) oxidoreductase. The first one presented high sequence

homology (98 %) with the large subunit (NKI70795.1; gdhL) belonging to the FAD
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flavoprotein oxidoreductases, while the next gene presented high homology (80 %) with the
gamma subunit (NKI70794.1; gdhS) of a Sorbitol/Glucose/2-Keto-D-Gluconate
dehydrogenase. Pfam analysis revealed that this gamma subunit presented high sequence
similarities with the FAD-Sorbitol dehydrogenase family protein (e-value = 2.5.10"*") and
carried a potential TAT-signal.

In mutant 31(11B), the plasposon is inserted in a genomic region presenting high sequence
homology with a resB homologous gene (NKI71673.1 ; 94% identity with cytochrome ¢
biogenesis protein ResB in Collimonas sp. PA-H2) (Fig. 3, Table S1). This gene belongs to a
genetic structure composed of 3 genes (NKI71672.1; NKI71673.1 ; NKI71674.1) involved in
cytochrome c biogenesis /maturation. Among them, gene NKI171672.1 codes for a cytochrome
c4 immature protein and gene NKI71673.1 is gene resC coding for a cytochrome ¢ biogenesis
protein. In the vicinity of the resB gene, two other genes, yedY and yedZ (NKI71676.1,
NKI71677.1), presenting high sequence homology with a sulfite oxidase were detected.

In mutant 34(11H), the plasposon is inserted in a genomic region presenting high sequence
homology with the Twin Arginine Translocation pathway (TAT) operon (fatABC). The
insertion was localized between the gene fatB (NKI71758.1; 93% identity with Sec-
independent protein translocase subunit TatB in Collimonas sp. PA-H2) and tatC
(NKI71759.1; 95% of identity with the twin-arginine translocase subunit TatC in Collimonas
sp. PA-H2) (Fig. 3, Table S2).

In mutant 59(7B), the plasposon is inserted in the gene int (NKI172639.1) presenting high
sequence homology with an apolipoprotein N-acyltransferase (92% of identity with the
apolipoprotein N-acyltransferase of Collimonas sp. PA-H2) (Fig. 3, Table S3). This enzyme is
responsible for the last step of lipoprotein maturation. In the vicinity of this gene, 5 genes
involved in metabolism and two genes involved in information storage and processing were

identified according to their COG class.
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5) Identification of TAT-dependent proteins

Due to the localization of the plasposon insertion of mutant 34(11H) in the TAT system
region, a bioinformatic analysis was done to identify all proteins presenting a putative TAT
signal in the genome of strain PMB3(1). Indeed, the perturbation of the MW ability may be
related to a protein carried by the TAT system. This screening allowed the identification of 74
TAT-proteins related to different Clusters of Orthologous Groups (COG) (metabolism,
cellular processes and signalling, information storage and processing, or poorly characterized
(Table S4; Fig. S1). Among them, we noticeably identified the protein gdhS that corresponds
to the gamma subunit of the Sorbitol/Glucose/2-Keto-D-Gluconate dehydrogenase gene
(NKI70794.1). This gene is in an operon along with gene gdhC (i.e., cytochrome subunit of
the Sorbitol/Glucose/2-Keto-D-Gluconate dehydrogenase) interrupted in mutant 25(10F) (see
fig. 3) Other enzymes related to putative alkaline phosphatases (i.e., PhoD like, NKI71510.1
and NKI72605.1), involved in cytochrome c¢ biogenesis (NKI72023.1) or presenting an

oxidoreductase activity (NKI71676.1) were also identified in the list of TAT-proteins.

6) Functional and physiological characterization of mutants 25(10F), 31(11B) and 34(11H)
Cytochrome activity

As mutants 25(10F) and 31(11B) were affected on genes encoding a cytochrome subunit or
involved in the biogenesis of cytochrome c, a cytochrome oxidase test was performed on all
mutants. This qualitative test based on the oxidation of Tetramethyl-p-phenylene diamine
(TMPD) revealed that the three mutants formed a purple pigment as the WT strain (Table 2),
revealing that the cytochrome c oxidase of the strain PMB3(1) was still functional in all the

mutants. This result highlights that strain PMB3(1) possesses several cytochrome ¢ biogenesis
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systems independent on the resB/resC system interrupted in mutant 31(11B). Indeed, a

genome analysis revealed that the strain PMB3(1) possesses two cytochrome biogenesis loci.

Detection and quantification of organic acids

Ionic chromatography analyses permitted to identify the main acids produced (i.e., Gluconate,
oxalate, pyruvate, formate, and succinate) by the WT strain and mutants in presence of
glucose (Table 2). Gluconate was the major organic acid detected in the WT culture
supernatant, reaching a concentration of 878.7+3.3 mg/l, while all other organic acids are
present at very low concentrations (pyruvate: 2.87 mg/l; succinate: 0.07 mg/l). Noticeably,
gluconate was not detected in any of the supernatants from the 3 mutants (i.e., mutants
25(10F), 31(11B) and 34(11H); Table 2). Amongst other organics, only pyruvate presented
significant differences between the WT strain and mutants, but with very low concentrations
(WT: 2.87+£0.63 mg/l; 25(10F): 1.08+ 0.03 mg/l; 31(11B): 1.55+0.23 mg/l and 34(11H):

0.11+£0.06 mg/1) (P<0.05).

Growth in rich (LB) medium

To get a better understanding of the importance of the gene(s) interrupted in the different
mutants, their growth was monitored for 120 hours in LB medium (Fig. 4; Table 2). No
difference between the WT and the 25(10F) mutant was observed. Indeed, the growth rate
(0.09 + 0.02 h™'; P<0.01), the lag time (ca. 10 h), the maximal growth yield (ODsgspm of 1.20 +
0.05) as well as the time necessary to reach the stationary phase for the WT and mutant
25(10F) (i.e., 40 h) were similar. In contrast, mutants 31(11B) and 34(11H) differed
significantly from the WT strain. Mutant 31(11B) presented a growth rate of 0.06 + 0.01 h™', a
lag phase of 25 h, a maximal growth yield (ODsgsnym) of 0.95 £+ 0.08 and it required 50 h to

reach the stationary phase. Mutant 34(11H) presented the lowest growth rate of 0.02 + 0.01 h°

20



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

Picard et al.

! a maximal growth yield (ODsosyn) of 1.08 + 0.08 and it required 120 h to reach this

maximum.

Impact of the carbon source on the acidification process

As acidification plays an important role in the mineral weathering process by strain
PMB3(1), several carbon sources coming from the metabolism of glucose (i.e., gluconate,
2KGA, 5KGA) were tested in minimal medium (BHm) (Fig. 5). Contrary to the strong
acidification observed with glucose, these growth assays revealed no difference of pH
between the WT and mutant strains when they were cultivated in minimal medium amended
with glucose derivatives such as GA or 2KGA (pHwr = pHmutant = 6.2). No growth was

observed with SKGA.

7) Complementation analysis of the mutants

To confirm the involvement of the interrupted genes identified in the different mutants (i.e.,
25(10F), 31(11B) and 34(11H)) in the MW ability of strain PMB3(1), a functional
complementation was performed. For each mutant, the native gene(s) under a constitutive
promoter was cloned in the pPBBRIMCS-2 vector. These constructions were then transformed
in the corresponding mutant and tested with the same set of functional assays as described
above. Noticeably, the quantitative assays performed on solid TCP medium revealed that the
complemented mutants 25(10F)(pB2-gdhC) and 34(11H)(pB2-tatABC) recovered fully their
mineral weathering ability to WT effectiveness (Table 2). The mutant 31(11B)(pB2-resB) was
restored in its ability to weather mineral, but presented a slightly lower efficiency than the
WT strain, when harbouring gene resB on the pBBRIMCS-2 plasmid. Regarding
acidification, upon complementation pH was further reduced from pH 5.1 £ 0.1 observed in

the mutants to 4.4 + 0.1 in the complemented mutants after 3 days, which was not
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significantly different from that observed with the WT strain harbouring the empty vector
pBBRIMCS2 (4.3 + 0.1). In addition, the restoration of the glucose dehydrogenase activity
was observed in the complemented mutants. Last, complementation restored growth of all

mutants (Fig. 4).

8) Bioinformatic properties and conservation of GMC oxidoreductases in the collimonads
and related genera

For bacteria carrying a glucose dehydrogenase enzyme of the GMC oxidoreductase family,
the conversion of glucose to gluconic acid is mainly performed by the large subunit (i.e.,
gdhL) of the enzyme (Yamaoka et al. 2008). In this context, bioinformatic analyses were
performed on this subunit to analyse its properties and its conservation among collimonads
and related taxa.

In strain PMB3(1), this approach allowed to identify a single GMC oxidoreductase
organized in three subunits and corresponding to the genomic region described above for
mutant 25(10F). A second homologous of the large subunit (GdhL) was also identified in
strain PMB3(1), but with a low identity (20%). Contrary to the GMC oxidoreductase, this
homologue is organized as a single unit (i.e., one gene) and encodes a putative choline
dehydrogenase. The pfam analysis done on the sequence of the large subunit of the strain
PMB3(1) evidenced the presence of a Rossmann-like domain (amino acid 11 to 41; e-value =
2.0e-5) and two GMC oxidoreductase domains (domain C: 405 to 525, e-value 1.5¢-18;
domain N: 176 to 318, 1.5e-5), supporting by this way the function attributed to the gene
identified in our study (i.e., a Glucose dehydrogenase from the GMC oxidoreductase family)
(Fig. S2). Notably, all the GMC oxidoreductases described in the literature present the 3
domains detected (Rossmann, GMC N, GMC C) and all are specifically associated to

enzymes binding FAD as cofactor (i.e., gluconate dehydrogenase, GADH; glucose
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dehydrogenase, GDH; fructose dehydrogenase, FDH; sorbitol dehydrogenase, SDH) (Kataoka
et al. 2015; Toyama et al. 2005).

The comparison of homologous sequences from the available Collimonas genome
sequences revealed a very good conservation of the different domains (Fig. S3). In the
putative FAD domain, only two positions on a total of 31 varied among the collimonads (Fig.
S2). In the GMC_C domain, 10 positions on a total of 86 varied, while 16 positions on a total
of 121 varied in the GMC N domain (Fig. S2). Beside these pfam domains, we also detected
in the large subunit sequence of strain PMB3(1), the cysteine-rich region (cys208, cyst214,
cys218 in our alignment; Fig. S2) identified by Shiota et al. (2016) as specific of the FAD-
dependent dehydrogenases. This region is constituted by three conserved cysteine (Cys)
residues (CCGNNNCMPICP), all conserved in the Collimonas genomes considered. This
particular site constitutes an iron-sulfur cluster essential for electron transfer from FAD to the
cytochrome c subunit (Shiota ef al. 2016).

When the sequence comparison integrated neighbouring genera, it revealed a good
conservation of the large subunit sequence among the taxa tested and a stronger relatedness of
Janthinobacterium and Glaciimonas with Collimonas. In contrast, Herbaspirillum presented
important variations (Fig. S3). The sequence of the GdhL protein of strain PMB3(1) presented
ca. 90 % of identity with that of strains PCH181 and GS1 of Glaciimonas sp., 80 % with that
of Janthinobacterium and only 50 % with that of Herbaspirillum seropedicae and H.
rubrisubalbicans. The low relatedness of the GdhL of Herbaspirillum was also visible in the
sequence alignment, especially in the domain GMC_C.

Last, a sequence comparison between the large subunit of strain PMB3(1) and the large
subunit of FAD-dependent dehydrogenases for which the function and/or the FAD-
dependence were experimentally demonstrated (i.e., a GADH from Gluconobacter frateurii,

two SDHs from Gluconobacter oxydans and G. frateurii, a FDH from Gluconobacter
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japonicas and a GDH from Burkholderia cepacia) or suspected (choline dehydrogenase
(CDH) from Pantoea agglomerans) was performed (Fig. S3). This analysis revealed that the
most distantly related sequence was the GADH. The positions on the phylogenetic tree are
supported by the strong sequence variations observed in the sequence alignment. The large
subunit sequence of strain PMB3(1) appeared also poorly related to the FDH and SDH. The
stronger relationship was observed with the glucose dehydrogenase (GDH) from

Burkholderia cepacia (Tsuya et al. 2006).

DISCUSSION

The ability to weather minerals was evidenced for a broad range of bacterial genera, but
the genes involved have been poorly investigated and characterized. To date, the main system
described is related to the PQQ-dependent glucose dehydrogenases (PQQ-GDH), which
allows the production of protons and gluconic acid. The role of such enzymes and the related
pqq genes (i.e., pgqgABCDEF) in the solubilisation of highly weatherable minerals (i.e., Pi)
was reported in several studies (Goldstein, 1995; Goldstein et al. 2003; Babu-Khan et al.
1995), but only recently for a complex mineral (i.e., biotite; Wang et al. 2020). In this study,
we investigated the molecular mechanisms and the genes explaining the high MW
effectiveness of strain PMB3(1) of Collimonas as well as their relative conservation among
collimonads.

Collimonads have been isolated from various nutrient-poor environments (i.e., sand dune,
forests soil) and in fungal rich habitats (i.e., mycorrhizosphere) (Colin et al. 2017; Uroz et al.
2007; Lepleux et al. 2012). They are recognized as particularly effective at mobilizing
nutrients using fungal derived metabolites such as glucose, trehalose, mannitol (Uroz et al.
2009b). The genome analysis performed in this study reveals that none of the sequenced

Collimonas to date possess the canonical pgg biosynthesis genes nor PQQ-dependent
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enzymes, meaning that alternative mechanisms to the PQQ-dependent pathway are involved
in their MW ability. Those results confirmed the observations made on the Ter Collimonas
strains (Ter331, Terl4, Ter6, Ter91 or Ter10; Mela et al. 2012) or on strain PMB3(1) (Picard
et al. 2020). In this study, we confirmed that strain PMB3(1) is very effective at weathering
and at producing gluconic acid, and we showed for the first time that at least a part of this
gluconic acid is converted to 2-keto-gluconic acid (2KGA), evidencing the presence of a
glucose dehydrogenase (GDH) activity and of a gluconate dehydrogenase (GADH) activity.
Such conversion of glucose to gluconic acid and then to 2KGA corresponds to the direct
oxidative pathway described by Ebert et al. (2011). The 2KGA is then converted into 6-P-
gluconate by a 2-keto gluconate kinase and a 2-keto gluconate 6-phosphate reductase prior to
entering the Pentose pathway or the Entner-Doudoroff pathway (Eber? et al. 2011). Beside its
capability to produce gluconic and 2-keto-gluconic acids, we demonstrated that strain
PMB3(1) is capable of metabolizing these two acids, without acidification of the solution. No
growth was observed with the 5-keto-gluconic acid. The ability to produce GA and 2KGA is
well conserved among Gram-negative bacteria, but the production of SKGA or 2,5KGA is
more specific to acetic bacteria such as Acetobacter or Gluconobacter (Siitzl et al. 2019).
Bacteria producing GA and 2KGA have been described as being more effective at
solubilizing calcium phosphate than other bacteria (Babu-Khan ef al. 1995).

A focus on the genomic region flanking the plasposon insertion in mutant 25(10F) allowed
a better understanding of the link between the 3 weathering null mutants, though they were
geographically distant and apparently unrelated. We identified a PQQ-independent enzyme
presenting high homology with Glucose/Methanol/Choline (GMC) oxidoreductases (Siitzl et
al. 2019; Cavener, 1992). The GMC superfamily encompasses a wide variety of FAD-
dependent oxidoreductases (e.g., glucose oxidase (GO), glucose dehydrogenase (GDH),

alcohol oxidase (AO), cellobiose dehydrogenase (CDH)) that are present in both prokaryotic
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and eukaryotic domains (Siitzl et al. 2019; Zamocky et al. 2004). They are composed of three
subunits encoding a small subunit, a large subunit, and a cytochrome c subunit (Siitzl et al.
2019; Cavener, 1992), corresponding exactly in term of organization (small subunit: gdhsS;
large subunit: gdhL and cytochrome subunit: gdhC) and sequence homology to the genomic
region impacted in mutant 25(10F). The large subunit of strain PMB3(1) is characterized by
several domains according to pfam analysis (a FAD domain and two GMC oxidoreductase
domains (N and C)) and the presence of a cysteine rich region. This cysteine rich region was
shown to be conserved in the catalytic large subunit of FAD-dependent dehydrogenases
(Shiota et al. 2016). While we were able to demonstrate the GDH activity and the production
of gluconic acid by strain PMB3(1), testing experimentally the FAD dependence of the GDH
activity would require the purification of the three subunits in a functional form, which was
not possible in our labs. A FAD dependence test performed on lyzed cells was inconclusive.
The known FAD-dependent GDHs are involved in the oxidation of different substrates
including sugars, alcohols, cholesterol and choline and their conversion to the corresponding
lactone. In presence of glucose, these enzymes allow the production of D-glucono-1,5-
lactone, which is then converted to gluconic acid through the action of a gluconolactonase or
spontaneous hydrolysis (Ferri et al. 2011; Zamocky et al. 2004). Strain PMB3(1) possesses
several putative gluconolactonases (NKI170323.1, NKI167822.1, NKI72143.1) in its genome.
Although additional experiments are required to support the different steps, we proposed here
a hypothetical functional model of the main mechanisms used by strain PMB3(1) to weather
minerals and linking the different mutants obtained in this study (Fig. 6).

To be functional GMC oxidoreductases also require a mature cytochrome ¢ subunit and a
small subunit. The maturation of the cytochrome c subunit is performed through the ResB and
ResC system (Crow et al. 2005), which allows the translocation of the heme during

cytochrome maturation (Kranz et al. 2009). Without the heme, the cytochrome ¢ subunit is
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not functional and does not permit electron transfer. Strain PMB3(1) possesses both ResB and
ResC system and very interestingly the resB gene is interrupted in our mutant 31(11B), likely
interrupting the maturation of the cytochrome c¢ subunit of the GDH identified. Notably, its
activity was restored when a complementation in frans was done with the gene resB. The last
small subunit of the GMC oxidoreductases is a protein required for the proper folding and
secretion of the large subunit (Shiota ef al. 2016; Yamaoka et al. 2008). Indeed, without a
functional small subunit, the GDH of Burkholderia cepacia strain SM4 failed to perform the
oxidation of its substrate (Yamaoka et al. 2008). The small subunit of strain PMB3(1) is also
characterized by a TAT-signal. This particularity was also observed in various
dehydrogenases organised in three subunits. This strongly suggests that in absence of
translocation of the small subunit, the related FAD-dependent enzyme is not functional.
Congruent with this hypothesis, Toyama et al. (2007) showed that the assembly of the
different subunits of the FAD-GADH of Gluconobacter dioxyacetonicus was performed in
the cytoplasm before the translocation through the TAT system and using the TAT signal of
the small subunit. In addition, experimentations showed that TAT system allowed the
translocation of folded proteins associated with their co-factor (Allen et al. 2002; Palmer and
Berks, 2012). In this context, the TAT-signature of the PMB3(1) GdhS (i.e., the small subunit
of the GDH) represents the link between the mutant 34(11H) and the MW null phenotype.
Besides the small subunit of the Glucose dehydrogenase (GdhS) of strain PMB3(1), several
other TAT-exported proteins could also play a role in MW, such as those involved in
cytochrome biogenesis, oxidoreduction or more especially in the hydrolysis of organic
phosphate (Table S4) (Chhabra et al. 2013 ; Lidbury ef al. 2016). However, the complete loss
of MW activity in the other two mutants (i.e., 25(10F), 31(11B)) would not support this

hypothesis.
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The conservation of the MW ability among collimonads prompted us to determine the
phylogenetic distribution of the GDH type identified in strain PMB3(1) in collimonads and
closely related genera. The comparison done on the sequenced genomes of Collimonas (C.
pratensis , C. arenae, C. fungivorans, C. sp.) revealed a good conservation of this GDH type
as well as of the TAT system, and the absence of PQQ-dependent GDHs or the related pgq
biogenesis genes in collimonads. Such conservation of the PQQ-independent GDH identified
from strain PMB3(1) was expected, as Collimonas are known to harbour important gene
conservation among the different species described (Mela ef al. 2012). The comparison done
between the large subunit of the GDH of strain PMB3(1) and other dehydrogenases FAD-
dependent in other taxa revealed that it was more strongly related to Glaciimonas,
Janthinobacterium and Burkholderia than Herbaspirillum or Gluconobacter. The GDH of
PMB3(1) presented higher homology with other alcohol dehydrogenases experimentally
identified as sorbitol (FW02570.1), glucose (AAN39686.1) or fructose (BAM93252.1)
dehydrogenases, all FAD-dependent. This relative proximity between different type of FAD-
dependent dehydrogenases may be due to the low substrate specificity of some of these
enzymes, which are capable of oxidizing different substrates, including glucose (Yamaoka et
al. 2008). In contrast, the most distantly related FAD-dependent dehydrogenase of our
analysis was the GADH (i.e., Gluconate DH; BAH80545.1) of Gluconobacter frateurii that
converts gluconate to 2 ketogluconate. Beside the large subunit, the small and cytochrome
subunits were also well conserved between collimonads and related taxa. The conservation of
an homologous of the GDH of strain PMB3(1) in Glaciimonas and the presence of this taxa in
nutrient-poor and rocky environments (i.e. the forest soil, alpine glaciers) (Udovi¢i¢ et al.
2015) suggest that members of this genus are well adapted to oligotrophic conditions and
capable of weathering minerals as are collimonads. Their MW ability remains to be tested. In

contrast, important differences were found in the sequence of the GMC C domain and the
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Cys-rich region of the large subunit of Herbaspirillum, a genus reported as non- or poorly-
effective at weathering minerals (Uroz et al. 2009b). Beside the presence of a GMC
oxidoreductase homologue, our genomic analyses revealed that some representative strains of
the genus Burkholderia, Glaciimonas, Gluconobacter or Pantoea were also characterized by
the presence of pgg-encoding genes as well as PQQ-dependent enzymes in their genome, but
their ability to solubilize minerals is unknown. Such results reveal that bacteria can possess
both PQQ-dependent and -independent GDH. Interestingly, a dual transcriptomic and
proteomic approach done on another effective MW bacterial strain (i.e. strain PMLI1(12) of
Caballeronia mineralivorans) harbouring both systems highlighted that a homologous GMC
oxidoreductase was up-regulated in presence of biotite, while the pgg-related genes appeared
poorly expressed and not regulated (Uroz et al. 2020). This GMC oxidoreductase presented
high sequence homology with the FAD-dependent GDH of Burkholderia cepacia strain SM4
and with the GDH identified in strain PMB3(1) in our study, suggesting that such enzyme

may be broadly conserved in Burkholderiales.

CONCLUSION

This study elucidated the main molecular mechanism used by collimonads to weather
mineral. Our results show that their effective MW ability is likely due to an enzymatic activity
based on a PQQ-independent GMC-DH capable of oxidizing glucose to gluconic acid (i.e., a
PQQ-independent glucose dehydrogenase). This crucial step of the direct oxidative pathway
leads to a high production of protons jointly with the oxidation of glucose and an important
acidification of the nearby environment and consequently the dissolution of the minerals. This
enzyme appears conserved among collimonads explaining their conserved effectiveness. The
variations of sequence observed in the GMC_C domain of the large subunit of this enzyme

may explain why some of the related taxa (i.e., Herbaspirillum, Janthinobacterium) harbour a
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lower effectiveness at weathering minerals than collimonads. Our results represent the first
demonstration that MW in bacteria is not exclusively explained by the PQQ-dependent GDH
production of gluconate and that an alternative pathway based on a PQQ-independent GDH
also exists in MW bacteria lacking the PQQ system. As such enzyme is largely distributed in
Bacteria, Archaea and in some Eukaryotes (Siitzl et al. 2019), it may open new perspectives
in the understanding of the MW process by microorganisms and plants. Noticeably, our
genomic analyses revealed that some bacteria harbour both the PQQ-dependent and PQQ-
independent GDH in their genome as stated in some representative strains of the genus
Burkholderia, Glaciimonas, Gluconobacter or Pantoea (this study; Uroz et al. in press). The
next step for future researches will be to determine whether 1) the GDH activity is regulated
by the availability of inorganic nutrients (P, K, Mg...) as is the case for the PQQ-dependent
GDH (Sasnow et al. 2016) or the presence/absence of a mineral (Uroz et al. 2020) and ii) the
GDH genes can be used as biomarkers of the presence of the mineral weathering function into

the soil.
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FIGURE LEGENDS:

Figure 1: Thin layer chromatography analysis of gluconic acid production by the wild
type strain PMB3(1) of Collimonas pratensis

A volume of 8 pl of supernatant of ABm culture was spotted on the TLC. Cultures were done
in ABm medium supplemented with 10 g/l of glucose inoculated or not with the WT strain
PMB3(1). The supernatant was recovered after 4 days of incubation at 25°C. A volume of 4
ul of standards was spotted on the TLC. Standards correspond to 100 mM solutions of
glucose, gluconate, 2KGA and 5SKGA. After revelation, glucose appeared in dark blue spots,
gluconate in pink, 2KGA in brown and 5KGA in dark purple spot. The pink arrow indicates

the pink spot of the gluconate standard.

Figure 2: Biotite dissolution assay by the WT and mutant strains

(A) Measure of iron released from biotite after 7 days of incubation at 25°C in BHm
supplemented with (2 g/l) glucose ; (B) Measure of pH measurement with bromocresol green.
The control treatment termed ‘Biotite’ corresponds to the non-inoculated treatment. It allows
the measurement of the spontaneous release of iron from biotite in the medium in our
experimental conditions. The second control termed ‘medium’ corresponds to the non-
inoculated medium without biotite. Each value is the mean of three independent replicates +
the standard error of the mean. Measures with different letters are significantly different
according to an ANOVA test (P<0.05) ; (C) Individual mineral-weathering potentials (pH
versus Fe released) of the WT strain and related MW mutants. White and grey squares
correspond to the controls of the experiment (white, medium without biotite and non

inoculated; grey, medium with biotite and non inoculated). The two curves indicate the
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mineral-weathering effect of a complexing agent (citric acid) (dashed line) and a strong acid

(hydrochloric acid) (solid line).

Figure 3: Genomic region of the plasposon insertion in the different mutants

For each mutant, the genes have been represented with large horizontal arrows and their
length was scaled according to their nucleotidic size. The genes or group of genes directly
impacted by the Tn5-OT182 insertion are filled with colour. The small black arrow indicates
the location of the insertion of the Tn5-OT182 in the genome of PMB3(1) as identified by
BlastN for the mutants 25(10F) (A), 31(11B) (B), 34(11H) (C) and 59(7B) (D). Gene
annotation is presented under each gene and the complete description is provided in Table 2

and in the supplementary Table S1, S2 and S3.

Figure 4: Growth test on WT, mutants and complemented mutants in LB broth

Growth monitoring of the wild type strain and of the mutants 25(10F), 31(11B) and 34(11H)
complemented or not was done in LB medium over a period of 120 h. Growth was performed
under orbital shaking and the measures correspond to absorbance measurement at A600 nm.
Each point is the mean of 3 independent replicates. For legibility reason, the standard error

was not presented.

Figure 5: Acidification ability and growth on different carbon sources for the WT and
mutants strains

The acidification (right axis) after 5 days of incubation at 25°C of the BHm medium with
different carbon source (glucose, gluconate, 2keto gluconate and 5-keto gluconate) is
presented by coloured circles according to the strain considered. The absorbance at 595 nm

(left axis) representing the growth of the different strains is presented by coloured bars. The
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non-inoculated medium was used as control. Each value is the mean of three independent

replicates + the standard error of the mean.

Figure 6: Molecular mechanisms of PQQ-independent GDH in mineral weathering
process of Collimonas pratensis PMB3(1)

The hypothetical functional model presented in here was generated based on the data
extracted in this study and from the literature. The GDH of the strain Collimonas pratensis
PMB3(1) is composed of three subunits GdhS, GdhL and GdhC (blue). The GdhL subunit is
able to bind the cofactor FAD (yellow) in the cytoplasm. The complex GdhS-GdhL is formed
in the cytoplasm and then transported in the periplasm. This transfer is done through the Twin
Arginine Translocation system (green), due to the presence of a TAT signal of the GdhS
subunit. The functioning of the TAT system is based on the proton motive force. The
cytochrome subunit (GdhC) is maturated by the ResABC system (orange) and translocated in
the periplasm where it fixes heme. The GDH converts glucose in gluconate (GA) and protons
(pink). Gluconate is then converted to 2-Keto-gluconate (2KGA) by the gluconate
dehydrogenase (grey). The conversion of glucose to gluconic acid and then to 2KGA
corresponds to the direct oxidative pathway (dotted red box). The 2KGA can go to the
cytoplasm where it is then converted into 6-P-gluconate by a 2-keto gluconate kinase and a 2-
keto gluconate 6-phosphate reductase prior to enter in the Pentose or the Entner-Doudoroff
pathways. Both GA and 2KGA support the growth of strain PMB3(1). Protons produced by
GDH activity lead to an acidification of the extracellular environment and permit the
dissolution of minerals through acidolysis. The mineral weathering makes nutrients available

to bacteria.
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1135 Table S1 : Description of the genomic region of the plasposon insertion in mutant 31(11B)

Accession Putative function Gene Length BLASTP
number annotation (nt) (% Id against NCBI)

NKI71669.1 Mg2+ transporter protein, cora- _ 1149 93% Magnesium transporter cora family Collimonas sp. PA-H2

like protein protein [WP_098495086.1]
NI* Protein of unknown function _ 195 97% Hypothetical protein cpter291 0433 Collimonas pratensis
[AMP12718.1]

NKI71670.1 Delta-aminolevulinic acid hemB 1068 99%  Porphobilinogen synthase [PFH10198.1] Collimonas sp. PA-H2
dehydratase

NKI71671.1 Putative GTP-binding protein engB 732 95%  Yiha family ribosome biogenesis GTP-  Collimonas sp. PA-H2

engb binding protein [WP_098495089.1]
NKI71672.1 Cytochrome c4 B 666 99% Cytochrome c4 [WP_098495090.1] Collimonas sp. PA-H2
NKI71673.1 Cytochrome c-type biogenesis resB 2160 94%  Cytochrome c biogenesis protein resb ~ Collimonas sp. PA-
protein Ccs1/ResB [WP_098495091.1] H2
NKI71674.1 Cytochrome c-type biogenesis resC 1146 99%  C-type cytochrome biogenesis protein  Collimonas sp. PA-H2

protein ccsa/resc

ccsb [WP_098497480.1]
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NKI71675.1 Putative phosphatase yieh
NKI71676.1 Exported heme-molybdoenzyme
molybdopterin-containing
subunit yedy; TAT export
NKI71677.1 Sulfoxide reductase heme-
binding subunit yedz
NKI71678.1 Conserved exported protein of

unknown function

yedY

yedZ

684

981

669

825

92% HAD family hydrolase Collimonas sp. PA-H2
[WP_098495092.1]

94%  Protein-methionine-sulfoxide reductase ~ Collimonas sp. PA-H2

catalytic subunit msrp [WP_098495093.1]

89% Sulfoxide reductase heme-binding subunit Collimonas sp. PA-H2
yedz [WP_098495094.1]
87% Transporter [WP_092414082.1]

Collimonas sp.

OK307

1136  * Some of the proteins listed have not been identified (NI) according to the prediction tools used by NCBI, but were predicted in the MICROSCOPE platform.

1137

51



Picard et al.

1138

1139  Table S2 :

Description of the genomic region of the plasposon insertion in mutant 34(11H)

Accession Putative function Gene Length BLASTP (%]Id against NCBI)
number annotation (nt)
NKI71753.1 Imidazole glycerol phosphate synthase, hisF 765 99% Imidazole glycerol phosphate Collimonas sp. OK242
catalytic subunit with hish synthase subunit hisf
[WP_092356093.1]
NKI71754.1 Fragment of bifunctional protein [Includes: hisIE 396 97% Phosphoribosyl-AMP cyclohydrolase Collimonas sp. OK607
phosphoribosyl-AMP cyclohydrolase; [WP_092434873.1]
phosphoribosyl-ATP pyrophosphatase] (part 1)
NKI71755.1 Fragment of bifunctional protein [Includes: hisIE 378 94%  Phosphoribosyl-ATP diphosphatase ~ Collimonas sp. PA-H2
phosphoribosyl-AMP cyclohydrolase; [WP_098495230.1]
phosphoribosyl-ATP pyrophosphatase] (part 2)
NKI71756.1 Protein hita hitA 372 93%  Histidine triad nucleotide-binding ~ Collimonas sp. PA-H2
protein [WP_098495231.1]
NKI71757.1 Sec-independent protein translocase protein tatA 231 95%  Twin-arginine translocation protein ~ Collimonas fungivorans
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tata tata [AEK60361.1] Ter331
NKI71758.1 Sec-independent protein translocase protein tatB 495 93%  Sec-independent protein translocase  Collimonas sp. PA-H2
tatb subunit tatb [WP_098495232.1]
NKI71759.1 Tatabce protein translocation system tatC 768 95% Twin-arginine translocase subunit Collimonas sp. PA-H2
subunit tatc [WP_098495233.1]
NKI71760.1 Conserved protein of unknown function _ 690 97% DUF2461 domain-containing protein  Collimonas sp. PA-H2
[WP_098495234.1]
NKI71761.1 Emrb/qaca subfamily drug resistance _ 1452 94% DHA2 family efflux MFS transporter Collimonas sp. PA-H2
transporter permease subunit [WP_098495235.1]
NKI71762.1 Putative htra-like serine protease _ 1167  98% Do family serine endopeptidase Collimonas sp. PA-H2
[WP_098495236.1]
NKI71763.1 Putative GTP cyclohydrolase 1 type 2 _ 768 93% Dinuclear metal center ybgi/SA1388  Collimonas sp. PA-H2
family protein [PFH10368.1]
NKI71764.1 Heat shock protein 15 homolog hsIR 387 96% RNA-binding S4 domain-containing  Collimonas sp. PA-H2
protein [WP_098495238.1]
1140
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1141

1142

Table S3 : Description of the genomic region of the plasposon insertion in mutant 59(7B)

Accession number Putative function Gene  Length Blastp (%id against ncbi)
annotation (nt)
NKI172634.1 Zinc metalloprotease _ 984  93% Hypothetical protein BCF11 1207 Collimonas sp. PA-H2
[PFH08832.1]
NKI72635.1 1-acyl-sn-glycerol-3-phosphate nlaB 744 98% 1-acyl-sn-glycerol-3-phosphate Collimonas sp. PA-H2
acyltransferase acyltransferase [WP_098493940.1]
NKI72636.1 D-glycero-beta-D-manno-heptose-1,7- _ 558  97% D-glycero-beta-D-manno-heptose 1,7-  Collimonas sp. PA-H2
bisphosphate 7-phosphatase bisphosphate 7-phosphatase

[WP_098493939.1]

NKI72637.1 Glycine trna synthetase, beta subunit glyS 2133 96% Glycine--trna ligase subunit beta Collimonas sp. PA-H2
[WP_098493938.1]

NKI72638.1 Glycyl-trna synthetase, alpha chain glyQ 981  99% Glycine--trna ligase subunit alpha Collimonas sp. PA-H2
[WP_098493937.1]

NKI72639.1 Apolipoprotein N-acyltransferase Int 1554 92% Apolipoprotein N-acyltransferase Collimonas sp. PA-
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NKI172640.1

NKI72641.1

NKI72642.1

NKI72643.1

NI*

Putative protein involved in divalent
ion export
Conserved exported protein of
unknown function
Oxidoreductase, molybdopterin
binding protein
Thiosulfate reductase cytochrome B
subunit (Membrane anchoring
protein)

Protein of unknown function

ybeX

882

267

780

615

114

99%

83%

97%

94%

97%

[WP_098493936.1]

CBS domain-containing protein
[WP_098493935.1]
Pentapeptide MXKDX repeat protein
[WP_098497346.1]
Molybdopterin-dependent oxidoreductase
[WP_098493934.1]
Cytochrome b/b6 domain-containing

protein [WP_098493933.1]

Hypothetical protein cpter91 4422

[AMP06731.1]

H2

Collimonas sp. PA-H2

Collimonas sp. PA-H2

Collimonas sp. PA-H2

Collimonas sp. PA-H2

Collimonas pratensis

1143

1144

1145

1146

1147

* Some of the proteins listed have not been identified (NI) according to the prediction tools used by NCBI, but were predicted in the MICROSCOPE platform.
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Table S4: List of proteins carrying a TAT-signal in the strain Collimonas pratensis PMB3(1)

The COG class of each protein is indicated with one-letter abbreviation as followed: P, inorganic ion transport and metabolism; Q, secondary

metabolites biosynthesis, transport and catabolism; C, energy production and conversion; E, amino acid metabolism and transport; F, nucleotide

metabolism and transport; G, carbohydrate metabolism and transport; H, coenzyme and metabolism; J, translation, ribosomal structure and

biogenesis; K, transcription; L, replication, recombination and repair; M, cell wall, membrane, envelope biogenesis; N, cell motility; O,

posttranslational modification, protein turnover, chaperones; S, function unknown; U, intracellular trafficking, secretion, and vesicular transport;

W, extracellular structures. The bold rows indicated the proteins mentioned in the text and could be involved in MW. Some of the proteins listed

have not been identified (NI) according to the prediction tools used by NCBI, but were predicted in the MICROSCOPE platform.

Accession number Gene annotation Putative function COG class
(MAGE)
NKI68675.1 yagR Aerobic-type carbon monoxide dehydrogenase, large subunit C
NKI169300.1 iorB Isoquinoline 1-oxidoreductase beta subunit C
NKI169617.1 soxH putative cytochrome C oxidase polypeptide II oxidoreductase protein C
NKI71676.1 yedY exported heme-molybdoenzyme molybdopterin-containing subunit YedY; TAT export C
NKI72252.1 mqo malate dehydrogenase, FAD C
NKI72324.1 FAD FMN-dependent dehydrogenase C
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NKI167910.1

NKI69616.1

NKI68636.1

NKI68806.1

NKI169719.1

NKI69739.1

NKI172278.1

NKI71314.1

NKI68557.1

NKI71053.1

NKI67981.1

NKI68770.1

NKI169257.1

NKI168420.1

NKI69773.1

NKI172549.1

NKI71161.1

NKI71645.1

NI

aguA

ggtA

rihA

ykgB

bga

ytfQ

rplP

exported protein of unknown function
conserved protein of unknown function
putative branched-chain amino acid transport protein (ABC superfamily, peri_bind)
ABC transporter substrate-binding protein
putative agmatine deiminase
Gamma-glutamyltranspeptidase
Monoamine oxidase
conserved protein of unknown function
Pyrimidine-specific ribonucleoside hydrolase RihA
putative nucleoside hydrolase
putative hemagglutinin-like protein
Beta-galactosidase
putative sugar transporter subunit: periplasmic-binding component of ABC superfamily
conserved membrane protein of unknown function
conserved exported protein of unknown function
conserved exported protein of unknown function
Amidase, Asp-tRNAAsn/Glu-tRNAGIn amidotransferase A subunit
50S ribosomal protein L16

protein of unknown function
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NKI68641.1

NKI172806.1

NKI168262.1

NKI68666.1

NKI69363.1

NKI169405.1

NKI71095.1

NKI172507.1

NKI68496.1

NKI169248.1

NKI69912.1

NKI172023.1

NKI172219.1

NKI172562.1

NKI70121.1

NKI71510.1

NKI72113.1

NKI172201.1

NKI172274.1

plcN
mrcA
acpA
plecN
plecN

amiC

PpiA

msrB

1ifO

mdoD

phoD

nasF

Nitrate

LysR family transcriptional regulator
transposase
Non-hemolytic phospholipase C
Penicillin-binding protein 1A
Acid phosphatase
Non-hemolytic phospholipase C
Non-hemolytic phospholipase C
N-acetylmuramoyl-L-alanine amidase
putative Peptide-N(4)-(N-acetyl-beta-glucosaminyl)asparagine amidase
peptidyl-prolyl cis-trans isomerase A (rotamase A)
Methionine sulfoxide reductase
CcsA-like protein
Lipase chaperone
Methionine-R-sulfoxide reductase
glucan biosynthesis protein, periplasmic
Alkaline phosphatase
Nitrate ABC transporter, nitrate-binding protein
ABC-type nitrate/sulfonate

sulfonate

© O 0O 0O 0O Z g2 Z2 2 2 2 £

ae]
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NKI172605.1

NKI72716.1

NKI167804.1

NKI168502.1

NI

NKI71458.1

NKI172652.1

NKI172179.1

NKI170646.1

NKI68516.1

NKI68701.1

NKI68877.1

NKI169325.1

NKI70794.1

NKI71018.1

NKI71108.1

NKI171438.1

NKI71603.1

NKI168405.1

metQ

ySgA

ars

yvnB

gdhS

ophA

Alkaline phosphatase
DL-methionine transporter subunit ; periplasmic-binding component of ABC superfamily
putative hydrolase
putative multicopper oxidase
protein of unknown function
conserved exported protein of unknown function
Type 4 fimbrial biogenesis protein PilY]
exported protein of unknown function
YadA-like protein
Hydrolase
putative transmembrane protein
Sulfite dehydrogenase (Cytochrome) subunit SorA apoprotein
LPXTG-motif cell wall anchor domain protein
Sorbitol/Glucose/2-Keto-D-gluconate dehydrogenase, membrane-bound, gamma subunit
Phosphoserine phosphatase
putative secreted protein
Lipoprotein
ABC peptide

conserved exported protein of unknown function
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NKI68510.1

NKI68544.1

NKI168550.1

NKI69712.1

NKI170227.1

NKI171034.1

NKI71518.1

NKI71778.1

NKI171790.1

NI

NI

conserved exported protein of unknown function
conserved protein of unknown function
protein of unknown function
conserved protein of unknown function
conserved protein of unknown function
conserved exported protein of unknown function
conserved exported protein of unknown function
exported protein of unknown function
conserved exported protein of unknown function
protein of unknown function

protein of unknown function
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Figure S1 : COG class distribution of the TAT-proteins

The proteins highlighted in red colors light to dark are those involved in metabolism, which

encompass ca. 45 % of the total TAT-proteins.
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(ORI 7 HTAAAAWRFL PNDFREKEN v GVig GRYWPISYDELEPYYYRAEVELGY
ST HWAARAWRFLPFDFAMKTRY GV GRDWPI YDELEPYYYRAEVELGYV|
ANON 77772 ARBW R PNDFRMEBI Y GV GRDWPL YEDLER YYRAELELGV
OIS 1 A 2 O RY PN DFREIS L Y GV GKDWPISYDDLE YYY AEV

A0S 1717 A 2 R YV PN DFROEIS L Y GV GRDWPISYDDLE YYY AEV

N TV HWAAAWRFEPNDFRMKSY Y GV GRDWPI@YDDLEPYY@RAEEELGV
108 INMENAS S RYLPNDFKLHSTYGV GRDEMSYDELEPYYYBAEGENMGY
114 GRDWPIEYDELE P Y@RAENELGY
106 GRDWINTINY DBLEPEY Y®AEVMMGY|
106 GRDWITINY DDLEPEY Y®AEVIIMGY|
101

149 HKVVSEPVA
149 HKVVSEPVA
149 HKVVSEPVA
149 HKVVSEPVA
149 HKVVSEPVA
149

149

149

149

149

149

149

149

149 B G T DL.GSPRKQPY PMDHL PSWNDORFSAVVN

149 e G T DLGSPRKQPY PMDHLIAL SENDORFgRVEN

150 s PRKEIPE pMERN RS wile)

150 G'S PRKJIPE[PMEINV PIS ile)

151

156

162

154

154

161 BEEAYKVNGKIVGNENIFDGDRS DNl PAYKDIRITAS TRRAATEAG-- - YHPYRJLjgA
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Domain 2 GMC_N
Col PMB31
Col.prat Ter291
C.pratensis Ter
C.arenae Cal35
Collimonas_sp_ P
C.fungivorans T
C.fungivorans T
C.arenae Ter282
C.arenae TerlO
Collimonas sp O
Collimonas sp O
Collimonas sp O
Glaciimonas sp
Glaciimonas sp
Janthin UBA1134
Herbaiseropedlc
Herba rubrisuba
AAN39686.1Burkh
BAM93252.1Gluco
AAF21261.1Panto
AFW02570.1Gluco
BAD60913.1
Glucon_ frateuri

Domain 2 GMC_N
Col PMB31
Col.prat Ter291
C.pratensis Ter
C.arenae Cal35
Collimonas_sp_ P
C.fungivorans T
C.fungivorans T
C.arenae Ter282
C.arenae TerlO
Collimonas sp O
Collimonas sp O
Collimonas sp O
Glaciimonas sp
Glaciimonas sp
Janthin UBA1134
Herbaiseropedlc
Herba rubrisuba
AAN39686.1Burkh
BAM93252.1Gluco
AAF21261.1Panto
AFW02570.1Gluco
BAD60913.1
Glucon_ frateuri

197
197
197
197
197
197
197
197
197
197
197
197
197
197
197
194
194
201
205
211
204
204
218

247
247
247
247
247
247
247
247
247
247
247
247
247
247
247
244
244
251
255
261
254
254
276
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EMDPDINGISEHRY|
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BYSGITHVEKAEKAGARVLPDAVY
BYSGITHVEKAEKAGARVLPDAVY
—YSGIIHVEKAEKAGAKVLHDAVV

YSGIIHVEKAEKAGARVLPDAVV]

YSGIIHVEKAEKAGAKVLPDAVV]

YSGIIHVEKAEKAGAKVLPDAVV]

YSGIIHVEKAEKAGAKVLIADAVV]

YSGIIHVEKAEKAGAKVLIADAVV]

YSGIIHVEKAEKAGAKVLIADAVV]

YSGIIHVEKAEKAGAKVLIADAVV]

YSGIIHVEKAEKAGARVLIADAVV]

YSGIIHVEKAEKAGAKVLPNAVV

YSGIVHVEKAEKAGAKILPEAVV

‘AQQ EDSG VIPEAVV
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GA“VLIEAVV
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HRVTGKYFVLAANGIEIPKLMLESTDDKH,
HRVTGKYFVLAANGIEIPKLMLESTDDKH,
HRVTGKYFVLAANGIEIPKLMLESTDDKH,
HRVTGKYFVLAANGIEIPKLMLESTDDRH
HRVTGKYFVLAANGIEIPKLMLESTDDKH,
HRVTGKYFVLAANGIEIPKLMLMSTDDKH,
HRVTGKYFVLAANGIEIPKLMLMSTDDKH,
HRVTGKYFVLAANGIEIPKLMLESTDDKHPNGVG
HRVTGKYFVLAANGIEIPKLMLESTDDKHPNGVG
HRVTGKYFVLAANGIEIPKLMLMSTDDKHENGVG
HRVTGKYFVLAANGIEIPKLMLMSTDDKHENGVG
HRVTGKYFVLAANGIEIPKLMLMSTDDKHENGVG
HRVTGKYFVLAANGIEIPKLMLESTDDKHPNGVG

HRETESWE VL AANE T EWPK LELMSYSDKIAPOGHR
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FVEAANGIENPKLELEEVSND NPIGI‘
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1316 Domain 2 GMC_N

1317  Ccol PMB31 KT/ S SDOVGRNLMDHPGTGVTFLAGEEINEF DLWPGRGPIEMT SMVDMRDGAFRSEYAAKKLH
1318  Col.prat Ter291 304 EDLWPGRGPIEMTSMVDMRDGAFRSEYAAKKLH
1319  C.pratensis Ter 304 EDLWPGRGPIEMTSMVDMRDGAFRSEYAAKKLH
1320 C.arenae_Cal35 304 EDLWPGRGPIEMTSMVDMRDGEFRIXEYARKKLH
1321 Collimonas sp P 304 EDLWPGRGPIEMTSMVDMRDGAFRSEYAAKKLH
1322 C.fungivorans T 304 EDLWPGRGPIEMTSIVDMRDGAFRSEYAAKKLH
1323  C.fungivorans T 304 EDLWPGRGPIEMTSIVDMRDGAFRSEYAAKKLH

1324  C.arenae Ter282 304 EDLWPGRGPIEMTSEVDMRDGAFRSEYAAKKLH
1325  C.arenae Terl0 304
1326  Collimonas _sp O 304
1327  Collimonas_sp O 304
1328 Collimonas_sp O 304 EDLWPGRGPIEMTSIVDMRDGAF
VAN EYCF B RteS R SR I S S DOV GRNLMDHPGTVT FLAGEENEE DM PGRGEIEMTS IVDMRDGFF

I RETUNEN e ETR R 1o} Y-} JNC IV S S DOVGRNLMDHPGTHVEF LAREEINGF DM PGRGE{I EMES I VDMRDGAFRSEYAAKKLH
1331 Janthin UBA1134 304 -
1332 Herba seropedic 301 NARMOYEIINICINENEATEWERADY - - - D -jainini=leate)s
1333  Herba rubrisuba 301 NARBNEINACIBIT EWNADY - — - D-|aiuielNesy

1334 AAN39686.1Burkh 308 NERJVUeINNSVisisttelied-iay - - - S -jaAnjgeies Omvie | 1c rle iy

1335  BAM93252.1Gluco 312 ACECHVEME S IWIRDGRFRSE Y AR TRSIE
1336 AAF21261.1Panto 318 €M DGR RE Y BANK VS
1337 AFW02570.1Gluco 312

1338  BAD60913.1 312

1339 Glucon frateuri 334

1340

1341

1342 Domain 3 GMC_C = = === === e —————————
1343 col PMB31 360

1344 Col.prat Ter291 360 HUNUENSURNRVNe}/:NBNs - —————&— - LVGH

1345 C.pratensis Ter 360 HUNUEXSURNRVNe}I:NBNs - ——————&— - LVGH

1346  C.arenae Cal35 360 BYNVEXehuNErVNe] IRz - ——————€-— LVGH

1347  Collimonas sp P 360 MUNVENOUNNISRVNe/TNAND — - — — — - (€ - LVGL

1348  C.fungivorans T 360 WMUNVENOUNNISRVNLINAYD —— - ————[€- -

1349 C.fungivorans T 360 MUNUENCRRNRVNeLNRND - ——————(6- - KLNQEIRRRAARTVNINSFHDILPDPE
1350  C.arenae Ter282 360 B VGVERRKTL.NOE IRRRAARTVNINSFHDILPNPE
1351 C.arenae Terl0 360 VG ——KLNQEIRRRAARTVNINSFHDILPMPE

1352 Collimonas sp O 360 MMNNVENOUNNISEVNL MRS - - — - — - (€ -
1353 Collimonas sp O 360 MMNNVENOUNNIEVNlINAYD — - — - ———[€- -

1354  Collimonas _sp O 360 KLNQEIRRRAARTVNINSFHDILPDPE
1355  Glaciimonas _sp_ 360 B VGHIREEK TR T REIRAARTVNINSFHDI LINYPE
1356 Glaciimonas sp 360 — —IRY€(S — — I DKag

1357  Janthin UBA1134 360
1358  Herba seropedic 357
1359  Herba rubrisuba 357 MSNASEVAAVTKEV|AH--———--
1360  AAN39686.1Burkh 364 WSNUSRIDQETEKIFRA-------
1361  BAM93252.1Gluco 368 -
1362  AAF21261.1Panto 374 -
1363  AFW02570.1Gluco 369 EX AvRLFﬁHNEGIHDPD
1364  BAD60913.1 369 MVDDN VIR SIENEETIND PD
1365  Glucon frateuri 391 GGSPVWVORELKPHAAAIGTGGGETPRWE EE
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Domain 3 GMC_C
Col PMB31
Col.prat Ter291
C.pratensis Ter
C.arenae Cal35
Collimonas_sp_ P
C.fungivorans T
C.fungivorans T
C.arenae Ter282
C.arenae TerlO
Collimonas sp O
Collimonas sp O
Collimonas sp O
Glaciimonas sp
Glaciimonas sp
Janthin UBA1134
Herbaiseropedlc
Herba rubrisuba
AAN39686.1Burkh
BAM93252.1Gluco
AAF21261.1Panto
AFW02570.1Gluco
BAD60913.1
Glucon_ frateuri

Domain 3 GMC_C
Col PMB31
Col.prat Ter291
C.pratensis Ter
C.arenae Cal35
Collimonas_sp_ P
C.fungivorans T
C.fungivorans T
C.arenae Ter282
C.arenae TerlO
Collimonas sp O
Collimonas sp O
Collimonas sp O
Glaciimonas sp
Glaciimonas sp
Janthin UBA1134
Herbaiseropedlc
Herba rubrisuba
AAN39686.1Burkh
BAM93252.1Gluco
AAF21261.1Panto
AFW02570.1Gluco
BAD60913.1
Glucon_ frateuri

409
409
409
409
409
409
409
409
409
409
409
409
409
409
409
406
406
415
417
423
418
418
449

464
464
464
464
464
464
464
464
464
464
464
464
464
464
464
462
462
470
472
478
473
473
509

NRIRESWEKRDALGIPQPEITYBIDDYVKKSANLTHEWYAS IAAMFGGTE VY GtasRED
NRi#P SEBBIRDALGI PQPEITYRIDDYVKKSALR
NRIRPSTEHKDALGIQaPEITYSIlDYVKKSA
P

NRVapReRD KK DINLGEPYPR DDYV
[NRVapneD KK DIJL.GIP) DDYV

[NREgRS NNRK DISSIGL PO PD I MY

[NREgRRS NINEIK DIYT.G T PlsiPE VY INEIE Y IRYK S @0)s T |E

KELMALMSGTDPQW———T——K
WA DVE(G T Dol

KEH ---T--K

IMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA

IMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA

IMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA

IMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA

IMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA
DR " A PNNH I MGAIMGGDPRDSVVDAHCRSHDHENLF IASEVMPVAGTVNCTLTIA]
DR " A PNNH I MGAIMGGDPRDSVVDAHCRSHDHENLF I AS[@VMPVAGTVNCTLTIA]
DR " A PNNH IMGAYIMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA]
DR " A PNNH IMGAYIMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA]
DR " A PNNH I MGAIMGGDPRDSVVDAHCRSHDHENLF IASEVMPVAGTVNCTLTIA]
DR " A PNNH I MGAIMGGDPRDSVVDAHCRSHDHENLF I AS®§VMPVAGTVNCTLTIA]
Dl A PNNH I MGAWTMGGDPRYSVVDAHCRSHDHENLF I ASEVMPVAGTVNCTLT IA|
[NBEEET 7, PNNHIMGAIMGGDPRDSVVDAHCRSHDHENLFIASSAVMPVAGTVNCTLTIA]
R 2 PNNH I MGEM T MGEDPRDSVVDAHCRSHDHENLFIAS SPVMPVAGTVNCTLTIA
B- ——FAPNNHIMGSAIMGADIRDSVVDAHCRTHDHENLYIA SAVMPVAGTVNCTLTIA
A-—--BSNROEMTETT S)liEe MDAMERA: DHENL FVARETE v PIRYG TN i

———— IGMGI g IDAR*HDHENLF N

TGVMPIRYGT
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1428
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1430
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1449

1450

1451
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Domain 3 GMC_C
Col PMB31 AU T STRIADTLRTY|
Col.prat Ter291 520 ENESIRNE:NMESNNNY
C.pratensis Ter 520 ENESIRNE:NMESNNNY
C.arenae Cal35 Y4V . STRIADTLRTV]
Collimonas sp P 520 INEIBNSNsuSAuRY
C.fungivorans T 520 ENESIRNE:NSESNNNY
C.fungivorans T 520 ENISIRNE:NSESNNNY
C.arenae Ter282 520 LNISINNENMESNNNY
C.arenae TerlO Y4V . STRIADTLRTV]
Collimonas sp O 520 ENESIRNE:NSESNNNY
Collimonas sp O 520 ENESIRNE:NSESNNNY
Collimonas sp O 520 ENESIRNE:NSESNNNY
Glaciimonas sp = 520 ENESIRNE:NSESNNNY
Glaciimonas sp 520 ENESIRNE:NSESNNRY
Janthin UBA1134 520
Herba seropedic 518
Herba rubrisuba 518
AAN39686.1Burkh 526
BAM93252.1Gluco 528
AAF21261.1Panto 534
AFW02570.1Gluco 529
BAD60913.1 529
Glucon frateuri 569 RNBAYWARYHINSNTYLKSPGPLVQ-A

Figure S2: Highlight of the active domains detected in the large subunit of the GMC
enzyme and of the cysteine rich region

Domain 1 : FAD ; Domain 2 and 3 correspond to GMC sites. Each line corresponds to a
protein sequence and its localisation. The abbreviations correspond to those presented in the
phylogenetic tree in Figure 6. Gluc BAH805545.1, gluconate dehydrogenase;
Gluc BAD60913.1, sorbitol dehydrogenases; Burkholderia, glucose dehydrogenase;
Gluc_japonicus, fructose dehydrogenase; Pantoea agglo., choline dehydrogenase;

Gluc_oxydans, sorbitol dehydrogenases.
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1462
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Gluconobacter frateurii [BAH80545.1] @ L 02

70

Figure S3: Phylogenetic tree based on protein sequence of the large subunit of different

GMC-DH

7 | Gluconobacter oxydans [AFW02570.1] @

9

Gluconobacter frateurii [BAD60913.1] @

100~ Herbaspirillum rubrisubalbicans [WP_112069846.1]

N

100

100

L Herbaspirillum seropedicae [WP_069373629.1]
7q Collimonas sp. OK242 [WP_092354883.1]
72 Collimonas sp. OK307 [WP_092413118.1]
gq Collimonas sp. OK607 [SFA84533.1]
Collimonas fungivorans Ter331 [AEK64251]
*Collimonas fungivorans Ter6 [AM097938.1]
Collimonas sp. PA-H2 [WP_098494668.1]
Collimonas arenae Cal35 [AlY 44149.1]

& Collimonas pratensis Ter91 [AMP07795.1]
i Collimonas sp. PMB31
Collimonas pratensis Ter291 [AMP17492.1]
Collimonas arenae Ter10 [AM098198.1]
8A‘Collimonas arenae Ter282 [AMP08069.1]
—Glaciimonas sp. PCH181 [WP_108441800.1]
Glaciimonas sp. GS1 [WP_153234757 1]
Janthinobacterium sp. [HAT29541.1]
Burkholderia cepacia [AAN39686.1] @

[{e]

9

Pantoea agglomerans [AAF21261.1]

70
4‘— Gluconobacter japonicus [BAM93252.1] @

Comparison of the GdhL sequence from PMB3(1) with homologous protein sequences from a

set of 22 different genera or species related to Collimonas and available on international
databases were analysed among them, 11 were assigned to the Collimonas genus. Other
genera taxonomically close to Collimonas were chosen (Glaciimonas, Janthinobacterium,
Herbaspirillum and Burkholderia). Enzymes belonging to the GMC family and with a
demonstrated function were included in the analysis such as Gluconate DH (GADH ; green
circle), Sorbitol DH (SDH ; orange circle), Frcutose DH (FDH ; blue circle) and Glucose DH

(GDH ; red circle). For these protein sequences, the accession number from NCBI is indicated

between brackets.
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